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FOREWORD

This document is an Interim Technical Report for 22 October 1991 covering work
performed under U.S. Army Materials Technology Laboratory (MTL) contract DAALO4-
86-0045. The MTL contracting officer technical representatives are Mr. John Dignam and
Dr. Robert Fitzpatrick. This work was sponsored by the Strategic Defense Initiative
Organization / U.S. Army Strategic Defense Command Office (SDIO/USASDC) at Hunts-
ville, Alabama. The work was monitored by the Electric Gun Branch at the U.S. Army
Armament Research, Development and Engineering Center (ARDEC), where railgun testing
of the materials was also performed. Maj. Noble Johnson and Lt.-Col. Gary Hagen were the
Product Managers, and Mr. Stanley Smith was the Project Engineer at SDIO/USASDC.

The effort centered on the development, test and application of advanced ceramic
insulator materials to electromagnetic launchers (EMLs). The environment of the bore
insulating materials in high-power EMLs was evaluated and goal properties set. A wide
variety of ceramic materials were produced and tested, and two coinpositions, one alumina
(ALO,) based and one silicon nitride (Si;N,) based were down selected. The alumina based
material (with the addition of chromium oxide [Cr,O,]) was then chosen to be scaled up to
the size needed for state-of-the art EMLs. The material still met the mechanical, electrical
and producibility goals aftcr scaling up. Limited testing was performed in a small EML.

Major contributions to this program were made by Richard Palicka and Andre Ezis,
President and Vice-President of Cercom, Inc. of Vista, California. They provided essential
support in the selection of material compositions and processing conditions. They fabricated
most of the advanced ceramic insulator materials discussed in this report.

The authors extend their thanks to Bob Washbum (retired), Jim Black, Rudy Akin, and
Galyn Thompson of SPARTA for their assistance in selection of compositions, processing
conditions, and for testing and analysis. Two separate University groups, headed by Dr. Kris
Kristiansen at Texas Tech University in Lubbock, Texas and Dr. Jenn-Ming Yang at the
University of California, Los Angeles; provided expert assistance in the areas of electrical
testing of insulator and conductor materials and mechanical testing and analysis of ceramic
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1.0

INTRODUCTION

Electromagnetic accelerators (EM As) are being developed for a number of potential
Strategic Defense, Theater Missile Defense, and tactical missile applications. The railgun,
the most mature type of EMA, accelerates projectiles to velocities of 3-6 km/sec or higher
by applying large electromagnetic forces to an armature that pushes the projectile as shown
schematically in Figure 1.1. This process requires large electric currents on the order of
several mega-amperes, to be conducted down one conductor rail, across a solid or plasma
armature and back through the other rail. The conductor rails are separated by insulators,
and these four components are confined (ogether to form the bore assembly. The perform-
ance and lifetime of the bore is a major design and operational issue. This program addresses
the development of advanced bore materials, concentrating on improved bore insulators.

1.1 The Limitations of Current Railgun Bore Materials

The development of materials with the necessary properties to perform successfully
as bore insulators and conductors in EMAs is a major challenge to the Materials Tech-
nologist. The bore component design requirements imposed by the extreme thermal,
electrical and mechanical stresses of the railgun environment dictate a set of properties
that cannot be fully met by any commercially available materials. Included in Table 1.1
is a listing of bore material issues, their implications, and the effect they have on the
operation of railgun systems. As the table indicates, the shortcomings of current railgun
bore materials seriously limit the performiance of railgun systems. This fact was recog-
nized at the beginning of the program, but during its performance, significant additional
operational data was acquired that made the railgun community more acutely aware of the
vital importance of railgun bore material performance, especially the insulator materials.'
This additional knowledge was derived from experiences with smaller laboratory railguns,
and more importantly, from the following 90 mm bore diameter high-energy guns:

» The Single Shot Gun (S5G) at the University of Texas Austin - Center
for Electromechanics (UT - CEM)

o Tte S$SG at the DNA/Maxwell Green Farm Facility in San Diego, Cali-
fornia

» The Advanced Composiic Railgun barrel buili by SPARTA Tor the U.S.
Army Armameni Research, Development and Engineering Center
(ARDEC) in Picatinny Arsenal, New Jersey and fired at the Green Farm
factlity.
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Figure 1.1 Schematic of electromagnetic accelerator operation. Bore insulalors

(not showr)) separate the conductor rails .

All currently operating high-energy railguns use glass fiber reinforced polymers as
the bore insulators. The fibers are in the form of cloth or laid-up plies. The matrices
commonly used include epoxy, melamine, and polyester.”” The two most commoniy used
standard materials are "G-9" and "G-10". These materials are fabricated to specifications
set by the National Electrical Manufacturing Association (NEMA). Both materials use
the same plain wcave E-glass cloth (62% by volume). The difference is that the G-10
utilizes epoxy resin as the matrix whereas G-9 utilizes melamine resin as the matrix. The
G-10 material is stronger and has better interlaminar shear strength than the G-9, however,
the G-9 possesses the special feature of being relatively cleanly ablating, that is, it leaves
a minimum of solid residue when its surface is ablated by a passing arc plasma. Any
carbonaceous residue deposited on the bore insulator may provide a conductive path which
produces a short in the gun, so these guns must typically be cleaned after every shot.
Clearly, this requirement is unacceptable for a device which would be used in the field as
a weapon. The G-9 lcaves less residue than other resin-matrix composites which have
been tested, but it still produces enough conductive residue to require cleaning after ecach
shot when a high-power plasma armature is used.

There are four major tvpes of armatures presently utilized for high-energy railguns.
A “plasma armature” railgun configuration is one in which the current that accelerates the
projectile flows through an electric arc which connects the two conductor rails.  An
alternative configuration is referred to as a "solid armature”. In this situation, & conductive




Table 1.1 Summary Of Bore Material iIssues And Thelr Effect On The Operation Of
Rallgun Systems

BORE MATERIAL IMPLICATION RAILGUN SYSTEM
ISSUE EFFECT
Ablation and Erosion of Insu- |Increases Diameter of Bore |Changes Fit of Projectiles, or
lators Causes Need for Varied Size
Projectiles; Decreases Barrel
Lifetime
Adds Parasitic Mass to Decrease Efficiency (Velocity)

Launch Package

Gouging, Divotting, Abrasion, |Increases Roughness of Bore |Causes Damage To

and Delamination (Insulators Projectiles (Possible In-Bore
Only) of Bore Materials Causes Projectile Balloting Failures): Increases Projectile
Dispersion and Reduces Accu-
Increases Honing Frequency [racy; Limits Barre! Litetime,
Increases System Life-Cycle
Requires Repair Costs due to Refurbishment;
Reduces Efficiency Because of
Makes Bore Rider Sealing Plasma Blow-By

More Difficult

Conductive Residue in Bore |Second Shot Not Possible Rep-Rated Operation Impossi-
After Shot Without Cieaning ble or Very Difficult

Low Modulus Insulators Increased Deflection of Bore, |Decreases Sysiem Efficiency
Increasing Plasma Blow-By  {(Lower Velocity) and Increases
and Deforming Barrel Shape {Projectile Scatter (Dispersion)

Insulator Thermal Propenties |Better Therma! Conductivity |Increases Allowable Rep-Rate
Gives Better Heat Sink

metal bridge provides a current path between the rails and pushes the projectilc (or is itself
the projectile). The solid armature configuration presents a less challenging environment
for the bore insulators because there is no arc present. It is usually a less efficient design
because of the parasitic mass of the metal armature and it is difficult to prevent arc for-
mation at velocities in excess of one to two km/sec. There are two additional types of
armatures under development including those that start as solid metal and transition in a
controlled manner to plasma as the metal vaporizes (thus a "transitioning armature”), and
a "hybrid armature” which is part plasma and part metallic by design. Both of these
armature types reduce exposure of the bore insulator to the intense plasma radiation
(10,000 to 40,000K). The purpose of discussing these armature types, as will be shown
later. is that the tvpe of armature utilized effects the bore environment and thus impacts
the property requirements of bore insulator material.




A second shortcoming of glass fiber composites for use as bore insulator materials
is the excessive erosion and divoting that they experience due to a combination of arc
erosion and mechanical erosion/ablation/abrasion and projectile balloting (lateral accel-
eration). Shown in Figure 1.2 are results from an actual bore diametral measurement taken
after a high power shot with the Advanced Composite Railgun. The borz had been honed
before the shot and it is seen that the glass-epoxy insulator rails experience a great deal
more ablation and erosion than the bare copper conductor rails. This dimensional insta-
bility, as shown in Table 1.1, seriousiy compromises railgun system opcration.
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Figure 1.2 Bore measurement (insulator and conductor) afler single high-energy
shot in ARDEC/SPARTA advancer! composite railgun

- Current railguns accelerate projectiles up to as much as 6 km/sec, while maintaining
close tolerances between projectile and bore. The projectile undergoes “balloting” during
its axial acceleration. Ballotting, or luteral acceleration, produces repeated collisions of
the projectile with the bore of the gun. This balloting causes both impact and abrasion
damage to the bore. The amount of balloting is a function of the smoothness (and
straightness) of the bore. This balloting can cause in-barre] damage or failure of the
projectile. EM guns constructed with glass fiber composite insulators must be routinely
patched with epoxy or a filled epoxy compound 1o fill in gouges and deluminated areas,
and 1o build up eroded surfaces. They must also be honed frequently to provide a smooth
scaling surface for the projectile. Since the next gencration of railguns will be designed
for multiple shots per minute, this kind of maintenance constraint becomes entirely
unaceeptable.  Another disadvantage is that the mass added to the armature/projectile
pickage due to entrained crosion and ablation of insulator material substantially reduces
the efficiency of the gun.

The third drawback of a glass fiber reinforced composite insulitor is its relatively
low compressive modulis, The efficiency of an electromagnetic gun is in part related to
the radial stiffness of the barrel." A plasina armiature creates a pressure wave as it travels

down the barrel. The radial deflecrion of the barrel in response 1o this pressure dissipates
energy which would otherwise be imparted to the projectile. The deflection can also




produce plasma leakage around the projectile (blow-by), which seriously degrades gun
efficiency. Most modern railguns are externally pressurized or prestressed to keep the
bore components in compression, so the material propernty that is required to minimize
internal radial deflection is high compressive modulus. High loading fractions of glass in
the composite keep the modulus relatively high for a polymer-based composite, but if a
ceramic substitute could be found, gun efficiencies would improve significantly because
ceramics possess moduli that are twenty 1o thirty times higher than glass fiber composites.

Ceramics appear to be a promising alternative to the presently used glass fiber
«cinforced polymer insulators, but no commercially available ceramic can provide the
required mechanical strength and fracture toughness under the dynamic loading conditions
and the necessary multi-shot high voltage surface breakdown resistance. Thus the devel-
opment of such an insulating ceramic material needed to be carried out in order to meet
the requirements imposed by a railgun bore environment.

For conductor rails, copper or copper alloys have been the materials of choice. But
these materials have proved to be too soft and have too low a melting point to perform
very well under multiple shots in high energy railguns. Bare copper surfaces are casily
damaged by the abrasion and impacts of high-speed projectiles and melted by the
combined effects of the rail and arc current. Harder, more refractory metals such as
molybdenum, tungsten and tantalum or their alloys have significantly higher electrical
resistivities than copper alloys and generally have limited fracture resistance. There are
some conductive ceramics which might be refractory enough to resist ablation, and able
to withstand impact damage and abrasion far better than copper because of their hardness.
Conductive ceramics, as well as some new combinations of more refractory metals, were
evaluated in this investigation. However, this work was much more limited than the work
on ceramic insulators which was the major focus of this program.

The lack of a durable bore insulator material is one of the most significant technical
problems in railgun development today. All of the large research guns now in operation
require significant maintenance after almost every firing, duc primarily to ablation and/or
physical erosion of the insulators. This maintenance may consist of cleaning, patching,
or honing, but even in the most minor procedures, it may consume hours or days of labor.
Railgun technology will have difficuity establishing any credibility as a practical weapon
or launching system of the future until a low maintenance, long lifetime bore insulator
material is developed.

1.2 Program Objectives

Itis clear that polymer-based materials arc notideal selections for railgun insulators,
and it is widely believed that a ceramic material will ¢ventually provide the ultimate

solution to this problem.” The choice of a conductor material is not as critical an issue as
the insulators, which are the primary obstacle 1o multi-shot capability. but there is con-




siderable room for improvement in this area nonetheless. The first objective of this pro-
gram was to ascertain the specific mechanical properties which would be required of such
materials in a large railgun of advanced design. This was accomplished by the application
of continuum mechanics and finite element analysis to an advanced railgun model. This
analysis provided the strength, strain, and modulus requirements, but was not sufficient
to determine dynamic fracture toughness requirements. A subsequent fracture mechanics
analysis considered such issues as flaw detection limits and Weibull statistics in order to
establish a fracture toughness criterion for the candidate materials.

Havingestablished a set of mechanical property goals for the 1:2re materials, the next
step was to evaluate and select candidate materials which could be expected to meet these
goals, and which would warrant experimental evaluation. A survey was performed that
collected manufacturers’ product literature, and scientific literature pertaining to new
experimental research in high-toughness ceramics. It also included a survey of the EM
gun development community to collect reports of previous experiences with bore mate-
ials. This community is composed of military, government, industrial, and academic
groups.

Once a primary set of candidatc materials had been selected, the material was
designed (using microstructural tailoring) with respect to chemical composition, constit-
uent sizes and architecture. Each material was then fabricated in a plate form, from which
a variety of west samples were cut. These samples were used to measure density, modulus
of rupture strength, Weibull modulus, fracture toughness, and surface breakdown voltage.
The properties were correlated to microstructure and iterative development carried out.
Parts cut from selected plates were also tested as actual railgun insulators in a small
electromagnetic gun. After identifying the ceramic compositions which exhibit the best
combination of properties, the materials were scaled up to a size representative of state-
of-the-art, or next generation railguns. These larger size pieces were then subjected to the
same series of evaluations to confirm that adequate properties were maintained in the
scale-up process.

A schematic diagram that illustrates the approach utilized in this program is given
in Figure 1.3. The details of the work performed are discussed in Chapters 2 through 6 of
this report as indicated in the diagram. Conclusions and recommendations for further work
are discussed in Chapters 7 and &, respectively.




'SU0I8s Lodas 0] S8IUBIBJ8L M wesbosd siyj Jo SiuauodWwoo Jofeus Buiiensny Leyomo)4

0°'S NOILO3S

UL XY XS
ol1dn 3OS
anNvy
fol1a-todiv oL
19373s-NModa

e

GNY Moi1s-PNEis
Ny Eotia-oliy
193135-NMOd

g€—| STINVd ONINIZHOS

40 NOiLVOlH8V4d

—sm

£'9 NOLLD3S

1’9 NOILJ3S

Z'9 NOILD3S
ONILS3L SNOLLVHILI
IvoidLoaa
0'S NOILDIS 1 7
WXV XS .
04 dN AIVIS [ osNoud3s |
0'S NOILD3S — SIVIGJLVN |

31VAIONVO dO
NCLLI3T3S TYLLINI

£°1 anbiy

0¥ NOLLD3S

S1N3W3HIND3Y
Al1d3dOdd INI130 OL
DNITIAONW TVOLLATVNY

0'€ NOIWLOZS

]

INIWNOHIAN:I ONV
NDIS3d 3NINEisvE
N3 3NIF30

0T NOiLJ35

SNOLLVHIL!

Sis3l

-«
NAOINAA [

NOLLO3IdSNI W3S
/9NLLS3L TVIOINVHOINW

JON3HIdX3
STIVIHILVK 31408
NI ASAHNS




This page is intentionally left blank.




2.0

SURVEY OF EM GUN BORE
MATERIALS EXPERIENCE

Early in this program, a survey was conducted of all the organizations in the United
States presently or formerly engaged in railgun research. The purpose of this survey was to
collect information on their experience with railgun bore materials. Three categorics of
questions were posed:

1. What bore materials have been used in the past for both insulators
and rails?

2. How have these materials performed?

=

. What will be the requirements for materials in the next generation of
railgun designs?

During the survey, information was also gathered on: most pertinent contact at the
facility, name of operating gun(s), physical and operating characteristics of the gun(s),
containment method and stiffness of barrel, bore conductor rail material experience, bore
and backup insulator material experience, and armatures used (type and materials), arma-
ture/bore interaction experience, and near-term exerimental plans. All of this information
was collected in the Spring and Summer of 1988. It represents the state-of-the-art at the time
this program was initiated, and it explains the context in which the program was conducted.

2.1 Sources Surveyed

Shown in Table 2.1 is a listing of the sources surveyed, key contact and phone
number, and comments on the areas of primary focus at that facility. The list of sources
to be contacted was compiled by a combination of

1. SPARTA contacts with electromagnetic raiigun facilities/experi-

menters

2. Papers given at past Electromagnetic Launch Technology Sympo-
P AS860T8E
sia

3. Contributors to other conferences on clectromagnetic aceelerator
technology




TABLE 2.1 - List of Sources for Raiigun Materials Survey

Organization

Point of Conlact

and Phone Number

Materiais Relevant Work

ARDEC (US Army)
Picatinny Arsenal, NJ

Greg Colombo
Tum Coradeschi
201-724-3353

Developing wrapped barrels
{Benet) and solid arrmatures

Astron Research
San Jose CA

Charles Powars
408-297-2926

Analyzing and developing
advanced material insulater
and conductor rails for test

Aubura Univ.
Auburn, AL

Gene Clothiaux
Ray Askew
205-826-5894

Development of advanced
diagnostic techniques

Ballistic Research
Laboratory (US Army)
Aberdeen, MD

Keith Jamison '
Alex Zielinski
301-278-5687

Development of advanced
diagnostic techniques; test
of advanced bore matenals
and development of projec-
tiles

Benet Weapons Lab Pete Aalto Cevelopment and fabrication

Watervliet Arsenal Pat Vottis of wrapped composite bar-

Waterviiet, NY 518-266-5595 rels

Boeing Acrospace John Schrader Development and test of

Seattle, WA 206-773.2¢14 solid armature designs

Eglin Air Force Base Ed Bradley Development and test of

Eglin AFB, FL Lt. Dan Jensen multishot insulator and con-
Lt Jett Martin ductor rails, sohd and

904-882-0207

plasma armature
development Conventional
and Marc IV railgun tests

Electromagnetic Launch
Research Inc.
Cambridge, MA

Henry Holm
617-661-5655

Development and fabrication
of coil guns (including power
supplies)

FMC Corp
Minneapolis, MN

Steve French
617-337-3269

Design and development of
compasite barrels, materials
for use in electro-thermal
Quns

Ford Aerospace,
Aeronutronics Div
Newport Beach, CA

Bilt Creighton
714-720-6098

No work currently being per-
tormed on advariced bore
materials, developrnent of
aavanced projectile struc-
tures

General Atomics Corp
San Diego, CA

Leoc Holland
Fred Chamberlain
619-455.3043

System thermal manage-
ment; sohd armature design

General Dynamics Corp
Valley Systems Div
Rancho Cucamonga. CA

Jaime Cuadros
714-945-8370

No longer working with rail-
guns

GT Devices
Aloxandria. VA

Rod Burton
Doug Witherspoon
703-€42-8150

Ceramic matenals for use in
electro-thermal guns

L I e [SO P
e s arcn, MG

Dayton, OH

Juhih Baibcl
Tim McCormick
513-296-1805

Dueveiopineni of soid arma
ture ang switch matenals:
larninated, suff raidgun
barrels




TABLE 2.1 - Continued

Organization

Paint of Contact
and Phone Number

Materials Relevant Work

Lawrence Livermore Labs
Livermore, CA

Ron Hawke
415-422-8679

All work Is being performed
at Sandia

Los Alamos Natl Labs
Los Alamos, NM

Jerry Parker
Bill Condit
505-667-3119

Development of advanced
diagnostic techniques and
analytic models. Design and
fabneation of Sialon
ceramic-backed railgun

LTV Aerospace Mike Tower Not currently doing any

Dallas, TX George Jackson advanced bore materials
214-266-7435 work.

Maxwell Labs Mike Holland Development and tast of

San Diego, CA Rolf Dethlefsen projectiles. Design, fabrica-
619-576-7887 tion and operation of 30 mm

bore single shot (B) gun
MER Corp Raof Loutfy Development of advanced
Tucson, AZ 602-746-9442 reinforced ceramic matrix

rail materials

Phys:cs International Ron Gellatiy No current work on bore
San Leandro, CA 415-577-7119 malernials

Sand:a National Labs Jim Asay Materials equation of state
Albuguerque, NM 505-844-1506 development

Science Applications Inter- Ed O'Donnetl “ETA contractor at Eglin

national

904-883-0389

Development of bore abla-

Eglin AFB. FL tion model
SPARTA, Inc Stuart Rosenwasser Advarnced insulator and con-
San Diego, CA R Daniel Stevensor, ductor materals, actively
619-455-1650 cooled conductor rais, stiff,
high prestress barrels
Supercon inc Enc Gregory Development and test of

Shrewsbury. MA,

617-842-0174

Cu-Nb conductor rails

Texas Tech Univ

Kns Knstiansen

Developmenttest of switch

Lubbock, TX Greg Engel contact, electrode, and insu-
B806-742-222¢ lator matenals

Univ of Texa" Bill weldon Design, fabrication and

Austin, TX Ray Zawor! » operation of stitf. actively

512-471-44596

pressunzed 90 mm verucally
onented single shot (B) rail-
gun Use of ceramics in rail-
guns

Westinghouse Marine Div
Sunnyvale, CA

Jeff Fletcher
Jeff Anderson
408-735-2-400

Thunderbolt rallgun design
and fabrication ck:velopment
effort

Westinghouse: R&D Center
Pittsburgh. PA

John Spiznage!
Dan Deis
4412.256-1481

Selechion and test of
advanced bore malenals
and fabricaton mothods for
Thunderbolt through SUVAC
li gun testing

11




2.2 Results of Survey

A copy of the survey form used to record information from each source contacted is
shown in Figure 2.1. A listing of the U.S. railgun systems identified during the survey
along with some of their key design and performance parameters, and primary armature
type and baseline bore materials are given in Table 2,2, A listing of railgun barrels without
their own power supplies that had been fabricated and tested up until the time of the survey
is shown in Table 2.3. They are included because of interesting advanced designs or the
use of advanced materials.

A brief summary of the advanced materials investigated by each source is shown in
Tabie 2.4. Included below is a discussion of the railgun work relevant 1o bore materials
carried out at each of the organizations,

ARDEC - ARDEC has four rail guns either operational or under fabrication:

i. EMACK - a 5 m long, 30 mm square bore gun (under modification)

ii.  TOPAZ - 2.6 mlong with 50 mm square bore

iti,  FLINT - 1 mlong with 1 ¢ square bore

iv.,  Benet Barrel - 1.2 m long 50 mm round bore, fiberglass overwrap.
To be succeeded by a 5 m long version.,

At this time, the TOPAZ gun and the Benet Barrel are operating while the EMACK
power supply is being upgraded and the FLINT gun assembled. The EMACK gun will
be available for testing shortly. Much of the work involves penetrator/projectile studies
and solid armature development. Shonly, a 4 m barrel produced by ARES using cast
alumina ceramic in an epoxy organic matrix for the bore insulator will be tested, The
Benet barrel is being used for projectile studies. A 5 m graphite fiber/epoxy wrapped
barrel with a 50 mm round bore was under fabrication at Benet for delivery to ARDEC in
June, 1988. ARDEC i« sponsoring the development of light-weight, fiber-wrapped barels
for railguns.  All of the above burrels use conventional bore materials, ‘These include
copper or copper alloy conductor rails and G-9, G- 10, or G- 11 insulator rails, No advanced
bore material studies are underway, although the FLIN'T gun will be used to test advanced
materials under development,

Astron Research - Astron is supplying advanced conductor and insulutor rails for test at
Eglin Air Force Base. Rails currently under development (for testin Eglin’s PUG Gun)
include: plasma-sprayed Mo and W coated copper rails, chemical vapor deposited (CVD)
coated W copper rails, rails with graphite strips brazed to the bore facing surface, solid
Mo and W rails, hot-pressed SipN,msalator rails (24 in. (61 cm) long) which survived
exposure in the Eglin PUG gun without fracture, although a partially conductive surface
coating was formed, and glass-reinforced polyimide ond quartz cloth raintoreed polyimide
insulating riuls.




SURVEY OF EM GUN BORE MATERIALS EXPERIENCE
CONTRACT DAALO3-86-C-0045

Location;

Contact and Other Key Personngl

Address and Phone #:

Type and Name of Gun:

Barrel Construction, Dimensions/Operating Parameters (mass, peak accelerition, peak current, injection
velocity, final velocily, pre-stress, max. pressure)

-Q_‘o—nducmr Rail MaterialsTested and Rcsul.li- - : T w-:
Insulator M.ﬂcn.nl«'lcilu;l.uml(uull\ . . —.;-- M-j”:i
r Flgure 2.1 The r(/)u(!/O;II;:(;UGWIdl/c{ { M Guin Bore Matenals Expenence

Survey.
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Auburn University - They are using a 30 ¢m long in-house gun for the development of
advanced diagnostic techniques and will be receiving a copy of the Los Alamos MIDI-11
gun from Eglin for the development of soft x-ray diagnostic techniques. No materials
development work is currently being performed.

Ballistic Research Lab (US Army) - The majority of BRL’s work is centered on
development of advanced diagnostic techniques for railguns. They have a small 1 cm
square bore gun that is used to prove out diagnostic techniques and has been used to expose
advanced conductor and insulator materials produced by SPARTA. SPARTA produced
a 1 mlong, 1 cm square bore barrel with provision for quick change out of 12 in. (30.5
cm) long materials test sections for use by BRL.

They also have an in-house 100 kJ (capucitive storage) electical-thermal (ET) type

gun. Its capacitors are tailored to give a ramp current to 100 kA in 800 milliseconds. Tt
uses round bores ranging from 9.5 to 15.9 cm diameter by 15 ¢cm in length. In September
1988, a 1 MJ (stored) bank was instailed with a maximum current of 350 to 800 kA. The
device is currently not used for materials studies, but for development and application of
advanced diagnostics and understanding of the physics of ET guns (including internal
ballistics).
Benet Weapons Lab - Benet is designing and fabricating composite-wrapped barrels for
test at ARDEC. These barrels are made from graphite or glass fiber/epoxy matrix mate-
rials. These resin matrix composite materials are wrapped over 110 copper alloy or
Glidcop conductor rails and G-10 insulating rails.

Boeing Aerospace - They have been doing work on the development of solid armature
designs and are currently not active in the arca of advanced rail gun bore materials,

Eglin Air Force Base - Eglin is currently using their PUG Mark T gun with a 0.6 m long
barrel and 1 ¢cm square cross-section for test of advanced materials that are produced by
various companies (sec sections on Astron, MER Corp. and SPARTA). Eglin themselves
are developing advanced solid armatures and rail configuration designs. Some of these
results are feawured in the PUG Mark 1V railgun design, There are other, larger guns at
Eglin (including the four Tier 1 barrels built by General Electric, General Atomics, General
Dynamics, and IAP) but they are not used for materials development or testing. The large
majority of the shots are made with copper alloy 110 conductor rails and G-10 insulating
rails. The refractory alloy clad rails have performed very well with very low total system
(bore conductors and insulators) mass loss even after multiple shots,  Conventional
plasma-sprayed refractory metal coated rails tend to crack and spall. However, rails coated
with tungsten by a vacuum plasma deposition process did perform well,

Electromagnet Launch Research - They are active in the arca of rescarch, design, and
fabrication of coil guns (lincar synchronous launchers). Advanced materials including
spiral inductors made from SiC fiber reinforced aluminum, copper alloy/Inconel laminated
inductors, and barrels made from laminated copper and stainless steel utilizing graphite-
Ccpoxy as an insulator.




FMC Corp. - FMC has been surveying and testing insulator and conductor materials for
use in the breech end of electro-thermal guns. The main emphasis on electro-thermal gun
materials is materials that exhibir low mass loss (erosion), while plasma sealing consid-
erations are not as important. A listing of the materiuls they are investigating is not
available becausc it is proprietary. They also fabricated a 1 m long, 50 mm bore barrel
tested at Maxwell's CHECMATE facility. This barrel utilized Al,O, backup insulators
and a graphite fiber-wrapped barrel for light weight and stiffness.

Ford Aerospace - Ford is currently doing no work in the area of advanced railgun bore
materials, They are designing and fabricating projectiles that are being tested at Maxwell
and the University of Texas. Carbon-carbon is the major advanced material being utilized
in these components.

General Atomics - They have not fired any of their 50 mm bore guns recently. They are
using two different square bore in-house guns for the development of thermal management
techniques and plasma brush armatures, A 50 mm square bore Tier 1 gun was fabricated
using epoxy pressure injected behind the bore component in order to provide precom-
pression at the bore component interfaces to reduce plasma leakage. In addition, coolant
passages were gun-drilled in the Cu-Cr conductor rails in order to provide active cooling,

General Dynamics - General Dynamics is no longer working with railguns,

(3’1" Devices - They have tested 6 in. (15 cm) and 18 in, (46 ¢cm) lengths of 0.5 in. (1.27
cm) diameter ALQO, and Si,N, ceramic rods as insulators in their 3 1. (0,91 m) long hybrid
clectro-thermal/electromagnetic gun, This gun uses an ET injector together with a plasma
arc and conductor rails, Measured ablation on the ceramic rods was 10 times less than
measured using Lexan insulators, However, deeper are tracking was observed on the ALO,
dispersion-strengthened copper (Glidcop Al-15) conductor rails when using the ceramic
insulators, a phenomenon that they plan to investigate further, Some of the 18 in. (46 cm)
long ceramic rails broke during test,

IAP Inc. - The two main arcas of work are solid armatures and various types of switches,
In addition, a stiff laminated steel containment barrel concept hias been developed to
maximize induction gradient, This 50 mm gan has copper alloy rails and G-10 insulstors,
In addition, a test bed 10 measure the propenties of solid armature contact materials under
controlled conditions of velocity, current and contact pressure hits been set up.

Lawrence Livermore Laboratories - LLL does notcurrently have any working railgans,
Some of their personnel are involved with the vailgun pregram at Sandia National Labo-
ratories,

Los Alamaos - Most of the railgan work currently underway at Los Alamos is concerned
with problems of diagnostics and plasmicare / bore matenals interactions. No advanced

miterials are currently being investigated, although analytical studies wre being conducted
on advanced bore materials, The only pun currently operating at Los Alamos is the




MIDI-II gun (1.64 m long with a 9.5 mm square bore). Los Aiamos fabricated a duplicate
of the MIDI-II gun and it is currently being fired at Eglin Air Force Base and will later be
sent to Auburn University.

LTV Aecrospace - They are not currently performing any work iu the area of advanced
bore materials. Their distributed energy gun (DES) is not currently being used but could
be put into operation rather quickly. They are concentrating in the area of guided pro-
jectiles,

Maxweli Labs - The CHECMATE gun facility is no longer being used. The large (8 m
by 90 mm round bore) SSG B-gun is being used to develop projectiles. The B-gun uses
copper alloy MZ( rails and G-10 insulators. Multiple shots have been conducted at half
power without intershot bore cleaning.

MER Corp. - They produced a pair of 6 in. (15 ¢cm) long insulator rails (for tesi in Eglin’s
Mark I PUG gun) made from toughened Al,O,. The toughening was due to the inclusion
of SiC whiskers and a HfC transformiation toughening phiasc. The resistivity of the rails
was relatively low, but methods are being developed to increase the resistivity by breaking
up the path between the SiC whiskers. They are also looking at reinforced TiB, matrix
conductor rails.

Physics International - No work is currently being performed on bore materials. All
c¢fforts are on fabrication of power supplies for the Thunderbolt railgun.

Sandia National Laboratories - They are using their HELEOS (2.4 m long, 12.7 mm
round bore) gun to study materials equations of state. A two-stage light gas gun (2SLGG)
is used as a preaccelerator (6 to 8 km/sec) into the railgun. Dispersion-strengthened copper
(Glidcop) conductor rails and Lexan insulator rails are used. To date, only low levels of
current have been used, resulting in little bore materials damage.

Science Applications International - They have a SETA role at Eglin Air Force Base.
In addition, they operate the MIDI-II type railgun at Eglin with the purpose of measuring
plasma armature bore drag. They are also developing models to predict bore ablation.
They are not performing any advanced bore materials work,

SPARTA - SPARTA is active in the areas of designing, fabricating, and testing advanced
conductor and insulator rail materials: advanced active cooling technigues, solid armature
materials and designs; and barrel prestressing and stiffening designs. Examples of con-
ducter rails include W, Mo, Mo-TZM, and W-Re clad (using solid-state bonding) copper
rails; detonation gun coated WC rails; and TiB, and ZrB, matrix conductive ceramic rails
(including reinforeed grades). Solid molybdenum rails have been exposed but exhibited
crucking after multiple shots (greater than five),  Examples of insulator rails include:
advanced organic composites (using glass, quartz and alumina reinforcement), high
toughness tailored ceramics, and whisker and fiber reinforced ceramics. Conductor rails
with inicrnad coolaint passages for scuve cooling have been developea tasing solid state
bonding to consolidate the rails) and ested. A 50 mm by 1 m railgun barrel prestressed
using hydraulic pressurization to prevent plasma leakage has been designed, fabricated




and tested. This barrel has demonstrated the use and survival of ceramic backup insulators
and their dramatic effect in minimizing bore deflections. The barrel demonstrated that at
currents up to 1.5 MA that Mo-clad rails eroded only slightly, and that glass-reinforced
melamine cleanly ablated at about 0.001 in. (0.025 mm) per shot.

Supercon - They are pursuing the development of niobium filament reinforced copper
rails for use as railgun bore conductors. This work (performed under a Phase I Air Force
SBIR) cffers the possibility of decreased bore erosion because of the electron emission
properties of the niobium filaments.

Texas Tech Univ. - Much effort is directed toward the development and test of advanced
switch and contact materials, many of which can also be used as railgun conductor
materials. Three different test beds are used to expose materials to stationary and moving
arcs to determine ablation resistance of both conductors and insulators and rapid-fire
voltage standoff degradation of insulators. In conjunction with the current SPARTA
contract, a program has been initiated to screen a variety of advanced insulator and con-
ductor materials, including a large number of reinforced ceramic materials for use as
advanced railgun bore materials.

Univ. of Texas at Austin - The GEDI gun (I m and 2 m versions with 12.7 mm square
bores) is actively used with sprayed Mo on copper 110 conductor rails. At 550 kA/cm,
some spalling occurs of the Mo coating. In addition, another GEDI barrel has solid
molybdenum conductor rails. The barrel is honed between every shot. Quartz strips are
bonded to a G-10 substrate and used for bore insulators. They fracture on every shot and
are replaced, but ablate very little. A 3 m, 45 mm round bore gun is currently being used
to test projectile designs. This gun uses 35 kpsi (241 MPa) hydraulically-pressurized
ceramic cylinders to transmit precompression to the bore components and to minimize
bore deflections. The rails are made from pure copper and the bore insulators are £-glass
polyester. The 3 m gun is a prototype of the $SG B-gun (10 m, 90 mm bore) currently in
fabrication. The use of high-modulus ceramics and molybdenum rails has been demon-
strated to minimize bore deflections and thus plasma leakage. Effort has also been place
on the development of solid armatures that minimize damage to the conductor rail surfaces.

Westinghouse Marine Div. - Two railguns are currently in operation at the Marine
division, the lab gun and the CAP gun. The lab gun is a single prototype segment oi the
Thunderbolt System. These guns are used to test out materials, designs, and fabrication
methods of pertinence to the Thunderbolt System. The Thunderbolt System (3 segments)
1s currently being assembled.

Westinghouse R&D Centerr - Much of the Westinghouse R&D effort on advanced
materials has been directed toward selection and verification of materials and processes
for the Thunderboit gun which is under fabrication. They currently are using two different
guns for their development tests: SUVAC T (2 m with 1 em square bore) and SUVAC 1]
(varying lengths to 14 m with 2 ¢cm round bore) that are used to test Thunderbolt materials
and concepts. The following are being investigated:
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. Control of plasma chemistry through selection of bore materials

. Solid state bonded refractory alloys clad to copper substrates

. Graphite fiber-epoxy as a bore insulator

. DuPont FP alumina fiber in epoxy insulators

. Low and high carbon content Mo-TZM cladding for conductor rails

Al,O, particulate-loaded epoxy (up to 80% by volume) for use as a bore
insulator material. As the epoxy ablates, the alumina particulate may
feed the plasma and reduce erosion of the conductor rails.

Pyrolytic BN chemical vapor deposited on graphite, extracted as cylin-
drical segments, and bonded to G-9 for use as a bore insulating material.

2.3 Survey Summary and Conclusions

Although the extent of this survey was limited by the resources and time duration
allocated to it, SPARTA believes that the results give an accurate picture of the status of
railgun materials usage, performance, and development work at the beginning of this
program (in 1988). The information was obtained from conversations with the key
investigators at the pertinent organizations, from the literature, and from recent symposia
and meetings. The following items summarize the important findings and conclusions:

2.3.1 General

*

There ure about 36 railgun barrel subsystems in the United States eitherexisting
or under construction. Several of these are operated off common power sup-
plies and at least three do not have their own puwer suppiics.

With a few exceptions, the existing guns are designed and/or operated in a
single shot mode with some bore maintenance/cleaning required between each
shot.

The bore materials of choice for a majority of the existing railguns and for a
very large fraction of the railgun shots that have been made are bare copper or
copper alloy conductor rails and glass reinforced resin matrix composite
insulators.

With the exception of some excellent work on plasma armature / bore material
interactions, there has been little effort expended in analytically predicting
which materials properties most dominate railgun performance and lifetime.
There has been almost no work in quantifying property goals for railgun bore
muaterials.

There have been recent programs (most funded through the Dol Small
Business Innovative Research (SBIR) Program) to develop specific advanced

materials or materials concepts, These have been aimed at improved rail or
insulator plasma armature erosion / ablation resistance.




The emerging “conventional wisdom” of the railgun community is that lower
radial deformation, higher stiffness bores will benefit the performance of both
solid and plasma armature railguns. However, this effect has not been either
experimentally or analytically verified.

The requirements for plasma armature railgun materials have been given more
attention than those for solid armature railgun bores. Coatamination of the
plasma, secondary restrike, insulator breakdown, and ablation/erosion of the
rails and especially the insulators are most often mentioned as key issues for
plasma armature railgun materials. Rail gouging, armature contact loss, and
bore deformation effects on contact loss were most often mentioned as key
solid armature railgun materials issues.

2.3.2 Conductor Bore Materials

The large majority of railgun shots have been made using pure copper or copper
alloy rails including OFHC, alloy 110, oxide dispersion-strengthened copper
(Glidcop) or MZC (magnesium-zirconium-chromium) copper. Since most
guns have been cleaned and/or honed between shots, the ablation and melting
that occurs with copper alloy rails has been more or less acceptable for
experimental railguns.

Several organizations (Astron, SPARTA, Univ. of Texas, and Westinghouse)
have investigated solid or clad refractory alloy (Mo, Mo-TZM, W, W-Re,
W-Cu, Nb, erc.) rails. The claddings and coatings have been applied by
plasma-spiay, CVD, detonation gun spray, and solid state bonding. Both
SPARTA/Army BRL and Westinghouse have noted fracture in solid molyb-
denumrails after repeated (greater than five) shots. Spallation and/or cracking
of sprayed, CVD, or detonation gun coated rails has been noted, but copper
rails coated by the vacuum plasma deposition process have performed well on
limited tests. Generally, if the cladding or coating adheres to the substrate in
plasma armature guns, erosion and melting are significantly reduced. The use
of refractory metal rails for solid armature guns has been very limited.

MER Corp., SPARTA, and Texas Tech have done limited work with con-
ductive ceramic rails. Methods to toughen these rails by use of whiskers,
chopped fibers, or continuous reinforcing filaments are underway. Much
additional work is needed, and obtaining conductivities that will be acceptable
from a system efficiency consideration is a key issue with plasma armatures.
Very limited testing of graphite rails has been conducted by Astron/Eglin,
Additional work will be done in order to fully understand the merit of this
concept.

Multiple shiols {up to five) have been fired on refractory alloy clad rails without
need for cleaning or honing.




2.3.3 Insulator Bore Materials

The large majority of railgun shots have been made with G-9, G-10, or G-11
type insulating rails. In general, G-9 (glass-reinforced melamine) has per-
formed best in plasma armature guns because it tends to be cleanly ablating
and does not require cleaning of conductive char or soot between shots.
Melamine also aids in reducing arc restrike.

Astron, GT Devices, MER, SPARTA, University of Texas, and Westinghouse
have tested ceramic bore insulating rails and/or backup insulators. Although
structural failures have been noted, survivability has been demonstrated under
proper prestress and/or lower linear current densities.

Very little testing of the most advanced toughened, reinforced ceramics have
been conducted

Deterioration of surface voltage standoff has been noted on some ceramics,
and 1s an 1ssue for multishot railguns

2.3.4 Design

Design of the railgun barrel has been shown 1o be an integral factor in the
performance of the railgun bore materials. Groups including General Atomics,
SPARTA, and the University of Texas have developed barrel designs (and
fabricated them) with the purpose of minimizing bore deflections, maintaining
brittle ceramics under compression, and in the case of plasma armatures,
minimizing leakage.

Barrel designs at FMC Corp., Los Alamos, SPARTA, and University of Texas
have made increasing use of ceramics as backup insulating materials in order
to increase the overall radial stiffness of the barrel to reduce bore deflections.

Although this survey was conducted in late 1988, little has changed in the area of
bore materials since that time, so it portrays a relatively accurate picture of the current
state of the art.
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3.0

DEFINING GUN DESIGNS AND
BORE ENVIRONMENTS

A schematic drawing which illustrates the environment of the bore materials in a
current electromagnetic railgun is shown in Figure 3.1. The specific structural, thermal and
electric loads, many of which act simultaneously on the bore conductor and insulator rails,
are listed in Table 3.1. The time scale over which cach of these loads acts is also described.

In order 1o define the exact mechanical and thermal loads which electromagnetic
launcher (EML) bore insulators rails experience, it was necessary to develop a representative
analytical model of a railgun design. The EML cross-section shown in Figure 3.2 was
selected as the baseline on which to conduct the analytical studies ¢f Section 4.0, which
resulted ia the selection of railgun insulator goal properties (requirements). This hydrauli-
cally presicessed railgun destgn has been utilized on a number of existing high-encrgy rail-
guns, including those manufactured by SPARTA and the University of Texas - Center for
Electromechanics (UT-CEM). The configuration is comprised of a round bore with an
external prestress uniformly applied on the backup insulators. This configuration represents
a prototypical weaponlike rep-rated system. The EML. performance (efficiency and bore
deflection) was examined for a wide variation in presumably achievable material properties
for the rail, bore insulator and backup insularors. A photograph of an EMIL. manufactured
by SPARTA for ARDEC based on this design approach is included as Figure 3.3, along with
it’s operational parameters.

The EML environment for both solid and plasma armatures were considered to
determine their effects on the bore material requirements. The loading for these two cases
consists of 4 peak uniform pressure (plasma induced) occurring adjacent to the rear of the
projectile and dropping off to a rail repulsion (electromagnetic) force several bore diameters
aft of the projectile for the plasma armature, and a nonsymmetric rail repulsion force (i.e.
acting only on the conductor rails) only for the solid armatures. Thermal loading also is
dramatically affected by armature type. Since both types of armatures are considered for
future EML applications, and because solid armatures transition to “plasma brushes™ at
velocities above about 1.5 km/sec, the implication of armature type on the loads experienced
by EML insulator rails were evaluated.

25




PLASMA RADIATION
PLASMA PRESSURE FORCES / CONDUCTING RAILS

\ /S
—_ ELECTRICAL SKIN D:IPTH /

VOLTAGE J x B FORCES % % .

N
N\

/

RESISTIVE CONVECTIVE HEAT
(OKMIC) HEATING THANSFER AND SHEAR PROJECTILE AND SABOT

PLASMA ARMATURE

Figure 3.1 - Schematic of structural therrial and efectrical cnvironment experienced
by electromagnetic launcher bore materials.
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Figure 3.2 - Baschne barrel confiquration used i analytical modehng studie:
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Bore Diameter:

Accsleration Length:

Peak Current;

Peak Bore Pressure:

Peak Voltage:
Muzzle Energy
Inductance Gradient

3.54in. (30 mm)
275.6 in, (7m)

3.6 MA

60 kpsi (414 MPa)
22 kV

910 14 MJ

> 038 uH/m

Figure 3.3 - ARDEC/DARPA Advanced Composite Railgun and Pertinent Operating

Parameters




4.0

ANALYTICAL MODELING TO DEFINE
PROPERTY REQUIREMENTS

The analytical modeling of the baseline EML design is based on a 3-level approach
which includes evaluating the effect on performance of tailored material properties at a
micro, macro, and subcomponent materials systems level. It considers the materials to be
composite materials, which would be the most complex situation, but the model applies also
to monolithic materials, since they can be viewed as composites with zero loading fractions
of reinforcement. The micro-level involves estimating the anisotropic composite properties
based on the constituent fiber or particulate, and matrix material components. The primary
variables include fiber type, volume fraction and orientation, particulate volume fraction and
type, and matrix type and microstructure. The macro-level includes multilaminate layers of
these composites for the bore components (e.g. clad rails or multidirectional composite
layups of bore insulators). The subcomponent or material systems level consists of confi-
guring the macro-level components into a barrel configuration and evaluating the interplay
of critical material properties (e.g. elastic modulus, etc.) on the overall barre! performance.

It is at the subcomponent level that material properties can be equated with gun per-
formance. One measure of gun performance is bore displacement during an electrical shot.
Figure 4.1 illustrates the bore deflection for two types of loading conditions (plasma and
solid armature) on a barrel designed with low and high subcomponent-level stiffness. These
diagrams are the result of finite-element modeling. The results support the significance of
tailored and improved material properties on reducing bore deflections. The modeling also
illustrates higher peak deflection values for the solid armature design resulting from the
asymmetric bore loading. This is because of electromagnetic stresses acting alone; the
plasma pressure being absent for the solid armature configuration.

Initial studies were also conducted around a baseline configuration to show the sen-
sitivity of bore deflection to material stiffness. Figure 4.2 illustrates some of the results of
this study. The bore insulator and rail displacements are shown for increases in modulus
values above the selected baseline. The rail modulus (baselined at 20 Mpsi (138 GPa)) is
not as influential as ihe bore and backup insulator moduli in controlling the bore displace-
ments. This type of analysis helps in directing the study cffort to the material properties and
bore coinponents that have the greatest systems payoffs.




The results presented in Figures 4.1 and 4.2 illustrate the impact of using tailored high
modulus materials for the bore components and backup insulators in minimizing bore
deflections. The differences between stiff and soft EML designs translate to reductions in
bore deflections of 30 to 40 times.

4.1 Bore insulators

Ceramics have almost zero plastic strain at failure (0% ductility) and fail catastroph-
ically under load when cracks propagate from pre-existing flaws, usually at the surface.
The resistance to fracture is a material property called “fracture toughness”. Work was
initiated to define the goal fracture toughness value for high stiffness ceramic materials
being developed in the program. This work involved calculating the dynamic stress levels
on the bore component free surfaces and relating these stresses to the critical flaw size that
would cause fracture using the equation’;

Kie)
a,=0o , Eq. 4.1
= (Eq.4.1)
where a,, =critical flaw size -

K¢ = plain strain fracture toughness
O, = geometric term
G = maximum tensile stress.

The minimum initial manufacturing/processing flaw size that is reliably detectable by
inspection or proof testing then defines the required fracture toughness that will prevent
ceramic failure under a given maximum operating stress. Since both the barrel configu-
ration and linear current density (amps per centimeter of rail height) strongly influence
these stress levels, both soft and stiff EML configurations were evaluated over a range of
current (or pressures). The bore insulator elastic modulus was parametrically varied for
each configuration. In addition, the type of armature (solid or plasma) also has major
effect on the insulator stress distribution. The plasma armature results in an outward
insulator movement during the electrical pulse because of the uniform plasma pressure
loading. The solid armature design results in a net inward movement of the insulator
during the shot due to the non-symmetric loading on the rail which pinches the bore
insulators, forcing them inward.
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Further analysis centered on confirming the stress levels in the bore insulator during
the electromagnetic shot. The previously reported results were based on two-dimensional
structural analysis of the barrel system. A more detaled three-dimensional model was
Jeveloped for the high modulus barrel design and evaluations were made for both plasma
and solid armature loading conditiens., The more detailed three-dimensional model results
confirmed the two-dimensional parametric results. The detailed model also provides the
anial distribution in the vicinity of the solid or plasma armature.,

A representative square bore configuration was also analyzed. because this is the
type of gun which would be used for screening of candidate bore materials ir this program.
The relevant configuration selected is that represented by the FLINT gun design at the
U.S. Army Armament Research, Development and Enginecring Center (ARDEC) facility,
atPicatinny Arsenal, NJ (similar +o the Plasma Utility Gun (PUG) at Eglin Air Force Base).
This design represents both a generic square bore design and  was also used in the
experimental ceramic insulator screening test program (Section 6.3). We identified some
maodifications of the FLINT gun design o provide a higher backup insulator stiffness and
modification of the geometry of the bore insulator, These maodifications were necessary
to reduce the backup defiection under loading and provide a beuer test bed for the bore
rail and insulator combination. This analysis s detailed in Section 6.3.1.

The modeling and ¢evaluation of property requirements focussed next on the appli-
cability 1o various EML barrel contigurations, evaluation of ceramic fracture toughness
requirements and thermal etfect of rail claddings. In order to evaluate the applicability of
our material property requirements madeling, two round bore configurations were eval-
uated (these represented relevant barrel configurations being developed at the time).
Prestress of barrel components can be applied in a variety of ways including both active
hydraulic pressurization and passive cured-in-place residual stress application. Figure 4.3
provides a schematic of the two birrel configurations evaluated in this study. The prestress
is assumed uniformly applied on the backup support ring. Two approaches have been
developed in the design of the bachup support ring; one using a solid ring and the other a
segmented support ring. The primary difference in the concepts is the efficiency of the
external prestress transfer into the ril/bore insulator interface. As shown in Figure 4.3,
the segmented design results ina 310 1 increase in the applied prestress, thus 15 kpsi (103
MEny externally applicd provides 45 kpsi (310 MPa) on the rail/bore insulator interface.
The solid support ring design approach actually results in a stress reduction of 2 to 1.
However, the preload transfer is notas eritical as the necessity of the backup support ring
being constructed from a very high stiffoess (modulus) material.  Evaluations were
completed for both of these barrel configurations under plasma and solid armature envi-
ronments, The results show very litte difference in the bore detlection magnitudes and
stress levels during the railgun firing, These results provide support of the applicability
ot our materials property modeling w other relevant barrel contigurations,
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Figure 4.3 - Active prestress load transfer efficiency to the rail / bore insulator interface.
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It was stated earlier that the stiff EML barrel designs translated to factors of 30 to
40 times reduction in bore deflections, Fracture toughness analysis for both stiff and the
soft bore insulator materials was conducted. The required fracture toughness is defined
d>

M

where K,, = fracture toughness
S, = fracture strength
M = 1.05 for fabrication-caused surface cracks
a,, = critical flaw size.

ch = Sj( _1_ jﬁ: ’ (Eq 4-2)

The minimum initial manufacturing/processing flaw size, a,, that is detectable by
inspection or proof testing defines the required fracture toughness for a given operating
stress,

The probability of flaw detection is a function of the thickness sensitivity, which is
the flaw size divided by the part thickness. Figure 4.4 shows that a 0.010 inch (0.25 mm)
flaw in a 0.5 inch (1.27 ¢m) thick bore insulator (2% of the section thickness) translates
into a flaw detection probability of 95%.'" A 0.025 in. (0.63 mm) flaw is 5% of the section
thickness, giving a flaw detection probability of 97%. Ninety-five percent is an acceptable
level of detection probability, so the maximum allowable flaw size used in determining
toughness requirements was 0.010 inches (0.254 mm).

Calculated maximum insulator hoop stresses and fracture toughness requirements
were plotted for the high modulus backup EML barrel design case. Figure 4.5 shows the
maxirmum insulator hoop stress as a function of the rail linear current density or rail
repulsive pressure for insulator moduli of 25 Mpsi (172 GPa), 50 Mpsi (345 Gpa) and 75
Mpsi (517 GPa). The rail repulsive pressure (solid armature) causes an outward deflection
of the rail and an inward dispiacement of the bore insulator, creating a tensile hoop stress
on the inner side of the bore insulator. A rail current density of 450 kA/cm was used as
the upper design limit, and as Figure 4.5 shows, this translates to a maximum insulator
hoop stress of 38 kpsi (266 MPa) for a modulus of 25 Mpsi (172 GPa), 52 kpsi (360 MPa)
for a modulus of 50 Mpsi (345 GPa) or 64 kpsi (440 MPa) for a modulus of 75 Mpsi (517
GPa).

The maximum tensile hoop stresses on the bore insulator determine the location for
the required fracture toughness calculation and for the required ceramic insulator strength
determination. The maximum hoop stresses shown in Figure 4.5 were translated into
required fracture toughness values for the minimum detectable manufacturing flaw size
of 0.010 in. (0.254 mm). The results are plotted in Figure 4.6 for the three different bore
insulator moduli.
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Figure 4.4  Probability of detection of a flaw as a function of thickness sensitivity
(flaw size aivided by section thickness).

The sensitivity to a minimum detectable crack depth size is evaluated in Figure 4.7.
The required fracture toughness was plotted as a function of variation of rail linear current
density and the maximum insulator tensile hoop stress for minimum detectable crack
depthsof 0.010 in. (0.254 mm), 0.025 in. (0.635 mm) and 0.050 in. (1.27 mm). The fracture
toughness requirements decrease with the reduction of the critical flaw size that i1s
detectable. The result of this analysis is that a fracture toughness of 5.0 kpsisin'? (5.5
MPasm'?) is the minimum acceptable value for a bore insulator material with a modulus
of 50 Mpsi (345 GPa) and a minimum detectable flaw size of 0.010 in. (0.25 mm)

The required fracture toughness developed and shown in Figures 4.6 and 4.7 was
used 1o establish a goal range for toughened candidate ceramic bore insulators in Figure
4.8. This encompasses the projected levels of railgun loading environments,

Figure 4.7 shows the relationship between the operating EML environments of the
railgun to the required fracture toughness and critical flaw size for the solid armature case.
A dimensionless analysis of the railgun was also performed to evaluate the axial loading
due to a moving plasma armature. The analysis was limited to a length of 9.8 in. (25 cm)
10 reduce the CPU runtime to a reasonable length. The interface between the rail and the
bore insulator was modeled using frictional interface elements. The soft interface between
the backups and the rail/bore insulators were also modeled. A plasma pressure of 45 kpsi
(310) MPa) was applied on the rail and the bore insulator between the axiz! locations of ()
and 295 in. (7.5 cm.). The backup insulator was prestressed to 15 kpsi (103 MPa). The
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maximum ourward radial displacements of the rail and insulator are plotted in Figure 4.9,
The maximum axial stresses for the rail and bore insulator are shown as a function of the
axial location 1.2 Figure 4.10. The maximum insulator tensile stresses (10 kpsi (69 MPua))
are lower for the plasma armature case compared to the solid armature.
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In addition to the strength and toughness requirements which were established for
candidate bore insulators, it was also necessary 1o assess the requirements for high voltage
surface breakdown resistance. This quantity is the maximuni voltage per unit length which
an insulator can stand off across its surface before surface breakdown occurs and an arc
traverses it. The determination of this requirement did not require any analysis: it is a
simple question of the anticipated operating voltages and bore diameters that will be used
in the next generation of electromagnetic launchers. This value must be retained after
multiple arc exposures, since a plasma armature may degrade the insulator surface in the
SUNE MENNCT 4% G are jumping across it. Many cerémic insubtors are secn to exhibir
good standoff strength before they are overloaded, but their surface resistance diminishes
significantly after being traversed by an arc. This 1s because the arc may cause chemical
decomposition ot the insulator material Jeaving conductive decomposition products. An
example of this 18 zirconia-based ceramics.  Zirconiwm oxide 1s an inherently good
insulator, but 1f an electrical arc breaks across 1ts surface, it causes a film of zirconium
metal to form on it reducing its resistance to subsequent voltage loading, A survey of
anticipated ratlgun development revealed that future bore insalators will be required to
stand oft between 0.5 and 2 kilovolts per centimeter, depending on the configuration of
the EML system. A value of LOKV/em s the most probable requirement for future gun
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upper limit of 2 kV/cm as our property goal. At least one-hundred shots should be
achievable at this level without the need for cleaning or honing of the bore, so the insulator
must retain this resistance after 100 arc exposures.

Based on all of the preceding analyses, the properties which will be required of a
bore insulator in the next generation of electromagnetic launchers are summarized in Table
4,1,

TABLE 4.1 — Summary of Bore Insulator Property Requirements

Property Required Value
Mechanical | Flexural Strength (Modulus of 50 kpsi {345 MPa) (for a probability of
Rupture) failure of 0.1%)
Fracture Toughness 5.0 kpsitin'? (5.5 MPasm"?)
Eiastic Modulus 45 Mpsi (310 GPa)
Electnical Surface Voltage Standotf 2.0 kVicm for plasma armalures
after 100 arc pulses 0.5 kV/cm for solid armatures
Processing  Producibility Can be fabricated 10 2.5 in. (6.4 cm)
thick by 20 in. (0.5 m) long forms while
retaining above propenties.

4.2 Conductor Rails

A detailed thermal model was developed for the conductor rail materials to evaluate
their key thermal propertics such as specific heat, thermal conductivity and latent heat.
The model is a coupled electrical and thermal diffusion model that can account for phase
change in the material, The initial validation test cases were made for the reference barrel
configuration (Figure 3.2} using two different electrical current ramp rates. Figure 4.11
Hlustrates that localized melting occurring in the corner region increases as the electrical
ramp time decreases (as would be the case in fast moving plasmi armature), The trade-off
between the heat capacity (both sensible and latent) of the rail material and the effect on
the current diffusion e miust be properly characterized in order to effectively select the
appropriate material requirements.

The results of w second sensitivity trade-off study is also shown in Figure 4,12, This
shows the trade-off of rail clectrical conductivity with overall gun efficiency.  As the
conductivity decreases. a larger fraction of energy will be deposited as Joule heat in the
rail. Higher rail wmperatures coupled with the increase in resistance with temperature
both detract from the energy imparted to the projecnle. As o result, the overall gun effi-
ciency drops. Figure 412 illustrates tor differeni starting point gun efticiencies the

trade-off of citicicney with conductivin, Maerials with an aggiomerate raii conductivity
of greater than approximately 60% 1ALCLS, are desired, at least for the simple breech fed
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railgun which was modeled. The acronym “LA.C.S.” stands for Intermnational Annealed
Copper Standard. 100% [.A.C.S. is defined as 1.7241 uQ-cm, approximately the electrical
resistivity of pure copper. Thus, 60% 1.A.C.S. is 60% of the conductivity of pure copper.

A detailed thermal analysis was developed for a peak linear current density of 400
kA/cm to evaluate the effects of cladding material properties (i.e. ablation resistance and
electrical conductivities) on the interface temperatures of the cladding and rail conductors.
The applied current history and the initial surface current distribution are shown in Figure
4.13. High ablation resistant cladding materials such as refractory metals and graphite
coatings reduce the ablation damage.*!"'*"**"* However, lower electrical conductivity
also increases the current penetration rate and causes a current concentration at the clad-
ding/conductor interface. Figure 4.14 illustrates the initial results of this trade-off study.
As the electrical conductivity (% 1.A.C.S.) of the cladding is reduced, the potential for
meliing of the rail conductor ai the cladding/conductior interface is increased, as shown.

CURRENT_TRAJECTORY BASELINE RAIL GEOMETRY
PEAK CURRENT 1.6 MA BORE DIAMETER 5 CM

RAIL LINEAR CURRENT RAIL MATERIAL cU
DENSITY 40 kA/cm 2-01 ALLOY (AI-60)
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Figure 4.13 Thermal / elctrical current diffusion analysis for EML rails
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5.0

MATERIALS DESIGN,
FABRICATION AND SCREENING

At the start of the program, a large number of advarced ceramics producers was
contacted regarding their recon mendations for systems to be investigated that might have
the potential to meet the requirements listed in Table 4.1, These recommendations were
combined with a review of the literature and with SPARTA's own knowledge of both
advanced ceramics and of rajlgun needs to arrive at o number of ¢eramic systems and
chemical compositions to be investigated and ceramic vendors to work with, Work began
on the development of ceramic prototype panels to provide material for screening wests in
order to select the materials that would be scaled up Jater in the program,

The ceramics manufacturer Cercom, Inc. of Vista, Calitornia was chosen 1o fabricate
ceriumic panels by hot-pressing.  In the case of composite conmpositions, Cercon was alwo
responsible for blending reinforcements such as silicon carbide whiskers with the ceramic
powders, and then filling the molds with these mixtures before hot-pressing. Cercom pro
vided valuable advice in selecting ceramic compositions and in recommendimg sintering ind
other processing aids 1o be added to the ceramic powder formulations,

5.1 Advanced Ceramic Insulator Design Approach

The approach that was taken to formulate advanced ceramic insulivor maierials in
this program was to begin on the microstructural level, and using the principles of modern
materials science, design @ material in the samie way that a mechamcal engineer wouid
design a machine. We will call this microstructural tatloring tsometmes called micro
architectural design). Shown in Table 5.1 58 i summary of the possible design methods
available for the microstructural tailoring of advanced ceramic composite materials to
meet the mechanical and electrical requirements of high-energy railguns, We atlized
these techniques o design several ditferent ceramic materials. On the devel of ¢rystal
structure, techniques of solid solution strengthening were used (o combime molecules i
optimum ratios. On the microstractural level, glassy phise sintanng aids were used 1o
assure high density and maximum intergrannlar adhiesion. On the micromiedanics level,
whisker ramforcement was used to increase toughness, Onthe levei of thenmodsannges,
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plasmas. All of these aspects were successfully integrated into a materials system design
approach with the goal of satisfying all of the propenty goals discussed in Chapter 4. Some
of the technigues mentioned in Table 5.1 are deseribed in more detail below,

Choice of Matrix Material - Alumina (ALO,), silicon nitride ($i,N,) and silicon
carbide (SiC) are the mostly widely used advanced ceramic structural materials wtilized
today and thus have a large experience base and supplicr base for raw materials. Unfor-
tunately, ithas been shown that the conductivity of silicon carbide is too high 10 provide
sufficient electrical insulation, s it cannot be considered unless heavily loaded with an
additive that destroys the conductivity of the SiC, such as mullite. Another matrix materis!
of interest is aluminum nitride (AIN) which is increasingly being used because of it's high
thermal conductivity. Zirconiu is also gaining in importance, usaally used in a stabilized
or ransformation toughened form or mic L with alumina, However, previous work has
shown that ceramics with over about 10% zirconia decompose in the presence of i high
pewerare 1o deave w (i of zirconium metal on the surface; which 1y unaceeptable for
radgun insulinor uw,

During. this program, the matria miatenials ALOG SENG AIN, and 20O, were
investigated as potentiad natix naterials  However, the AIN and 210, were Yuichly
dropped fron consideranion because the decomposition problem inherent with them $.ate
1 the program, the ALO matns materials were down - selected bised on theit excellent
combination of toughness, strenguin, and ciecticid properties. The 1.8, miatrx materials
il possessed excellent miechinical properties, but theie electiical propertivs were only
targinal for nlgun use,

Solvd Solwtion Svrengthening: - Vhe only sohd solotion strengthener considered for
the siitrises of mterestas chromm ¢CO e an addiive 1o aluminis 10 hins been shown
o be ettective i moderate amounts Cess thin 15% by weight) in Increasing the strenpth
of wlumimic “The addition of the chromia o the alamma matiy dud nor compromise it
mechinical properties (aciure toaghness or strengthy and wended v tose the Werbull
Madulus values, The magor unespected beneti trom the addinon of chionma, however,

stitients of the tinal alumina composition, ALO, BOZ10, 028,00, $.001.0,, 10 present

wiv improved surfiace soltage standoft strenpth “The Chiromis acte d o stabilize the con

Gram Size Refining: - As mentoned in Fable 8.0 s can be gecomplished by thiee
ditferentwechmgues: pram boundawry prnng. mmmzation of consolidation fempetatue
and e, and the vae of fime stastimg powders. Tar the matises of Py anterest all
three technigues can be utilized Tesation of consalidation fCinperatures/pressures/unies
aneotten necessary o detenmime what processing condiions wall dehiver tull densaty
Wihout camsing exeessne pram g e Yo O G and 2conia (/60 ane ueed 1o
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A review of the scientific literature on advanced structural ceramics revealed that a
10 micron (0.0004 in.) or smaller average grain size would be necessary to produce the
mechanical properties desired for the railgun insulator ceramic. However, this small grain
size would have to be reached without compromising the density of the ceramic material.
In order to achieve smaller grain sizes, the processing temperatures must be reduced. This
can often lead to less dense materials. Thus, a compromise between processing parameters
(temperature and time), glassy grain boundary phase formers, and grain size was reached
through iterative development.

Table 5.1 Microstructural Talloring Techniques Utilized in Design of Advanced
Ceramic Insulator Materials
“_l—_ SR _ T
TECHNIQUE GOAL COMMENTS
Matrix Composi- Determine Ma'!rix Chemical Com- | Qxides, Nitrides and Carbides are
tion Selaction position With Potential to Meet Viable Systems
Requirements When Adequately
Tailored
Sold Solution Improve Strength of Matenial Too Much Can Reduce Fracture
Strengthening Toughness; Solubility of Additive
is mportant
Gran Size Rehin- | Reduce Grain Size ¢ Improve Accomplished Through Grain
ing Strength and Toughness Boundary Pinning Materials, Mini-

mization of Consolidation Tem-
perature /Time, and Fine Starting

Powders
Glassy Phase Sin-1 fieducr Consolidation Tempera- Glassy Compounds (Yitria, Alu-
tenng Aids ture Through Use of Lower Tenr mina, and Zirconia Compounds)

perature Grain Boundary Phases Frequently Used, Care Must be
Taken Not to Decrease Tough-
ness, Full Density Desirable

—

Wfolskcr/iilgttulct Optimize Toughness/Strength of Reinforcement Must Be Compat-

Reintorcemont Matenal Through Addition of ible With Malrix al Consolidation
Appropnate Bemforcement Temperature, Proper Amount of
Bonding to Matrix is Vital
Sucond Phase Creation of Second Phase at Gram | Same Giassy Grain Boundary
Strungthening Boundanes Can Strengthen/Toug- | Phases As Above
hen Matenal
Continuous Fiber | High Termperature Continyous Beyond the State-of-the- At for
Hointarcement Ceramic Fibers Gan Strength- the Sizes and Properhies Needed
en‘Toughen Ceramics
Feanstormation Toughen the Matnix by a Phase Only Used in Zircoria Based Sys-
Tougheing Tiranslormation fo Put Stiugture in | tems

Comprossion




Glassy Phase Sintering Aids - Without the use of these materials, it would be nec-
essary to consolidate alumina and silicon nitride matrix materials at such a high temper-
ature that excessive grain growth would occur. Thus the same materials that help pin the
grain boundaries (described above) also act to form a glassy grain boundary phase that
initially melts and flows to fill the intergranular spaces, and then solidifies as diffusion
occurs, This action serves to promote low porosity and good intergranular bonding. The
materials used are called “sintering aids”, but they work equally well with hot pressing
(“sintering” usually refers to a pressureless process). In this program, zirconia and yttria
were added to the alumina (Al,O,) matrix as sintering aids, and yttria and alumina were
added to the silicon nitride (51;N,) as sintering aids.

Whisker/Platelet Reinforcement - The term whisker, as used in this report, refers to
an acicular (needle-shaped), microscopic single crystal of a high-strength, high-modulus
ceramic material. Silicon carbide is the most widely used reinforcing whisker, but
whiskers of aluminum oxide, titanium nitride, and boron carbide are also available. All
of these materials are in the size range of 0.5 to 2 microns in diameter and 10 to 1(0{) microns
in length (25.4 microns equal 0.001 inch). Being single crystals, these materials tend to
be excecdingly strong since they lack the strength-liniting defects that are normally
present in bulk marerials such as voids, inclusions, and grain boundaries.

Reinforcement with silicon carbide whiskers is probably the single most effective
strengthening and toughening mechanism for ceramic materials. It has been demonstrated
that a whisker addition of 20 v/o can nearly double the fracture toughness and quadruple
the flexural strength of hot-pressed alumina materials compared to their unreinforced
counterparts.” There are five differcni mechanisms by which whisker reinforcement may
increase the strength or toughness (or both) of a ceramic material:*

1. Load Transfer - High modulus/strength of whisker can carry load

2. Mautrix Prestressing - If Coefficient of thermal expansion 1s greater than
that of matrix, the matrix will be put into compression during cooling
from consolidation temperature

3. Crack Deflection - Stress state around whisker can blunt ¢ or
increase work of fracture.

4. Fiber Pullout - If fiber/matrix bond is relatively weak, energy can be
absorbed in fiber pullout, increasing toughness

5. Crack Bridging - Fibers may bridge cracks and raise threshold stress for

further crack extension
Of these five mechanisms, fiber pull-out is most frequently credited with toughness
improvement in ceramic materials. Load transfer is the primary mechanism for providing
strength improvement. Both of these phenomena can occur together providing that the
shear sirength of the whisker/matrix interface i1s within a certain range. Thus the con-
solidation temperature/time must be compatible with the whisker in order 1o produce an
ideal amount of whisker/matrix bonding,
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Tlaiclets can also be utilized, though they are usually not as effective as whiskers
because of the whisker’s geometry and mechanical properties. The electrical properties
of the reinforcement material must also be taken into consideration as too much SiC added
to a ceramic will unacceptably increase the material’s conductivity.

During the course of the program, both whiskers and plateiets were utilized. The
whiskers (two different grades were investigated) were added to Al,O;. SI;N, and AIN
matrices, and the platelets were added to AIN and the A1,0,. It was quickly seen that the
platelets were 100 large 1n sizc, and acted as crack initiators, destroying the toughness and
strength of the matrix materiai. The whisker reinforcements worked well if kept below
about 20%, producing significant increases in toughness. Above this, they would
decompose under the arc exposure and lose their surface voltage holdoff strength. The
whisker effects on the alumina mechanical properties were not as pronounced as on the
Si,N,. and because of their effect on the electrical properties, even at lower loadings, they
were dropped from consideration for the alumina matrix material. The AIN and silicon
nitride materials were eventually dropped because of their electrical properties. However,
for certzin railguns, the use of silicon nitride can probably be tolerated, and in that case,
the use of SiC whisker reinforced silicon nitride would be beneficial.

Second Phase Strengthening - Ceramics can be strengthened by the additien of a
material to the matrix that promotes the formation of second phases in the microstructure
that act to stabilize the structure and create residual compressive loads, which raise the
strength and toughness of the material. The same additive materials that promote glassy
grain boundary structures and reduce grain size act as second phase strengthening agents.

Continuous Fiber Reinforcement - Much effort is underway to develop continuous
fiber reinforced ceramic materials. Because of the thermal limitations of existing fibers,
the choice of matrices is rather limited. Much work has been done with glass-ceramic
matrices, which are processed as low temperature glasses and then turn to high temperature
ceramic during the later stages of the processing. However, the current state-of-the-art for
continuous fiber reinforced ceramics is far short of what is needed to developed full scale
advanced ceramic insulator segments for railguns, and none were investigated 1n the
program.

Transformation Toughening - Transformation toughening is a process where a crack
front will cause a phase transformation which results in a local volume expansion, thus
putting the material ahead of the crack tip into compression, and blunting the crack.
Unfortunately, this mechanisin only occurs in zirconia, among the matrix materials of
interest and. as mentioned previously, zirconia cannot be considered a candidate material
because of 1Us poor electrical behavior in the presence of an arc. Thus, transfonmation
toughening as & micro-architectural tailoring method was not investigated.
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5.2 Fabrication of Ceramic Insulator Materials

The first panels fabricated in the program were 6 x 6 x 0.25 in. (15 x 15 x 0.64 cm)
in size. The as-pressed thickness was actually €.375 in. (0.95 cm), but they were ground
down t00.25 in. (0.64 cm) before testing to remove surface flaws. As many aseight panels
of this size could be consolidated in one hot-pressing run. Later in the program, numerous
eight inch (20 cm) square panels, two 1.5 x4 x 8 inch (3.8 x 10 x 20 cm), and one 1.5 x 4
x 18 inch (3.8 x 10 x 46 ¢m) blocks were produced.  This chapter will describe the
fabrication of a variety of ceramic compositions for use as raiigun insulator materials. It
will also describe the preliminary mechanical testing that was performed on these panels
{0 screen out those ceramic compositions with obviously inferior mechanical properties.

The first of five hot-pressing consolidation runs was designed to establish the process
feasibility for producing high stiftness, high fracture toughness ceramic insulators and
conductors. The materials shown in Table 5.2 were consolidated ar 3500 psi (24.1 MPa)
and 1350°C (2462°F) for 4 hr. The purpose of the initial run was to establish the feasibility
of relatively low temperature processing that would be compatible with SiC whisker or
platelet reinforcement. Density values of the diborides were between 65 to 75% of their
theoretical density and those of the Al-based ceramics were 80 to 90%. These low densitics
indicated the need for higher processing temperatures.

Table 5.2 - Ceramics Consolidated in the First Hot Press Run

Matrix Reinforcement

Conductor Ceramics
2B, —
TiR. —
TiB, SiC,,
Insulator Ceramics
AN —
AIN +Y,0, —
AlLO+Y,0,-2(0, —

The panels consolidated in Hot Press Run #1 were sliced up using a diamond saw to
produce two strips 2.0 x 0.5 x 0.25 in. (5.1 x 1.3 x (.64 cm) from cach of the seven plates.
Metallography specimens from each of the plates were prepared in order to examine the
microstructure (pore structure, voids. etc.). The results from this run were used to select

processing conditions {time. pressure, temperature) for the next set of runs, #2 and #3.
The compositions of cach panel and their final densities are listed in Table 5.3.




TABLE 5.3 - Panels Consolidated in Runs #2 and #3

Composition’ o Density (g/cc) % of
Measured/ Theoretical
Calculated Density

Run #2 7

a Si)N,-10% SiC,, 3.271/3.290 99.4

b Si;N, - 10% SiC,, 3.271/3.290 99 4

¢ SigN, - 8% Y,0;- 1% AlLO, 3.282/3.30 g99.5

d SisNg - 8% Y,0:- 1% AlL,O, 3.289/3/30 99.7

e AIN-04Y,0, 3.271/3.294 99.3

f AIN-04Y,0, 3.274/ 3.294 Q9.4

g SiC - 30 v/o Mullite 3.033/3.188 g5.1

h SigN, - 30 v/io Mullite 3.077 /3.250 94.7
Run #3

i AIN-0.4%Y,0,-25v/0 SiC,  3.248/3.273 99.2

j ALO, - 0.25%Y.,0, - 8%Zr0, 4076/

k  ALO, - 0.25%Y,0, - 8%2r0, 4.061/

l A'zOg = O<25°/OY203 = 8°/to02 = 3.990 /
5°/on03

m  ALO, - 0.25%Y,0, - 8%Zr0, - 3.948/
5°/onO3

* Ali values are in weight percent unless designated by “v/o” (volume percent)

Six consolidated panels froni hot pressing runs #2 and #3 were selected to be cut into
modulus of rupture (MOR) bars, arc erosion test specimens., fracture toughness test
specimens, rail test specimens, and metallography specimens. The cutting pattern used to
make the various kinds of test coupons from the panels 1s shown in Figure 5.1,
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Figure 5.1 Zutnng map for consohdated 6 x 6 inch advanced ceramic panels. 1)

Hail test specimen (6 x 1 x 0.251in,). 2) Ar¢ test specimens (2x 1 x
0250 .} Gi Fraciure lougimess coupons (02175 x 0.375 x 0.250
m ) 4y MOR bars (3 x 4 x 50 nim). The MOI1 bars were also used
for metallography after testing

The taget pressing temperature was overshot by approxtmately 100 to 150C for
no#tas evidenced by dendritic Ulava” stractures visible on the surface of the panels.
Fhe pancds were discanded, and run #4 was pressed at o lider date asing all the same

constituents “The average modutus of rupruie values for the materials produced inrun #2
are listed in Table S04

The tracrure touphness spectmens were sent to Terrateh Systems i Salt Lake City,
Utab tor test The e crosion/thermal shock test samples (wo fromeach plate) were sent
o Texvas Teeh Universiy for esting (deseribed in Section 6.2). The mictallography
specimens were mounted and polished o reveal the microstructure of the consohdited
IS EHIE

In July of 198N tao more sets of pancls were hot pressed. The tiest van (13 was

epeat ol tan 38 trony Moy Tusyowineh overheated Table 305 Lists the compositions of

tie ponels pressed e these tanand ther resultmy densities,




TABLE 5.4 - Modulus of Rupture Results from Run #2

Matenal MOR Strength (kpsi

(MPa))

b.  SigN, + 10 v/0 SiC,, 87.0 (669)
104.0 (718)

d.  SigN, + 8w/ Y,0, + 1 w/o ALO, 108.7 (757)
106.6 (736)

f.  AIN + 0.4w/o Y,0; 43.4 (299)
40.0 (276)

g.  SiC + 30 v/io Mullite 538 {371)
56.2 {388)

h.  SigN, + 30 wo Mullite £3.0 {435)
552 (381)

i. AIN+25v/0 SiC, +04Y,0, 67.6 {466)
65.8 (454)

TABLE 5.5 - Panels Consolidated in Runs #4 and #5

Composition Density (gicc) % ot
Measured/ Theoictical
Calculated Density

Run #4

ALO,-0.25Y,0,-8210, 4.090/4.127 99.1

ALO, - 0.25Y,0,-8 210, - 4127141427 100.0

N 5Cr,0,
ALO,-0.25Y,0,-8 20,/ 3.765/ 3815 98.7
30v/0SiC,,

AlLO,-0.25Y.0,-8 210,/ 3799 /3.865 98.3
25v/c SiC piatelets

AIN - 0.25 Y,0, - 25 Si,N, — ) - approx 76%
Ryn #

AIN - 6,0, T 8573.30 102

AIN - 6 Y,0, - 25 SiyN, 3.051/73.27 102.5

AIN - C4Y,0,/25v/0 SIC,, 3249 /3.273 99.3




The processing temperature used in hot press run #4 was too low to consolidate the
AIN-0.25 Y,0; - 25 Si;N, material so it was repressed in Run #5 with a higher percentage
of yttria (6% versus 0.25%). This greatly improved the densification. Two of the density
values for materials consolidated in Run #5 are slightly greater than 100% calculated
density. This is because it was not possible to make an accurate prediction of theoretical
density due to lack of data on these compositions. Moduilus of rupture strengths were
measured for the panels from runs 4 and S and are presented in Table 5.6. The relatively
high quality of the panels is reflected by the narrow spread in MOR vaiues, given that they
were cut from opposite corners of the relatively large panels.

TABLE 5.6 - Modulus of Rupture Results from
Hot-Pressing Runs #4 & 5

Material MOR Strength kpsi (MPa)
SiC - 30 vio Muliite 53.8 (371)
56.2 (387)
AIN - 0.4 Y,0, 43.4 (299)
40.0 (276)
SipN, - 8 Y.,0, - 1 ALLO, . 109.7 (756) '
106.6 (7395)
AIN - 0.4 Y,0, - 25 vio SiC,, 67.6 (466)
' €5.8 (454 :
SipN, - 30 vio Muline 623.0 (434) i
55.2 (381)
Si;N,-8Y,0,-1Al,0,-10 v/io SiC,,  97.0(669)
104.0 (717)
- ALO,-0.25Y,0,-8210, §9.4 (616)
96.3 (664)
ALO,-0 25Y,0,-82r0,-5Cr.0, 97.3 (671)
~906.0 (621)
Al,O,-0.25,0,-82r0;-30vicSIC,, 74.8 (516)
79.9 (651)
A1,0,-0.25Y,0,-8210,-25v/0SiC,, 36.7 (253,
39.0 (299)
AIN-6Y,0,-25Si,N, , 56.1 (387)
19.8 (343)
SN -8Y,041AL0O,-5S1C,, 123 5 (852)
- 124.3 (857)
SIN,-8Y, 0 1A1.0,-155iC,, 1434 (782)
116 5 (803)

* All compositions given in weight percznt 1iniess therwise stated




As the values in this table show, the Si;N, and AL O, based materials have the highest
modulus of rupture (MOR) values. The AIN based materials, with or without reinforce-
ment. are lower in strength. The only material that does not follow this trend is the SiC
- platelet reinforced Al,O, material in which the recently developed platelets were so large
that they acted as stress risers and led to failure at low levels of flexure,

Three of these materials were selected for the fabrication of additional MOR test bars.
“Phis was in order to provide enough values to determine their Weibull modulus. The
values measured are reported in Table 5.7 and plotted in the standard Weibull statistics
form in Figure 8 2. [ is gencrally accepted that @ minimum of 12 test bars is necessary
for a valid Weibuli modulus deternmunation. However, insufficient material was available
for this number, thus, the Weibull curves shown are for comparison only. It is seen that
both the silicon nitride and silicon carbide whisker reinforced aluminum nitride materials
meet the goal 5O Kkpsi (345 MPa) strengh for a failure probability level of 0,001 (i.e. 99.9%
rehizbility).
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TABLE 5.7 - Modulus of Rupture Values Used for Welbull Modulus

Determination

Material

| o —

MOR Strength kpsi (MPa)

SiaN,-8Y,0,1ALC,

AIN-0.4Y,0,

R AIN-0.4Y,0,-25v/0SiC,,

Average:

Average:

Average.

109 (752)
96 (662)
105 (724)
110 (758)

0 (821)
109 (752)

7 (669)
106 (731)
107 (738)
103.5(714)

385 (55.9)
398 (57.7)
361 (52.3)
414 (60.1)
363 (52.6)
400 (58.0}
376 (54.5)
375 (54.4)
398 (57.7)
398 (57.7)
387 (56.1)

543 (78.7)
523 (75.8)
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As seen in Figure 5.2 the allowable design strengths are indicated by the point where
the Weibull modulus slopes cross the Probability of Failure line at 0.001 (99.9% reli-
ability). These design allowable strengths of 43 kpsi (296 MPa), 51 kpsi (352 MPa), and
69 kpsi (476 MPa) are respectively 77, 67, and 67% of the average values taken from
Table 5.7. Thus, the three materials tested whose Weibull slopes were all above 13 have
a relatively narrow distribution of flexure strengths in the volume of materials evaluated,
indicating good control of raw materials and process parameters. Their design allowable
strengths are more than two thirds of their average strengths. For some advanced ceramics,
the values can be as low as one third to one half.

Figure 5.3 is a plot of the Weibull equation reconfigured from Figure 5.2 to show the
effect of Weibull Modulus on the ratio of Design Strength to Average Strength for three
different values of Probability of Failure, 0.1, 0.001, and 0.000001. As can be seen, there
is tremendous payoff in raising the Weibull Modulus to a value of about 15. The curves
flatten out some what above that point. Low grade ceramics typically have Weibull values
from 3 to 8. Thus, in going to a high quality structural ceramic with a Weibull value of
13 to 15 or higher, a tremendous increase in design strength can be realized. Forexample,
take a ceramic with an average MOR strength of 80 kpsi (552 MPa) and use the probability
of tailure ratio of 0.001. The design strength would vary from 21.6 kpst (149 MPa) for a
Weibull Modulus of 5 1o a design sirength of 52.8 kpsi (364 MPa) for a Weibull Modulus
of 15; an increase of 144% in design strength brought about from the increase in Weibull
Modulus. This explains 'why it is important to measure the Weibull Modulus for the
developmental ceramic insulator materials.
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Figure 5.3 The efiect of Weibuil Moduius on the ratio of gesign stren ;i to

average MOR strength for different value s of probability of failure.
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Valid fracture toughness results on six advanced ceramic materials from runs 4 and §
were determined from specimens tested at TerraTek Systems Inc. in Salt Lake City, Utah
using a Chevron notch short beam test specimen. Figure 5.4 shows the configuration of
the Chevron Notch short beam coupon, a SENB friacture toughness coupon (described
later), and a standard MOR test bar.""" The Chevron Notch short beam fracture toughness
test is conducted by insenting a mercury-fiJled stainless steel bladder into the noteh and
pressunizing the mercury until the specimen fractures, The pressure versus displacement
traces are plotted and the fracture toughness determined by the maximum ioad. The slopes
of the curves are examined to determine the validity of the test. Some of the specimens
tested did not produce "valid” fracture toughness values because of the residual stresses
in the material caused by reinforcements (whiskers or platelets), These specimens were
cut from (.25 in. (6.35 tmnm) thick plates and were the only sized Chevran notch short beam
fracture toughness test specimen that can be used. If Jarger sizes could have been usd,
valid results on additional materials would have been possible,

Shown in Table 5.8 arc the results of the valid fracture toughness tests conducted in
this serics. The AIN material exhibited by far the towest fracture toughness, The unre-
inforced alumina materials were both above 3.5 kpsisin'™ (3.9 MPasm'™), very good for
unreinforced alumina. Upon adding the whiskers or platelets to the alumina, the toughness
increased to above 5.0 kpsiein'™ (5.55 MPaem’™). This coincides with the Jower hand of
the fracture toughness goal that was determined in Chapter 4, The goal represents the
value needed o survive the environment of an electronagnetic ralgun bore without
fracture. The unreinforeed sihicon nitride material had o fricture toughness ot 4,260
kpsiein'™ (4.7 MPaem'”), slightly above whit is 1o be expected from onremtorced silicon

nitride. Tests of the reinforced sthcon ninde had to be repeated with adifferent type of
test specimen contigaration in order to obtam vahid results,
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TABLE 5.8 - Results of Chevron Notch Short Beam Fracture
Toughness Tests

Matenal Fracture Toughness
kpsi+in'? (MPa-m'?)
AIN-0 4Y,0, 2.64 (2.90)
Si,N,-8Y,0,-1ALD, 4.26 (4.68)
Al 0,-0.25Y,0,-8210, 3.54 (3.89)
ALO,-0.25Y,0,-82r0,-5Cr.0, 3.55 (3.90)
A1L,0,-0.25Y,0,-82r0,-5Cr,0, 3.73 (4.10)
ALO,-0.25Y.0,-82r0,-30SiC,, 516 (5.67)
AlLO,-0.25Y.0,-82r0,-258iC,, 5.05 {5.55)

the same fiztute as the modulus of rupture test specimens (four point bend fixture).
Fracture toughness values were calculated from the known norch geometry and the
maatmunn load.

Maodalus of rapture and fracture toughness test specimens for the four different
advamceed ceranue suliator materials that were made into rails for the modified FLINT
burre! (Secuon 0.3) were fabrnicated, The fracture toughness specimens were made with
the twoditterentdesigns, SENB {single edge notehed beam) type and Chevron noteh short
beam type. “Phe two different west specimen types were used because, as previously
menvoned, 1t was determined that the size of Chevron noteh short beam type fracture
toughness test specimen thint wirs possible (hecanse of the (.25 in, (6,4 mm) thickness of

particulate loaded ceramics, Thus it was necessary to test specimens of both types o
establish o corelation with previous!y tested miaterials

Showrn in Frgure 5.5 15 a listing of the results from the modulus of rupiure (MOR) test
specimens for the tour materials that were to be initially tested o the modified FLINT
parrel, The Webuil modulus curves for these materals are shown in Figure 5.5, Tt can
be seen that the additon ot the S0 CrO o the ALO GO25Y,0 8710, has very litde effect
on the average strength, but did signiticantly raise the Weibull modulus €18 versus 10.9)
and thus the 992,945 probability strengrth, 35,4 kpsi (338 MPa) versus 39.5 kpsi (276 MPa).
Fhe addiion of the 3000 510 whnher oo the matresresulted inan 30.4% increase inaverage
MOR stenpthy Q8T Bpaa 1050 MPay versins 003 hpai (63 MEPay; o 840.4% increase in
999 probababay strength, 729 hpea (509 MPay versus 395 Lpa 276 MPay; and an
sncrease e Werhull modilas Q29 versus 1029y The mothite-SeNG naaternial (NOS3) had
relatsely dow strengthe and wlos Webull modatos,

01




F 1 0.0,
a offollm
oTroTim
' 0101 m
| oo mf
gljo | m
u ool 1=
’ 21
e 01 O—on
1‘r ~+
P o{—oeLn
r
o]
b
a 0.01
b
i
|
i
t
y 0.001
10 100 1000
MOR Strength (ksi)
Design Allowable MOR
Weibuli Strength kpsi (MPa)
Symbol iD Composition Modulus 898.0% 99.9%
) NO8C | ALO,-82r0,-5Cr,0,-0.25Y,0, 18.0 55.0 (384)] 48.4 (338)
@] NO81 AlLO,-8Z2r0,-0.25Y.,0, 109 48.9 (342)] 39.5 (276)
» NO82 | AlLO,-82r0,-0.25Y,0,30v/0 SiC,, | 22.9 80.6 (563)| 72.9 (509)
) N083 | Si,N,-30v/c Mullite-10v/o SiC,, 64 28.7 (201)] 20.0 (140)

Figure 5.5 Weibull curves and calculated aata for the four cifferent advanced
ceramic insulator materials used for testing in the modified FLINT gun
bairel.

Modulus of rupture (four point bend) tests were conducted for ten different materials
that were hot isostatically pressed (HIPped) after their inttial umaxial hot pressing.
HiPping can be used to improve the strength and fracture toughness of hot-pressed
ceramics through the closing of pores and voids. The MOR values from these specimens
are compared with the values recerved from specimens cut from the panels before they
were HIPped in Tabie 5.9, The HIP treatment had the greatest effect on the four whisker
loaded materials. The strengths increased 10010 20% after HIPping, evidently due to the
healing of detects or porosity around the SiC whiskers by the HIP treatment. The platclet
loaded material (484-4) experienced a decrease in MOR strength (37.9 10 29.6 Kpsi (201
10 2040 MPay after HIPping. The Targe S1C platelets evidently became even more effective

“




crack initiators after the HIP cycle, resulting in further reduction of the MOR strength.
The other solid solution type ceramic materials all had only small changes in their MOR
values due to HIPping. These changes can be explained by scatter in data inherent in
ceramics. This result substantiates the quality of the as-hot-pressed panels.

Shown in Figure 5.6 is a Wetbull curve for the advanced ceramic insulator AIN-
0.4Y,0,-25 v/o SiC,, (495-4H). This plate was made in a different pressing than the other
AIN-0.4Y,0,-25 v/o SiC,, plate (442-5). It had a higher average MOR strength, 66.6 kpsi
(465 MPa) versus 56.8 kpsi (392 MPa), than the plate made carlier. This illustrates the
range of properties and lot to lot variation that can be expected in advanced developmental
ceramics. ' '
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F.gure 5.6 Weibull curve for advanced ceramic insulator AIN - 0.4 Y,0, - 25 v/io
SiC,

The round of MOR testing tabulated in Table 5.9 marked the end of the first phase of
panel febrication and screening studies. The next phase of this work comprised the
fabrication of larger pancls, 8 x 8 in. (20 x 20 emy in size. The range of compositions
studied was narrowed somewhat by eliminating AIN-based ceramics, which had per-
forred poorly in the mechanical and clectrical screening tests. Al of the ceramics
investigated from this point on were either alumina-based or silicon nitride-based. The
panels consolidated during the January 1o September 1989 time frame from these materials
are listed in Tabic 5.10. The firsthot pressing run oceurred in mid-January 1989 on Series
I of the silicon nitnde imawrix materials. All of the consolidated panels exhibited some
degree of cracking. Replacement panels were pressed et vendor expense) using exeess
backup raw material that had been mixed prior to the Lot press ren. In order to eliminate
the cracking. the panels were ground tlatatter cold prossing ¢ vhile they were inthe “green”
state) and the pressing load was not apphied unti the parsl was at a higher weimperature
than previcusly used inorder 1o ncreise the plasocity of the material and prevent eracking.
Table 5.1 hists the processing conditions used in the hot-pressing of these pancls. T must

be kept in mind that these advanced ceramic insulating materinis are being fubricated as

65
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TABLE 5.10 - 8x8 In. { 0x20 cm) Ceramic Panels Fabricated January to September 1989

lCompo- Panel
sition D Composition Purpcse
Nc.

Alumina - 8% Zirconia / Chremia

4.253-4 Al,0,-8.02r0,-0.25Y,0, Measure the etfect of chromia

4-253-3 AlLO,-8 0210,-C.257Y,0,- 2.0Cr,O, additions on mach. prop's of

4-253-1 Al,0,-8.02r0;-0.25Y,0,- 5.0C1,0, alumina- 8% zircema

4.253-5 | A,C,-8.0210,-0 25Y,0,- 5.0C1,0,
253-2 ALO,-8.0210,-0 25Y,0,- 8.0Cr,0,

4-253-6 | AL,0,-8.02r0,-0.25Y,0. 8.0Cr,0,

Alumina - 8% Zircoma / SIC,,

Aswon -

5. 4-205 A O -8 07100 25Y (o] JO%S:C Compare effects of whisker vs

5 4.255-4 AI_,OJ-B.O 0,-0.25Y,0, 30%S.C, chromia addiions on Alimina-
Zrrcoma

€ 4852 | ALOB 0Z-0.-0 25Y,0,5C,0, 25%S.C,

6 42553 | ALO.BOZIO,-025Y.0.-5C:.0, 254%SIC,

.,_...
\

Altmma - 15% Zrcoma ' Si1C
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TABLE 5.71 - Processing Conditions Used to Hot-Press 8x8 tn. (20x20 cm) Paneis

Y

S e Al it = et bt~ 2k

Comun Time at Manx Time Heating Total |
sitimn Panel ! Prassing Max. Max. Pressute | at Max. Rate Cycle
iNo. iD Date {Temp ('Ci| Temp (rs51) Pres. ure | ("C/min) Time
(mn.) (min) (r/min)
Alumina - 8% Zirconia / Chromia
1 4-253-4 3-4-89 1670 g5 3000 125 4 9/45
2 4-253-3 3-4-89 1570 g5 3000 125 4 9/45
3 4-253-1 3-4-89 1570 a5 3000 125 4 .45
3. 4-253-5 3-4-89 1570 a5 3000 125 4 9745
4, 4-253-2 3-4-39 1570 g5 3000 125 4 g/45
4. 4-253-b 3.4-89 1570 a5 3000 125 4 9445
Alumina - 8% Zircorva * SIC,
5. 4-255-1 3-7-89 1700 20 3500 230 2 10720
5 4-255- 4 3-7-89 1700 20 3500 230 2 10720
6. 4.255.2 3-7-89 1700 20 3510 259 2 10720
3 4-255 72 3.7.89 1700 20 l 3560 230 2 10720
Alyrmina - 15% Zucoma SC,
7. 2691
& 2707
9 AMICOB-1 Froprictary to Amencan Matnx e
] AMIDDE-3
) foumina - 57, Zrcong - L% Chrom @ S:.C,

3 - —— ,
0 | aseuwc | 75765 | aran | 1es 5700 180 3 15 2%
11 43093 7.07-89 1/al i 197 5300 180 3 14725
11 43945 | 7-27-85 1740 1935 57520 160 3 1329
17 42091 | 70789 1740 190 5300 160 3 1225
12 4 4252 T.27-849 V74 1995 L300 160 3 1374
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Shown in Figures 5.9 and 5.1 are representative micrographs of the two compositions
that were selected to be scaled up in size during the next portion of the program. They are
alumina-zirconia-chromia and SiC whisker reinforced silicon nitride. The explanation for
their good combination of flexural strength and fracture toughness is explained by their
microstructures as dewailed in the figures. The mechanical and electrical properties of
these matenials are examined in detail in Chapter 6.

‘The lase materials fabricated in this program were three blocks scaled-up in size. The
prerpose of this was to see whether the mechanical properties observed in the 8 x & x 0.375
in. {20 x 20 x (635 cm) panels could be reproduced in a form with dimensions comparable
to those which would be used i 1 full-scale railgun insulator segment. The compositions
of these blecks, ineasuning 4 . « Lo (102 x 2004 x 3.8 cmy) in size for 4-305-2 and
4-366-2, and 1.5 x 4 x 19.7 inches (7.8 x 10 x 50 cm) for 4-392-1 are shown in Table 5,12
along with measurements of their density. The blocks evidenced no cracking and had a
good surface finish. After hot press consolivation followed by HIPping the blocks were
ground to a thickness of 1.25 in. (3.18 cm) 1n order 1o remove any surface imperfections
created during the fabrication procedure. Density measurements were similar to those
measured on thinner panels consolidated previously in the program indicating that the
blocks had achieved full density. The blocks were machined into mechanical, electrical,
and metallographic west specimens, The test results on these maternials are presented in
Chuapter 6.

TABLE 5.12. Compositions and Densities of Two Scaled-Up
Thickness Blocks of Advanced Ceramic Composite Insulators For
Electromagnetic Launchers

Muasured o
Composihon Density  Theoretical
0] (W1 %) (gee) Density
43650 ALO,S5020, 025Y.0,-50Cr0, 4126 95 4
4-366 2 SINGBOY.O, 1 0A10, - 15 0051C, 40y 95 6
| 4 39241 ALO,LOZIO, 02070, -6 0Cr,0, 4134 9y 6




10 microns

Features: implications of Features:
. F-ine Grained (10 microns) . Good Process Control
’ Fully Dense ( 100%) ) . Good Combination of Strength and
. Mixed-Mode, High Energy Fracture Fracture Toughness
. Uriform Distnibuiiaon of Cnronua . Supenor  Electncal Propertics
(Reveated by X-Ray £EDS Mapping) (Due to Chromia Dispersion)
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6.0

TESTING OF MATERIALS

The testing of the advanved ceramic insulating materials and the conductor materials

took place at four maypon lovations:

SPARTA Incomenals rescarch luboratories Jocated in Del Mar, Calitornia
and San Daego, Calitornnin metallographiy o density measarements, moduiuos
OF tuptare testing, and scanning clection microscopy (SEM)

o Uoversity of Caltormat Loy Angeles (UCEA), Los Angeles, Calitornia,
Materale Saence and Eogineenmy Departiient, proup headed by D Jenn
Ming Yooy, deosty mewsurements fractune totghness measureinents, cle
toental analy s by FDAN optical metallographsand scannig ¢lection
Lo 0Py

Tosay Tech Univeraiy CEEU Bobibock, Tesass Dopariment of Blecical
Fogancening, group headed by Do Bos Kostuoesen; stationary ane teshmg:
ol teulators and conductony cample pulse asd sep rated)

e LN Aty Armamient Research, Development and Enganecening Center
ARDECL Iwcatnny Ansenal, New Jessey, proup headed by Greg Col-
ombo e nlpun westing o FEINT TN sysiem

The medulus of Taptare EMOHO, fractare touyhiness, detsany, are est and o tadlo

l‘l.|§i'|h: \,;!U!)llj\ werte cut roan !!!.!n et ]
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Specialies, oean Semervalles Mossachonetts This company b had o Lape simount of
crpenicnee i the prepatation of mechasoal test specimens trom eetamie wiatenals - The
guahity af ot trom mechammcad wsts of ceranes povery dependent upon the guality of the
Wabypecnens BONEAS wocabde to prodace speaimeeowithoenannnun of supbace detects,
allossarig sereering wesh o e acounaely conducted sl o tonnber of specimen:

CEYNMOR speciienn s and st ture toughnessospecnnens per panesl)

The two Ererats pronp- L0 A g THE were choen becau e of then speaii
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experienced Professor to carry out the tests and aid SPARTA in interpreting the data. The
FLINT EML system at ARDEC was chosen because of it’s initial availability and ease of

changeout for test of insulator side wall specimens.

6.1 Mechanical Testing

Modulus of rupture (MOR) and fracture toughness (SENB type) specimens cut from
the 8 x 8 x 0.375 1in. (20 x 20 x 0.95 ¢m) hot-pressed ceramic plates listed in Table 5.9
were subjected to mechanical testing. The data from these tests is summarized in Table
6.1. The Weibull modulus values shown in this wable (indicative of spread in propeny
vitlues) are very high, among the highest we have ever measured in any ceramic materials.
This indicates good blending of powders and full con olidation of the pancls.

The strength values (averages of 12 tests for cach material) for the alumina-based
materitals were moderately high, but the SiC whisker reinforced alumina materials were
lower in strength. The fracture toughness values (averages of six tests per panel) were
very high, 7.2 kpsisin’ 7(7.9 MPaem'™), with the whisker reinforced materials the highest
of wll the panels. "The trends seem to indicate that chromia contents above 10% lower the
MOR strength, but do not decrciase the Weibull modulus. The fracture woughness vadues
do not seem 1o follow any trend with chromia content.

Mechanical property tests tor the nine silicon aitride matrix panels revealed especially
0.1, Ascan be seen, very high average strength 91 to FE kpsi (028 10 783 MPuy values
were obtwned, as well as high fracture toughness vidues Gl above 8.2 kpsisin'® (9
MPasm'™)). These nine plites were made i three difterent pressings. Panels 25585 and
258 60 recerved better powder and whisker blending and thus had significantly higher
Weiball modulus vidues than the pancls in pressing 265, The saane careful blending and
ming operations were then repeated meopressimg 340, with even better MOR resali

Mechanical properey test data of spectmnens from the two specindly fabrcaied aluming
panele with 38y /o aihivon vabide whishens dic inciaded i Table 6000 Eacepuonaily ingh
toughness vidues of over 9.1 kpai CHOAMPaen™ ) were measured. however, the todualus
of rapture values 71 kpsa [300 MPap were Tower than expected s thoaght that the
processing pataeters were notidedd becese the plates that were made were muoch Lager
than thone ade previogsdy thy other groap sath thes composinon and several penain e
hot presssng cone would be needed tormy e atthe correct pressimg paranieters. Twostlivon
carbade whiskber remtorced alummma panels using TS and 2590 swhisbers were consolidated
astog whisbers trons o dbtterent sosce than betore, Advanced Compoate Maicials
Corporation CACNTC “The nesw ACMO whidbers were 005 1o 008 ncrons i dianete
Ceotppared o the prestousty used American Mot 1 2w S nncron diamieter whinb e,
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TABLE 6.1 - Mechanical Test Resuits trom 8 x 8 in. (20 x 20 cm) Ceramic Panels

Comp- Average Average
osition Panel MOR Waeibull fracture
No. D Composilion Strength | Modulus| Toughness
kpsi (MPa) kpsiain'®
(MPasm'*)
Alumina - 8% Zuconia / Chromia
1. | 4-253-4 | Ai,0,-8.02r0,-0.25Y,0, 91.8(633) | 250 5.81 (6.38)
2 4-253-3 AlLO,-8.02r0,-0.25Y,0,- 2.0Cr,0, 93.1 (642) 16.9 5.21(5.72)
3. 4-253-1 Al,Q,-8.02r0,-0.25Y,0,- 5.0Cr, 0, 94.37 (651) | 22.5 5.08 (5.58)
3. | 4-2535 1,0,-8.02r0,-0.25Y,0,- 5.0Cr,0, 85.56 (590) | 24.1 5.72 (6.29)
4. | 4-253-6 | ALO,-8.02r0,-0.25Y,0,- B.0Cr,O, 80.45 (555) | 20.5 5.83 (6.41)
Alumina - 8% Zirconia ’ SiC,,
5. 4.255-1 | ALO,-8.02r0.-0.25Y,0,’ 30%S:1C., £4.95 {448) | 13.0 6.94 (7.63)
6. | 42552 | ALO.-8.02r0.-0.25Y,0,5Cr.0," 25%SiC, | 50.51 (348) | 15.0 7.15 (7.86)
Alumina - 15% Zircomia / SiC
7. | 2691 ALO, 15.0 2102/ 15%SiC, (ACMC 51C,) | 83.2 (574) |—9.7 6.5 (7.1)
8. 2707 Al,O;- 15.0 2102/ 25%SiC.,, (ACMC SiC, ) | 85.4 (589) 10.2 8.6 (7.3)
9. | AMOGB-1| ALO,- 15.0 ZrO, 1 35%SiC, (AMI SiIC,) | 725(500) | 145 9.0 (9.9)
Q AMINOB.31 ALO, 150 ZrC, r 25%.8.C, (AMI SC,) 745514, 25.2 3.3(10.2)
Alumina - 5% Zirconma - 5% Chromya / SiC
10. | 43295 | ALO,5710,-0.25Y.0,-5Cr, 0, 890 (614) | 25.8 6.2 (6 8)
10. | 4-329-5H | ALD,:52:0,-0.25Y,0,-6C1,0, 88.5 (610; | 23.6 6.2 (6.8)
11. | 4329-3 | ALO,:52:0,-0.25Y.0,-5C,0,15%S1C, | 563383 | 12.6 5.4 (5.9;
11 | 4.329-4 | ALO,5710.-0.25Y,0,6C1,0,/15%SiC, | 54 7(377) | 17.0 5.4 (5.9
11 | 4-329-4H | ALO,5710,-0.25Y 0,-5C1,0,15%S1C, | 4451341, | 16.0 6167
12. | 43291 | Ai,0,5210,-0.25Y.G,-5C1 0,25%%C, | 744 (513; | 18 1 521(57)
12§ 4:3299H | ALO /5210.-0 oY 0, 5C1,0.25%S1C, | 63.9441) | g8 62 (6.8)
12 143792 | ALO, 5210, 0.25Y,0,5Ct 0. 25%8 0, | 691476) | 11¢ 5763
Silicon Hitndey - 54 Yitna - 5:C,
15 | 40008 | SN, B.OY O, 1 0ALOD, 915631, [ 100 LA 8)
19 | 43407 | 9, 80Y.C1CALO, 127 8eR | ¥06 n4(y2
19 1V aphad | SINGBOY.0,10/0, % .5C, 90 44637, | 87 94103,
20 40003 ST H,80Y 0, 100010550, 107 9 (70%; ee 970107
0 | amB 6 | SN, BOY.U, 1 0NO, 1050, 113676 | 4u3 6 (94
21 L azin ] SO ROY.O 1 0ALO, 1UTSIC, gr 1o | 9 8LGL,
oo lasisr LS BOY, 001 0ALO, 1Y LS, 934 ety | 80 69169
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whiskers also have lower electrical conductivity. The panels were made in order to
compare properties with panels made by other laboratories from these whiskers and to see
the effect of the different conductivity whiskers on the electrical performance of the panels.

Shown in Figure 6.1 are the results of the mechanical property tests conducted on the
specimens cut from the panels.  Their Weibull curves, along with design allowable
strengths, are also included. The tlexural strengths and fracture toughness values mea-
sured for the 15% silicon carbide whisker loaded material agreed well with those adver-
tiscd by ACMC (Advanced Composite Materials Corporation), the company that makes
the whiskers and blends the powders for sale to consolidation companies. The properties
of the 25% whisker loaded material were about 15% below the values expected, however.
This decrease was caused by the presence of the combination of a number of over-sized
whiskers and iron-chromium impurities which acted as failure initiaton sites.

The high toughness values exhibited by poth materials were a result of the good
distribution ot whiskers and a proper level of whisker/matrix bonding which allowed the
whiskers to deflect and blunt cracks, thereby increasing toughness. The detects noted
above did afteci the toughness of the 25% loaded material, however, as its toughness
should have been closer 1o 8.1 kpsi-in"'z (5.8 MPaem'™) | instead of the 6.5 (7.1) value
measured.

Shown in Figure 6.2 15 an optical micrograph of a polished cross-section of the 25%
loaded material (4-270-7) revealing the presence of selecied over-sized whiskers, Shown
m gure 6.3 1s a typical scanning clectron microscope view of the fracture suriace of the

same material revealing the fiber pull-out at the fracture surface which resulted in good

fracture toughness,







Figure 6,2 Typical oplical mictosttuctute of 2555 510 whisher (ACMC ) ruinforced
aluntuna matenal (1000X)

ligue v, 3 Tyjmc ol taeture wytface of it gihcon cathinde whisker (AGML )
feacde) sttt ongtengl cevealingg whizher pudl ugt (HU00A)
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Panels AMIO08-1 and -3 of the 35% SiC whisker loaded composition were
purchased as-consolidated from AMI. Very high toughness values (approximately 9.3
kpsiein'?(10 MPasm'?)) were measured, the highest observed in alumina-based insulators
during this program, The strength values (about 73 kpsi [500 MPa]), however, were
somewhat low. Scanning electron microscopy examination of the failure surfaces of
modulus of rupture bars was conducted. The material exhibited small grain size (less than
5 microns) which leads to good strength and toughness. The whiskers in one specimen
(AMI-008-3) were well distributed, but the other specimen (AMI-008-1) exhibited clumps
of whiskers which led to its lower Weibull modulus (15 vs. 25 for the -3 specimen). In
both specimens there was a mixture of pulled out whiskers and bonded whiskers at the
fracture surfaces. This indicates that the pressing conditions used too high a temperature
or too long a period of time, resulting in slightly too much whisker-matrix interaction.
This reduced the strength of the matcriui as cracks did not run around the whiskers but
went through them.  Thus, with optimized mixing and consolidation parameters, better
properties could have resulted.

Overall, the silicon nitride - 8% yttria panels showed the best mechanical properties
of any of the compositions studied. These panels are listed at the bottom of Table 6.1.
The mechanical properties measured for these panels were outstanding. The results from
panel 4-258-6 are especially noteworthy. This panel showed an average MOR strength
of 113.6 kpsi (783 MPa), a fracture toughness of 8.6 kpsisin'* (9.4 MPasm'”), and a
Weibull modulus of 40.3. These combination of properties is among the best ever reported
in the scientific literature for a ceramic material. It was important to understand what
microstructural features led to the strength, toughness, and Weibull properties measured
in all the silicon nitride-based materials. The microstructures of the silicon nitride
materials were studied both by optical metallography and by SEM observation of fracture
surfaces. The key microstructural observations include:

» Very small grain size, less than 5 microns. This leads to reduced
flaw size, narrow distribution of existing flaws, high sirength, high
toughness and reliability

e Uniform distribution of whiskers. This results in isotropic in-plane
propertics. Whiskers blunt and deflect cracks which raises the
toughness of the material,

» No detectable porosity, resulting in high strength.

» Whiskers have been broken out at the surface, leaving troughs
behind, This indicates that the whiskers are not tightly bonded to
the matrix. This permits cracks to be blunted and to lose energy as
they reach whiskers, increasing wughness through fiver puil ou.

» The use of second phase toughening (through the addition of the
yttria and aluming) resulis in full density and high strength througn
the tormation of a glassy grain boundary phase that cannot be seen
at the magnification of the micrograph.
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This combination of small grain size, good distribution of whiskers, high density,
proper amount of whisker/matrix bonding, and glassy grain boundary phase led to the
outstanding strength, toughness, and property spread (Weibull modulus) properties of the
silicon nitride matrix advanced ceramic insulator materials. These microstructural char-
acteristics were planned through a combination of proper: chemistry of the matrix, whisker
and whisker loading, and processing conditions to arrive at the desired mechanical
properties. This process is called “microstructural tailoring”, and it enabled the devel-
opment of the high-quality material which was produced.

A direct comparison between the as-hot pressed and hot pressed and HIPped properties
was carried out in the alumina - 5% zirconia - 5% chromia series, It was thought that
HIPping mightbe necessary in order to produce the full-scale ceramic composite insulators
for electromagnetic launchers. Thus these tests were used to measure the properties
obtained from materials processed in the same fashion which might be used for larger scale
railgun insulators.

The test specimens were measured and examined optically to detect any gross flaws
due to grinding priorto testing. Testing of the modulus of rupture (MOR) bars and fracture
toughness specimens (SENB type) from each panel were completed and are summarized
in Table 6.1. As always, an adequate number of MOR burs (12) was tested from cuch
panel to establish a valid Weibull modulus for cach material, The fracture surfuces of
selected MOR bars was examined with a scanning eleciron microscope (SEM) to chi-
acterize the microstructure of the insulator materials and determine if the improved pro-
cessing parameters utilized during the preparation of the panels was reflected in the
microstructure. The density of the panels was also measured.

The results listed in Table 6.2 show that the tested panels compure very tavorably with
prior results. The tested panels demonstraied that:

* Improvements in properties can he obtained fropy singzht chemistry
changes and improvements in mixing/blending technigues
» The mechanical properties obtained on prior panels could be dupli-
cated (or improved) on panels made using difterent 1ots of starting
materiais and different hot pressing runs.
Bothof these goals were metand thus nexi step in the program, scale-up to sizes suitable
for use inJarger scale guns, was begen

It care be seen the HHPpmy wesplted 1 slight strength decreases tand aupnness
increases) for the whisker contasrang alumina materials but did not change dhe properties
of the alumina material with only chiomig added. The whisker containing whumina spec
imens were inferior to the alumina-chromsio Cvith no whisker) vaterial originadiy, and tus
the alurdnu/chron ayzwhisker systens was deopped $rom the development eyele, This
deciston was supported by the radier poor civetrical performance of the S1C whisket
reinforced alomina moterial s described in Section 0.2,
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Fabrication of mechanical, elecirical and metallographic test specimens from the first
two scialed-up thickness blocks of advanced ceramic composite insulator materials was
begun after the resting of the 8 x 8in. (20 x 20 ¢m) pancls was compicted. Because the
propertics of advanced ceramics are so process-sensitive, this scale-up was necessary 10
ensure that the good results seenin the 0,25 inch (0.64 ¢y thick panels could be repeated
in picces of material that were closer in size 10 real railgun insulators, The compositions
of the consolidated blocks, measuring 4 x 8 x 1.5 in. (10,2 x 26,4 x 3.8 ¢cm) in size, are
shownin Table 6.2 along with measurements of their density. Also included are the density
values for an additional block of even larger size that is discussed later,

TABLE 6.2 - Compositions and Densities of Scaled-Up Blocks of Advanced
Ceramic Composite insulators For Electromagnetic Launchers

Pang Sizy Composition ' - Density % ot
18] (1nchos) (Wl. %) (g/ec)  Theoretical
Density
s L B I A  As S S Sy MR S PR ST I WY AT

43652  1.5x4xB AL0,5.0210,-025Y,0,-50Cr,0, 4126  99.4
4-366-2  1.5v4x8 Si,N,8.0Y,0, 1 0AL0, -15.081C, 3265 996
4-392-1 15x4x18  ALO,-502r0,-0.25Y,0, - 5.0Cr,0, 4134 996

‘Twelve different Modulus of Rapture (MOR) bars and four fracture toughness speci-
meny were cut from cach block. This number of MOR bars wae sufficient for a valid
determination of Weibull modulus, “The average MOR strengths for the thicker panels
were 3, 4% Jower (89,0 kpsi (014 MPa) vy, 851 kpsi (587 M) and 2.4% lower (127.8
kpsi (BET MPa) va, 124 7kpsi (800 MPay) for the aluming and silicon nitride mirix
miteriads reapectively than £« = the thinner, previously consolidated pancels, This reduction
iv acceptable for use as the bose insalitor i advanced, full scale, electromagnetic
Jaunchers, ‘The fracture toughn sy vidues for the thicker pancis were 4.4% lower (0.8 vs,
O.5 MPPaem' )y and 9.8% lower 9.2 va, 8.3 MPaem'™) than 1o the thinner ALO, and SigN,
panels,  Again, this reduction is acceptable in terms of the poul properties outlined in
Chapter 4,

Kased onthe suceesstul resalt ol the scale ap justdeseribed,aosecond scale-uptoa 1.5
Ada 18 aneh (38 8 102 6 40 ¢y vize block was carried out with the alumina-chromia
composition. The reasons for the selection of this nutertad tor the final seale-up will be
esplonedindetaitiothe nextasection, 6.2, This fial size (8.5 x 48 TR in) is representative
of the ansubitor sepment size needed tor 90 o 120mn bore state-of the-art EMLs, Shown
i Biparre 60 e sutting i anbend fon e secnong o i block, The MOR and

Fracture toughness test results are showrn in Table 6.3 and compared to the best results
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from previous thin panels. The comparison of properties in the long and short axis
directions of the full-sized alumina block demonstrates that the material is isotropic, with
no significant differences between the two orientations.

Figure 6.4 Cutting map for mechanical test specimens from full-sized 1.5 x 4 x
18in. (3.8 x 10.2 x 45.7 cm) alumina-zirconia-chromia insulator block.

Selected mechanical test specimens that had been cut from the full sized, advanced
ceramic composite insulator test block and tested were examined utilizing scanning
clectron microscopy (SEM). The SEM analysis revealed a very uniform microstructure
consisting of small grains and an even distribution of chromia within the structure. No
evidence of porosity was found. This microstructural description is the same as that seen
in the 0.25 in. (.635 cm) thick previously conso.idated panels. Shown in Figure 6.5 is a
typical micrograph of the full scale block, depict g the uniform, small grain size with no
evidence of porosity.
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TABLE 6.3 - Results of Modulus of Rupture and Fracture

Toughhness Tests on Scaled-Up Advanced Ceramic Insulator Materials

Comp- Average Avarage
osition Panel MOR Weibull Fracture
No. ID’ Size Strength Modulus| Toughness
(in.) kpsi kpsisin'?
(MPa) {(MPaem'?)
Alumina-based
10. | 4-329-5 | 8x8x0.25 89.0(614) | 23.6 6.2 (6.8)
10. | 4-365-2 { 1.5x4x8 85.1 (587) 25.2 5.9 (6.5)
10. | 4-3%241 1.5 x 4 x 18 (Long Axis Properties) 82.5 (569) 20.1 5.8 (6.4)
10. 4-392-1 1.5 x 4 x 18 (Short Axis Properties) 82.7 (570) 19.8 5.8 (6.4}
Silicon Nitride-based
22. | 4-340-2 | 8x8x0.25 127.8 (881) | 20.6 8.4 (9.2)
22. 4-366-2 15x4x8 124.7 (860) | 17.8 7.6(8.3)
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10 microns

Figure 6.5 Representative micrograph of alumina-chromia biock consolidated to
demonstrate retainment of mechanical properties in full scale pieces.
Evidence of mixed mode failure is shown by sharp grains (intergra-
nular) and arrows indicating areas of transgranular failure {and thus
high toughness), (3.500X)

6.2 Electrical Testing

Three types of high-voltage, high-curzent electrical tests were used to evaluate the
materials studied in this program.  Conductor maerials were subjected to stationary
electrode are crosion tests, and rotating armature arc crosion tests. Insulator materials
were subjected to a surface discharge switch (SD$) are crosion tests. The testing of
insulator materials comprised the largest part of the clectrical testing done during the

nroyar: 1
nrogram.
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6.2.1 Candidate Ceramic Insulator Materials

All of the electrical testing of insulator materials was performed by the Pulsed Power
Laboratory of the Electrical Engineering Department of Texas Tech University (TTU)
in Lubbock Texas under subcontract to SPARTA. The Texas Tech surface discharge
switch (SDS III) testing device uses two electrodes placed on the surface of the tested
insulator block one inch (2.54 c¢m) apart.*®' The SDS III is connected to a capacitor
bank, and is contained within a chamber which can be operated in a vacuum or under
contrelled atmosphere. A schematic diagram of the testing system is shown in Figure
6.6, and drawings of the capacitor bank and the surface discharge switch itself are shown
in Figure 6.7. Photographs of the testing system are presented in Figures 6.8 and 6.9.
The electrodes are driven up in voltage and discharged at about 25 kV. This is cycled
untii the surface of the insulator will no longer hold off a predetermined amount of
voltage or until a certain number of pulses have been fired at about 1 Hz.




Containment Vessel

\ Vacuum Gauge
Gas Distribution Manifold
Capacitor | /
Bank /|
Vacuum Pump Gas
\ Supply
A
[ |
— to H.V.
Surface
Disg:harge /_U-V. Schtromctcr
Switch
Fiber Optic Link
Shut-Off Valve
to ground

Figure 6.6 Schematic diagrain of the SDS Il test faciiity at Texas Tech
University.
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Figure 6.7

Drawings of the capacitor bank and the surface discharge switch
used for testing insulator materials.
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Figure 6.8 Rep-rated (1 Hz) standing arc exposure test facitity (SOS 1) for
advanced insulators at Texas Tech University.

Figure 6.9 Cluseup photograph of test section revealing test biock with elec-
trodes clamped on its surface.
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The first insulator arc erosion tests were conducted on the NEMA "G" series of
electrical insulation grade fiberglass-reinforced polymer composites. Figure 6.10
illustrates the results of these tests conducted on G-7, G-9, and G-10. In all these tests
the initial discharge current was 300 kA (simulating expected railgun environments) at
1 pps (pulses per second). The performance of these materials provides a baseline
against which to compare the advanced ceramics that were studied in this program.
These NEMA “G” grade materials are already in widespread use as railgun bore
insulators, as described previously in Section 1.1.

1OOE T T T T T T T ! 1

LAt L

9]
<«
|
~

o  G-9

T

BREAKDOWN VOLTAGE (kV)
—r 1
I
w
Oy T

1 1 : i | | L L
0 10 20

NUMBER OF SHOTS

Figure 6,10  Surface breakdown voltage as a function of number of discharges
for tested railgun bore insulator materials. Current level of
approximately 300kA with pulse repetition rate of 1 Hz.

It can be seen that the G-9 and G-10 materials behaved exactly as expected. The
cleanly ablating G-9 material dropped only slightly in breakdown voltage over the 14
pulses to which it was exposed. Much of the effect seen was probably due to thermal
effects caused by the 1 Hz pulsing. The breakdown voltage was about 30 kV/in. (12
kV/cm). The G-10material dropped from 36 kV to 5.2k V after 9 pulses due to formation
of conductive residue on its surface.

Shown in Table 6.4 are the results from the tests conducted on the first six ceramic
insulator materials examined in this test series. Some of these materials were purchased
in consolidated form from outside vendors, and others hot-pressed by SPARTA at
Cercom. As the table shows. five of the materials held off only one discharge, and were
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unable 10 stand-off the voliage for a second shot. The sixth material, Al,O, - 25% SiC,,,
held off the full test sequence of pulses (over 100). The whisker reinforced alumina
malerial was tested with both molybdenum and Cu-W electrodes with similar results.
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Shown i Fagares 611 through 6,14 we represemative  microstructures of:
transformation-toughened zirconia (117, by Coors Ceramics), partially- stabilized zir-
conin (I'S7, by Nileri Inc.), and zitconia-aluming (I743Y by Ceramatee Ing,) all after
one pube, and ALO, - 289 510, ufter 100 pulses. All of the micrographs were tiken
200X, As the micrographs show, thete is i fine network of cracks on the first three
mitetialy after a single pulse. These nciworks are identical in appearance to those
seen on the exposed surfaces of ndvanced ceramics tested by SPARTA in a railgun it
the Army Ballistic Rescarch Liabormory in Aberdeen, Maryland.”’ This substantiates
the observation thit the ar¢ exposure test fisture at TTU iy a4 good simulation of
rablgun arc exposwe damage. Figure 014 shows the optical microstructure of the
aurfuce of the ALO, = 28% SIC, material atter 166 pulses  No crack network iy seen
at 2008, atthough SEM might bave revealed one,

The fust three materials were unable to Bold off the voltape for wsecond pulse, The
poor stind of 1 voltage resistince by aresult of tormation of a thin conductive layer of

among the strongest and toughest aviilable, so it was with some refuctance that they
were wbindoned. TEwas very Clear, however, that they could not withstiand arc exposure
et the sutlace voltage atandot! capahility.

- "ﬂ ~

Vigue u.11 Photonictagraph o (he vaposed sutliace o ransforimation
foughiened suednd (117 by Coore Cetanngy) alter one puise.




Figure 6.12  Photomicrograph of the exposed surface of partially-stabilized
zirconia (PSZ by Nilcra, Inc.) after one puise. 200X
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Figure 6.13  Photomicrograph of the exposed surface of alumina-zirconia
(TZ3Y by Ceramatec, Inc.) after one pulse. 200X
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Figure 6.14  Photomicrograph of the expesed surface of alunina 7 25% Si€C,,
after 166 pulses. 200X

“i’he next series of materials that were evaluated in the SDS T apparatus were cut
fromthe 6 x 6 x 0.25 inch (15 x 15 x (.63 cm) ceramic pancls hot-pressed for SPARTA
by Cercom, Inc. (Tables 5.3 and 5.4). These consisted of two silicon nitride-based
compositions, and two aluminum nitride-based compositions,  All of these materials
behaved poorly, failing 10 hold off the more than 70% of the initial applied voltage after
the first arc pulse. A summary of these results are presented in Table 6.5,

TABLE 6.5 — Insulator Surface Breakdown Data

imtial initai
Material Lifetime | Breakdown Breakdown
Voltage (kV) | Current (kA)
Si,Ng - 10v/0 SiC,, 1 17.28 1927
Si;Ng - 8 Y,0, -1 ALO, 1 24,32 271.2
AIN-0.4 ¥,0, - 25v/0 SiC,, 1 24.96 278.3
AIN - 0.4 Y,0, 1 3456 aBL .3

The values of the AIN matrix materials (with or without the silicon carhide
whiskers) waie very poor, aid itwas seeni by Avgei anady sis ihiat the dig had decoinposod
the AIN, forming aluminum metal on the surface and drastically Towering (or shon
circuiting) the breakdown voltage, These results caused the AIN based ceramic iite
rials 1o be dropped from further consideration in the prosran
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At this pointin the electrical testing of the advanced ceramic insulator materials,
it was decided that the rather asbitrary level of 70% of initial applied voltage cut-off was
too severe. It was felt that the silicon nitride results, for example, might have had an
initial drop-off greater than 30% in breakdown voltage, but stiil be above the 2kV/iem
vilue for railgun aperation on subscquent pulses, Thus, later SDS I tests were taken
1o & greater number of pulses and maps were made of the breakdown voltage versus
pulse number for every pulse,

A fifth composition in this same scrics, silicon nitride - 309 mullite, was also tested,
but it resisted arcing to such a great extent that it surpassed the peak voltage capability
of the testing system after the third pulse. The results of this test are shown in Table
0.6, ‘This was the only specimen tested in the entire program that showed progressively
increasing arcing resistance after cach pulse, Unfortunately, the material's mechanical
performiance was notequally oumstanding, With an average MOR strength value of only
O3 Kpai (434 MPayand alow Weibull modulas, the material was eliminated from further
consideration, A sixth miteriol that was wested, silicon carbide - 30% mullite, exhibited
guite the opposite behivior from the silicon nitride, and was 100 conductive 1o be
measured,

TADLE 6.6 — Initial Test Results of Surface
Breakdown for Si,N, - 30% Mulilte

Shot # Breakdown Voltage (kV)

1 3zh
z 340
i arh

The four miaterials connolidated during Hot Press Run #4 were tested next. Showp
in Figure 618 are the el Do these four wests along with values from a second
specimen of SiN - 30 vio mmllite masterial from hot press run #2 and the ALO, - 25%
S1C, miterial that had been tested previousky. Prots are displayed which show the
breahdown voltige recorded for each are across a given insulitor for a least 100 shots
pertest. As the figure demonatrates, Wl six materials retained voltage siandofts above
2kV/emevenafter 100 palses, Muchof the observed dropin voltage standoff capability
is due 1o thermad ettects, s the spocimens heat up due to the arcing across them, After
allowing the specitnen 1o cool, the stndoft voltiges often reamn to levels very close to
thear onginad vatves
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Shown in Figures 6.16 through 6.20 are typical surface microstructures of the
ceramic materials with codes 483-2, 483-3, 484-4, 484-3, and 440-1 after exposure to
more than 100 arc pulses in the SDS 11 facility. As Figure 6.16 shows, the AL O, +0.25
Y,0, + 8 2r0, (483-2) experienced the greatest amount of thermal shock microcracking
of the four alumina based specimens. The addition of 5% Cr,0, (483-3) to the materials
(Figure 6.17) did not appreciably reduce the amount of microcracking. The addition of
25% volume SiC platelets (484-4) to the material (Figure 6.18) resulted in a smaller
crack network but the appearance of a large number of nodules on the surface, pres-
umably silicon metal from decomposed SiC. When the SiC was added in the smaller
form of whiskers (484-3), no crack network could be resolved at 400X (Figure 6.19)
but metallic nodules were still present on the surface. However, these metallic nodules
do not link up and the materials still retain standoff voltage of about 2.5 kV/cm after
more than 100 pulses. Figure 6.16 illustrates that the alumina materials reinforced with
25% SiC,,, 25% SiC (platelets) and 30% SiC,, are somewhat lower in standoff voltage
than the Al,O, based ceramics without SiC included. This is most likely due to the
presence of the metallic nodules on the surface which act as enhanced breakdown sites,
however, the standoff voltage is still considerable.

The microstructure of the Si;N, - 30v/o mullite material (440-1) is shown in Figure
6.20. No microcracking is seen at the 400X magnification, although numerous silicon
metal nodules are present. Despite the presence of the silicon metal nodules, the standoff
voltage is still above 8 kV/cm even after more than 100 pulses. The effect of mullite
on the retention of high voltage standoff on Si3N, based ceramics 1s a new and surprising
observation. Asshown inFigure 6.15 both grades of unreinforced Si;N, rapidly dropped
in voliage standeff to values below 1 kV/ecm. The low MOR strength and Weibull
Modulus of this composition makes the material unsuitable for railgun applications, but
this discovery may, nevertheless, prove to be of value in other areas.




Figure 6.16  Micrograph of Al,0,-0.25 Y,0,-8 Z2rO, (483-2) After Exposure o

Greater Than 100 Puises in Arc Test Facility. Microcrack network
and limited spaliing is seen. 400X
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Figure 6.17  Micrograph of ALQO,-82r0-0.25Y.05-5Cr,0; (483-2) after expo-
sure to greater than 100 pulses in arc test facility. Microcrack
network and limited spalling is seen. 400X
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Figure 6.18  Micrograph of Al,0,-0.25Y,0,-82rQ, - 25v/0 SiC (platelets) (464-4)
after exposure to greater than 100 pulses in arc test facility.
Microcrack network and metallic nodules (Si) are seen. 400X
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Figure 6.19  Micrograph of ALO0.25Y,0,-82r0,-30 v/o SiC. (484-3) after
exposure to grealer than 100 pulses in arc test facility. No micro-
crack network is seen, but metallic nodules (Si) are present 400X
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Figure 6.20  Micrograph of Si;N,-30v/o mullite after exposure to greater than
100 puises in arc test tacility. No microcrack network is seen but
silicon metal nodules are present. 400X

The most important series of insulator breakdown tests were those that were
conducted on specimens cut from the developmental § x 8 in. (20.3 x 20.3 cm) panels.
These panels were the highest quality panels made during the program with the
culmination of the improvements in ceramic powder blending and processing parameter
(time, temperature and pressure) development. This was especially true of the chromia
containing alumina materials, which earlier in the program (as shown in Figure 6.15)
evidenced electrical breakdown behavior similar to alumina without any chromia
addition. The earlier panels (cut from the 6 x 6 in. (15.2 x 15.2 ¢m) panels) were
subjected to EDAX elemental mapping which showed the chromia was present as large
scattered clumps in the alumina. Optimized blending operations resulted in EDAX
chromia maps that were completely uniform with the chromia in solid solution in the
aluming matrix. This improved blending resulted in impr:yved electrical characteristics.
The results from twelve different materials cut from the developmental 8 x 8 in, (20.3
x 20.3 cm) panels are presented in Figures 6.21 through 6.24,

The most striking point that is apparent from comparing these graphs is that the
silicon nitride-based materials are almost an order of magnitude lower in breakdown
voltage than the alumina-based muterials (notice the different scales used on the voliage
axis in the plots). The poor performance of the $i,N, is due to the formation of nodules
of metallic silicon on the surface of the material during the passage of the first arc. The
second salient feature of the comparison is that the presence of silicon carbide whiskers
significantly degrades the holdoff resistance of the alumina. It appears, then, that it will




not be possible to take advantage of the significant toughening effect conferred by these
whiskers. The semiconducting nature of the SiC greatly reduces the voltage standoff
capability of the ceramic composite material. This series of arc exposure tests led us to
conclude, therefore, that no materials containing either silicon nitride or silicon carbide
could be used as bore insulators because of their poor surface voltage standoff,

As discussed previously, the value of standoff voltage necessary for operation of
present or near-term railguns is in the 0.5 to 2 kV/cm range. For some types of solid
armature guns the required standoff voltage may drop to 500 Volts, even for large guns
(90 mm bore diameter). Thus the required voltage standoff may be as low as 150 V/cm,
and materials based on Si;N; may be acceptable as bore insulators and certainly as
backup insulators for these types of guns.

A summary of the voltage breakdown behavior of the major advanced ceramic
insulator materials is summarized in Figure 6.25. The major conclusion to be derived
from the electrical arc testing is that the chromia containing alumina materials possessed
the best voltage standoff resistance of any of the materials (except for the mechanically
inferior mullite materials). As can be seen the chromia containing alumina material has,
on the average, a two to three kV/cm better breakdown voltage than the alumina material
without the chromia. In addition, the presence of the silicon carbide whiskers in the
alumina material further reduces the breakdown voltage another two to three kV/cm.
The silicon nitride material (reinforced with silicon carbide whiskers) was taken to over
350 shots, and still possessed approximately 1 kV/cm surface breakdown voltage
breakdown strength. Based on thesc observations, coupled with the results of the
mechanical tests, the chromia containing alumina material was chosen as the compo-
sition to be scaled up to the final 1.5 x 4 x 18 in. (3.81 x 10.16 x 45.72 c¢m) size block.
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Figure 6.21 Voltage holdoff degradation performance of alumina-chromia
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6.2.2 Electrical Testing of Other Insulator Malerials

During the course of the contrict, various clectrical breakdown tests were performed
ot 171U on o variety of insnlating materials besides those that were candidate ceramic
bore insuliting materials, These tests included:

Effect of ultraviolet radiation on surface breakdown

Effect of UV absorber material on surface breakdown resistance

Breakdown strength of conventional monolithic ceramics including
mullite, cordierite and steatite

A limited investigation of four different advanced polymeric insulating
merials

Mciasarements of the voltage standoff pronerties of pure alumina and
two grides of commaonly used glass-mica

These nitenals are of interest to gcas of the raifgun that are not exposed to the are
crosion or the abrasion and impact damage from the projectile, and thus were included
in the progrim.

‘The rescareh team at Texas Tech conducted a series of experiments o elucidate the
role of ultraviolet radiation in surface arcing. When an arc crosses a material, it emits
intense uhirnviolet radiation which may produce chemical degradation of the material’s
surface which reduces its eleetrical resistance. Shown in Figure 6.26 is the ultraviolet
spectium of typical graphite and molybdenumm electrodes. As can be seen, the molyb-
denum electrades emit about 40 1o 507 higher ultraviolet (UV) radiation intensity than
the graphite electrodes. A G- 10 insulitor can survive up to three times as many arcs
when the electrodes are graphite, as opposed to wolybdenum. 1t is hypothesized that
the reason for this is the harsher UV spectram of the molybdenum clectrodes lead to
surtace damage which lowers the voltage standoff strength of the G-10. An alternative
enplisnation might be that molybdenum is vaporized during arcing and condenses onto

the nsulator surfaces, rendering them more conductive.
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Figure 6.26  Spectrum intensity vs. wavelength (UV region) for molybdenum
and graphite electrodes

It was further hypothesized that a UV absorber material could be used to protect the
surface from the UV degradation. The commonly used organic material, benzophenone
dissolved in ethanol, was used to treat the insulator surfaces. The test insulators were
soaked in the benzophenone solution, dried, and subszquently tested. The test results
for untreated and treated G-10 with molybdenum electrodes and untreated G-10 with
graphite electrodes is shown in Figure 6.27. The lifetime of the G- 10 with molybdenum
electrodes was increased by almost a factor of three by treating the surface of the G-10
with the benzophenone. Also shown for reference is untreated G-10 with graphite
electrodes iltustrating the greater voltage standoff capability of the G-10 with graphite
electrodes.

Limited tests were also performed on TTZ (transformation-toughened zirconia)
insulators. This material withstood only one pulse in the voltage stand-off test. Afier
soaking in the benzophenone, it survived two pulses. The benzophenone probably forms
a molecular monolayer on the surface of the ceramic, but does not penetrate into it It
would, therefore, be expected to ablate away during the first arc exposure. Zirconia
ceramics had been previously disqualified from the program o the basis of their paor
surface voltage standoff performance.
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insulators

The electrical testing also included some “conventional™ ceramic miaterials in
addition to the custom-formulated “advanced” ceramics, These materials were mullie
(aluminumsilicace), cordierite (magnesivm aluminunysilicate), and steatite (magnesiam
silicate). These materials are commonly used ay electrical insulitors in less demanding,
lower voltage applicatio  Datit from these tests is presemed in “Table 6.7, Graphs of
the standoff voltage as a tunction of the number of wre pulses are plotted in Figures 0,28
through 6,30, All three materials retained substantial holdoft strength beyond 100
cycles. The steatite dropped below 7057 of its initial holdoft strength after just 2K cycles,
however, The performiance of the mullite i similar to the results seen with the silicon
nitride-30% mullite material tested previously, 1 electrical performance alone deter-
mined the selection of a railgun insulator miaserial, mutlite would be o leading candidie,

However, this material has very low MOR strength and fraciure toughness, so it dogs
not merit further consideriation,




TABLE 6.7 — Arc Exposure Data on Three Conventional
Engineoring Ceramics

Mulite Cordierite  Steatite
_ IR =

Electrode Material Mo Mo Mo
Litotime >137 100 28
Initial Breakdown Vollage 9.45 7.81 13.86
(kV/em)
intial Breakdown Current 269 222 394
(kA)
Averae Pulse Rale (Hz) 06 0.8 07
Weight Loss of Insulator (g)  0.25 0.25 017
Weight Loss of Electrode (g) 0.06 0.02 0.05

* Lietime is defingd as the number of shots required 10 reduce the
holdo!! vollage 1o 70% of the initial breakdown voltage
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A variety of other commercially availabie insulating materials was also studied to
determine their high voltage surface standoff capabilities. These tests examined both
polymeric and ceramic materials.

Four different advanced, state-of-the-art, organic insulating materials manufactured
by the Polymer Corporation, Reading, PA, were tested in the standing arc SDS 11l
electrical test facility as shown in Table 6.8. One material, Celezole U-60, became
conductive after a single pulse, most likely due to formation of conductive carbon
containing soot on its surface. The other three materials were tested to approximately
100 shots and the results are shown in Figures 6.31 through 6.33. Itis difficult to directly
compare the results of the organic insulator materials with those of the ceramics because
of the much lower thermal conductivity of the organic insulators. The tests were per-
formed at a frequency greater than 1 Hz and thus heat build up occurred. The ceramics,
which have a much higher thermal conductivity and temperature resistance capability,
are able to withstand a larger number of pulses without overheating their surfaces. The
organic materials tended to overheat and degrade faster than if their surfaces were kept
cool between pulses, however, a useful comparison can still be made between the dif-
ferent organic insulators.

TABLE 6.8 — Results of SDS Standing Arc Tests of Advanced
Organic insulator Materials

Material Material Result Mass

Trade Name  Composition Loss (g)

Celezole unknown Conductive after 1 —
U-60 pulse

Torlon 4203  polyamide-imide Droppedto 2 kv/icm  0.07
after 75 pulses

Uttem 1000 polyetherimide Droppedto 5 kV after 0.22
110 pulses

Ultem 4001 polyetherimide Cycled between 2 and 0.09
9 kV/cmup to 85
pulses

The Torlon (polyamide-imide resin) grade 4203 material (Figure 6.31) dropped from
14 kV/cm 10 2 kV/cm holdoff strength after five shots and then cycled through levels
of 2 t0 9 kV/cm. This phenomena was probably due to burning off of surface layers of
materials and exposing new material which increased the holdoff strength periodically.
Both grades of Ultem (polyetherimide resin), 1000 and 4001 (Figures 6.32 and 6.33
i -pectively), revealed the same type ot periodic behavior as the Torion matenal,
however, the Ultem materials exhibited greater voltage holdoff strengths than the Torlon
material. The strengths exhibited by the Ultem 1000 material (above 4 kV/cm except
for one point) demonstrates it usefulness in systems where arcs would play against it.
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The mass losses exhibited by the organic insulator specimens compare with values
0f 0.01 to 0.04 grams for typical high quality ceramic specimens. And considering that
the ceramic specimens are two to four times as dense as the organic insulators, the depth
of eroded material is thus five to forty times less for the ceramics than the organic
insulators.
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Figure 6.31 Voltage holdoff strength versus number of pulses for Torlon 4203
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The examination of commercially available ceramic high voltage insulator
materials also included AD994, a relatively high purity alumina made by Coors
Ceramics Company of Golden, Colorado, and two grades of Mycalex made by
Mykroy-Mycalex Company in Clifton, New Jersey. The grade 400 Mycalex is made
from natural flake mica in a glass matrix. The grade 1100 Mycalex is made from
synthetic flake mica in a higher temperature glass matrix. The voltage breakdown
strength versus number of pulses for these materials is shown in Figures 6.34 10 6.36.
As expected, the pure alumina performed well, with little degradation in surface
breakdown strength, The mica reinforced materials did not perform as well but still
stayed above 5 kV/cm breakdown strength.
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Figure 6.34  Surface voltage breakdown vs number of pulses for AD994
alumina.
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Figure 6.35  Surface voltage breakdown vs number of pulses for Mycalex 400
glass/mica composite.
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6.2.3 Conductor Materials

Early in the program before the decision was made to focus entirely on advanced
ceramic insulator materials for EML bores, limited work was done on conductor
materials for EML bores. This work centered on two different projects:

» Testing of electrode materials at Texas Tech University using their
MAX I High Coulomb Stationary Arc Test Device

* Testing of sliding contact behavior of various conductors using a mov-
irg contact test facility at AP Research, Inc. in Dayton, Ohio.

Each of these tests are described in this section.

The surface discharge electrode tests were conducted at the electrical engineering
department at Texas Tech University (TTU) in Lubbock, Texas as part of the Doctoral
Thesis work of Anthony Donaldson.” The tests were conducted in their MAX 1 Sta-
tionary Arc Test Device, which is a surface discharge switch device similar to that used
for the testing of the insulating materials. Shown in Table 6.9 is a4 summary of eighteen
different electrode materials that were tested at TTU. The pedigree of the materials is
described in more detail in Table 6.10. The effective charge transferred per shot is a
tunction of the resistance and the work function (energy required to remove an electron
from the surface of the electrode) of cach electrode material. Thus, the charge trans-
ferred was different for each specimen. The volume eroded data was determined by
measuring the weigiw ioss after repeated shots, and dividing it by the electrode material
density and the number of shots. In order to normalize the test results, a third column
in Table 6.9 gives the volume of material eroded per coulomb of electric charge trans-
ferred.  The materials have been placed in order of increasing material erosion (per
coulomb of transferred clectric current). The most erosion-resistant materials are listed

at the top, with decreasing performance seen as one moves down the list,

The tests summarized in this table were conducted at extremely high levels of
charge transfer/area per shot. Such conditions are not representative of the clectric
current transfer in railgun conductor rails. Forexample a 6m length x 90mm bore railgun
with a peak current of 2,500,000 amperes will transfer about 1,100 coulombs. This is
about 22 times the 50 coulombs transferred per shot in the TTU tests (Table 6.9),
However, the surface area of one of the conductor rails is about 600 times the area of
the electrode test specimens, so that the charge transfer density was about 30 times
higher in the clectrode stationary arc tests than the average in railguns. However, in

locations such as in the near breech region where the projectile is traveling relatively
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slowly and the current is high, the difference in charge transfer density may only be five
times greater for the stationary arc test than for railguns. Thus a typical railgun has a
charge transfer (in local areas) of about 2 to 10 coulombs per shot, depending upon
location in the bore. The greater charge transfer density in the electrode tests leads to
gross surface melting, which makes the erosion/charge numbers in Table 6.9 inappro-
priate for direct application to railgun conductor design and materials selection. The
tests are useful, nevertheless, for ranking the electrode materials in terms of relative
performance.

TABLE 6.9 — MAX | High-Coulomb Stationary Arc Test Results

Electrode Material  Effective Volume Volume Eroded per |
Charge/Shot Eroded per Coulomb
(Coulombs) Shot (cm*x10%/C)
(cm’x10%)
e ——
CuW #1 + Ir £38 134 2.49
W #2 49.4 126 2.55
CuW #1 + Sb 374 97 2.59
CuW #3 (30W3) 56.7 149 2.63
CuWw #1 54.0 148 2.74
CuW #2 (3W3) 53.8 149 2.77
W #1 51.2 156 3.05
CuW #1 + LaB; 56.5 215 3.81
Cu-Nb #2 51.8 248 4.7¢
Cu + LaB; 495 238 4.81
Cu-Nb #1 51.8 259 5.00
Cu-Nb + LaB, 55.8 338 6.06
Mo + LaB; 54.0 356 6.59
Cu-ALO, (Al-60) 52.2 347 6.65
Mo 46.5 327 7.03
Cu-Ta 50.0 505 10.1
Cu-ALO, (Al-15) 61.1 624 10 -
Cu #1 50.4 576 11.4

On the pages which follow, a series of eight graphs is presented in Figures 6.37
through 6.44 which shows the arc erosion performance of a large number of electrode
materials. The experiments cover a wide range of charge per shot, and it is clear that
when plotted on a log-log scale, the relationship between volume eroded per shot ani
charge per shot is generally quite lincar.




TABLE 6.10 - Composition and Origin of
Electrode Test Materials

Designation Composition Source

Cu + LaB, 97%Cu - 3%LaB, Metaliwerke Plansee GmbH.
CuNb 85%Cu - 15%Nb Metallwerke Plansee GmbH.
CuNb + LaB, 83%Cu-14%Nb-3%l.aB, Metallwerke Plansee GmbH.
CuW + LaB, 66%W-31%Cu-3%LaB, Metallwerke Plansee GmbH.
CuW #1 + Sb 66%W-31%Cu-3%Sb Metallwerke Plansee GmbH.

CuW #2 (3W3) 68%W - 32%Cu CMW Inc.
CuW #3 (30W3) 80%W - 20%Cu CMW Inc.
CuNb #1 Cu-12%Nb Supercon, Inc.
CuNb #2 Cu-12%Nb (finer fila- Supercon, inc.
menis)
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Shown in Figure 6,42 is the volumwe of tungsien clectrode alloy eroded per shotas a
function of ¢ffective charge transter tin coulombs) per shot. The tungsten alloy was
W-ONi-4Cu (by weight) and was designited W #2, As with previous tests, the total
charge transfer per test point wis about 1500 coulombs, “Thus for the test point at
coulomb charge transfer per shot, about 1500 shows (pulses) were used to obtain the 150
coulomby of total charge anster, “The total ¢lectrode volume eroded was then divided
by 1500 to arrive at the volume of electrode miterial eroded per shot,

A wngsten alloy manufactured by CMW, Ing. of Indianapolis, Indiana (grade 1000)
and a niobium reinforeed copper alloy manufuctured by Supercon Ine, of Shrewsbury,
Massachusetts, exhibited greater are erosion resistance at Jow coulomb levels than
previously tested copper-tungsten alloys and different grades of niobium-copper. The
materials were tested in the previously utilized Motk VI system at T'UU using 1.27 ¢m
(0.5 in) diswmeter hemispherical elecarodes with a gap of Tem (0,39 in).

‘The copper niobium miaterial (Cu Nb#3) had a hizher niobinm filamentdensity than
the previously tested Cu-Nb #2 material, This was accomplished by further extrusion
of the copper-niobium billet, thereby increasing the fineness of the filaments, Tu s
possible that these finer fiaments acted ws beter electron emitters and thus reduced
crosion at the surtace of the electrodes. However, as shown in Figare 6,43, after the
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coulomb levei reached about 5, the two materials (Cu-Nb #2 and Cu-Nb #3) behaved
similarly. This was probably due to the melting of the niobium filaments at the surface,
partially negating their emittance properties. The Cu-Nb #3 material is compared with
previously tested CuW+Re material in Figure 6.44. The value of volume eroded per
shot was significantly rediiced at the lower coulomb levels. As discussed previously, a
typical railgun environment has a charge transfer of about 2 to 10 coulombs per shot,
depending on location 1 the bore.

As partof an advanced armature program that IAP Research, Inc. in Dayton, Ohio
was conducting they agreed to test a conductive ceramic in their moving contact test
facility. This device uses a current flowing from a stationary contact to a high speed
rotating disk. The contact pressure between the stationary contact and the rotating disk
is adjusted and measured at various electric current levels. Current densities of 100 to
1000 kA/cm’ and armature speeds of 1 kmy/s can be evaluated in this facility. SPARTA
produced five disks for test: one from the electrically conductive ceramic titanium
diboride (TiB,), one from pure molybdenum, one from the alumina dispersion
strengthened copper alloy Glidcop Al60; and two from the copper alloy 110 to serve as
aconwrol. The disks were 5.6 in, (12.7 ¢cm) in diameter with a 0.350 in. (0.89 cm) hole
in their centers and were (.25 in. (0.635 cm) thick.

Untortunately there was not sufficient program funds at 1AP to test the molyb-
denum and Glidcop disks but the titanium diboride disk was tested. At a peak current
density of 790 kA/cm’ the disk’s perimeter was damaged and the tests stopped. The
material exhibited a reasonably low contact resistance density which is important for
solid armature railgun use. Because of the low ductility of the material the tests must
be run very carefully to avoid overstressing the edges of the specimen. Thus, the 790
kA/cm?® value may not be the true peak value.

6.3 Testing in the FLINT Railgun
6.3.1 Analysis and Modification of FLINT Gun Configuration

The FLINT gun is a small, square cross-section railgun which was used to test
ceramic insulator materials produced in this program. It is located at the U.S. Army G
Rescarch, Development and Engineering Center (ARDEC) at Picatinny Arsenal, New y
Jersey. The gun is built to the same design as the Plasma Utlity Gun (PUG) a1 Eglin '
Air I'orce Base, Florida. The design of this gun makes replacement of bore insulators
casy, and requires only simple rectangular shapes for these insulator panels. The purpose

of the FLINT gun tesiing was o subject candidaic ceramic insulator maicrials 1o the

combined effects of all the mechanical, thermal, and electrical stresses present in an
actual railgun. Before testing in the FLINT gun was begun, itwas modified by replacing




some of the original insulator backup materials (G-10) with stiffer materials (graphite
fiber reinforced epoxy) to reduce the deflections which the bore insulators would
experience during firing.

A cross-section of the modified FLINT gun is shown in Figure 6.45. The insulator
blocks were two different materials; bore facing blocks and backup blocks. The bore
facing insulator rail was the test material while the backup insulator block was made
from a directionally fiber reinforced resin matrix composite material. Requests for
quotes were sent to several companies to determine the feasibility of using E-glass,
S-glass, or a grade of graphite as the reinforcing fiber for the backup blocks. Graphite
reinforced epoxy was selected as the replacement material. This material, oriented in
such a direction as to provide the maximum stiffness between the side wall loading bolts
and the bore insulator would offer a 5 to 12 times advantage in stiffness over conven-
tionally used G-9, G-10, or G-11. This increased stiffness would result in reduced
bending of the bore insulator ceramic test rail, which is very important for the
survivability of the brittle ceramics. The conductor rails are backed by a 1.68 x 3.9 x
28 inch (4.3 x 10 x 71 cm) block made from the same materials used for the insulator
backup blocks, graphite reinforced resin matrix composite. As in the case of the insu-
lator sidewalls, this offers improved stiffness to reduce bore deflections.

An analysis of the stress state of the ARDEC FLINT gun was conducted. Actual
material properties and barrel prestress states were used. The modified materials test
section was compared with the previous design (and materials) used. The gun was
modelled using a finite element code for the purpose of analyzing insulator deflections
after upgrading with the higher modulus backup insulators. The properiies of copper
alloy Al60 (alumina dispersion strengthened) was used for th= conductor rail modeling.
The backup insulator was modeled as 62 v/o graphite in an epoxy matrix with 20% of
the graphite fibers oriented along the bore length and 80% of the fibers perpendicular
to the bore surfaces. The backup insulator properties were calculated using the computer
modeling program ICAN (Integrated Composite Analyzer) based on the available
property data of unidirectional layup graphite epoxy. The stresses and strains predicted
by the model are mapped in Figure 6.46. Factors of up to 25 in reduction of displacement
at the bore were calculated indicating the level of stiffening due to the modification.
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Finite element models of the cross-section of the modified FLINT gun barrel fc - testing of agvanced ceramic insula‘or
materials. Two different elastic moduli for the test bore insulator were used as inputs for the finite element runs: 175
and 345 GPa (25 and 50 Mpsi), with a Poisson ratio of 0.21 (typical value for ceramic materials). The rest of the bairel
including the bolts and the top, botiom and side plates were modelled using the properties of steel.
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The 2-D model of the barrel considers the interfaces between the barrel components
as interface elements. This allowed us 10 examine the possibility of gap openings
between the component materials such as between a conductor rail and a bore test
insulator. Plasma and solid armature cases with 45 kpsi (310 MPa) bore pressure were
analyzed. The effects of the originally designed prestresses of 30 fi-1b (41 N-m) torque
on the side wall bolts and 60 ft-1b (81 N-m) torque on the top and bottom plate bolts
were investigated, as well as the effects of doubling these values of torque. It was
necessary 1o increase the prestress (o maintain compression and to prevent separation
between the rail and the test insulator (to prevent plasma leakage) during the plasma
armature shots.

Figure 6,46 shows the predicted displacements and the Y direction (vertical) stresses
of the modified FLINT gun utilizing a solid armature with a rail pressure of 45 kpsi (310
MPa) {350 kA/cm rail linear current density] and torque prestresses of 30 and 60 ft-1b
(41 and 81 N-m). The elastic modulus of the test insulator was modeled as 50 Mpsi
(345 GPa). The conductor rail deflects outward 0.002 in (.05 mm) for the modified
FLINT design compared to 0.050 in (0.125 mm) for the original square bore design.
The maximum Y-stress of 32 kpsi (220 MPa) is localized at the rail and is below the
yield strength of A160 (83 kpsi (572 MFa) at room temperature). The Y-stresses in the
graphite epoxy are below 4.5 kpsi (30 MPa), and the Y-stresses in the test insulator are
below 13.5 kpsi (93 MPa). These values provide an adequate margin of safety against
material failure.

6.3.2 Testing of Insulator Samples in FLINT

The railgun tests of advanced ceramic insulator rails in the FLINT railgun at ARDEC
were conducted in August of 1989. The three pairs of rails tested are shown in Table
6.10, Shown in Figure 6.47 is a photograph of the first pair of rails after three shots in
the FLINT gun, Quite a bit of difficulty was encountered in the assembly and alignment
of the ceramic insulator rails in the gun, Shims had to be used in order to bring all the
bore components into tight contact. The first set of test rails was successfully loaded
into the gun and torqued to pre-set conditions. However, it was discovered that one of
the shims had moved so it was decided to reassemble the bore components. Upon
re-assembly and torquing of the top and side bolts, both insulators developed through-
cracks in them. The criacks were not open, however, so it was decided to fire the gun.
The gun firing did not cause the cracks 10 expand or to spall any material, thus a second
and third shot were fired on the same set of rails.
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TABLE 6.10 — Three Cerami¢ Insulator Samples Tested in the

FLINT Gun

Test# ID# Composition Outcome

kel

1 NO81  |AlL,O,-0.25Y,0,-82rO, |Both rails broke during assem-
bly, but no further damage
occurred curing three shots

2 4-253-4 |Al,0,-0.25Y,0,-82rO, |Rails loaded an fired three
times successtully

3 N080O  |AILO,-0.25Y,0,-82r0,- |One rail broke during assembly,

5Cr,0, but no further damage occurred

durir.g three shots

Figure 6.47  Photograph of the first pair of rails (N081) after three shots in FLINT
gun at ARDEC.
The second pair of rails was successfully assembled into the FLINT gun and fired
three shots with no damage. One of the rails from the third pair cracked at one location
during assembly.

The first two sets of rails that were exposed were lower priority rails as they were
used in order to establish set-up and test conditions for the railgun. The third set 1o be
exposed were the higher performance materials selected from the results of the screening
tests. At this point in the program, the FLINT testing was terminated because of bud-
getary limitations at ARDEC. The limited experience that was gained with the three
pairs of samples that were tested indicate that advanced ceramics are indeed capable of
withstanding the railgun environment. The cracking which did occur took place during




assembly, and not during gun operation, and even the pieces which did crack on
assembly remained functional during the tests. This illustrates the importance of careful
tolerancing of bore components and careful installation techniques during assembly
when ceramic components are used.
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7.0

SUMMARY AND CONCLUSIONS

This program focussed on the development of advanced ceramic materials for use as
bore insulators for electromagnetic launchers. The results clearly demonstrated the feasi-
bility of utilizing tailored property ceramics for this difficult application. Some valuable
work was also accomplished on advanced conductor rail materials. Analysis conducted early
in the program demonstrated the potential of the hard, stiff (high modulus), strong, and
electrically insulating nature of advanced ceramics to dramatically improve the performance
of EMLs. These properties are in contrast to those of currently utilized glass fiber reinforced
polymer matrix materials which suffer significant ablation and erosion, have low stiffness,
and are not capable of rep-rated operation withc 1t significant intershot rework.

The following items summarize the key results obtained and important conclusions
reached during the program:

1.

Ceramic bore insulators lead to improved EML performance. - Advanced
ceramics, through the use of micro-architectural tailoring, can be utilized as rail-
gun bore insulators to result in improved gun performance. Improvements arise
because of their hardness (1o prevent gouging and erosion by projectiles) and high
melting or dissociation temperature, which leads to reduced ablation during
exposure to the plasma, and thus dramatically increased bore tifetime. Less ero-
sion and ablation leads to a smooiher bore, which decreases the amount of damage
the projectile sees while in bore due to balloting and abrasion. Another advantage
is the increased stiffness, which reduces bore deflection and thus improves pio-
jectile/ bore interactions, gun efficiency and accuracy (less dispersion). Increased
tlexural strength resists the bending loads caused by plasma and electromagnetic
pressures. Superior surface voltage standoff capability allows operation of a
rep-rated zun without the need to remove conductive residue frons the surface of
the insulator between shots. Even guns that are not rep-rated would benefit as
considerable time and effort is expended with current railguns in cleaning the bore
between shots,




1o

Maoxt advanced ceramics lose their surface voltage standoff capabilisy after
exposure 1o elecirical ares. - The choice of ceramic material is severely restricted
by the requirement for rep-rated surface voltage hoidoff strength. This is most
impenant for plasma armatures and less of @ concern for solid armatures, Many
ceramic materials dissociate under the intense heat pulse from the plasma arc,
resulting, in the formation of a conductive metallic film or nodules on the surface.
This film can effectively shor circuit the bore, preventing operation of the gun.
A wide vaniety of ceramic materials evidence this behavior, such as silicon nitride,
auminum nitride, and ceramics with more than about 5% zirconia. Alumina-
based matertals do not exhibit this conductive film formation and do possess the
necessary surface voltage standoff resistance necessary for use as EML bore
insulators (plasma or solid armature).

Amicrostructurally woughened alumina-zicconid-chromia ceramic was developed
which sutisfies all bore insidator requirements, - Large, high quality pieces of
ALO - 5% /rQ, - 0.25%Y 0, - 5%Cr, 0, material were successfully fabricated,
The merial’s microstructure revealed good distribution of constituents and
phises far improved toughness, small grain size (for improved strength), and a
mixed mode high energy fracture surtace (Ieading to good toughness). The goal
tahen from the fargest size pieces scaled-up in the program, 1.5 x 4.0 x 18,0 inches
(3E 102 x 457 oy A patent for this material has been applied for,

The propertes realized from this material were made possible through the
microarchitectural de-igning (miloring) of materials utilizing the concepts dis-
cussed i Section 5010 These wiloring methods included the proper choice of
IRITAEN nna) tor bisie strength, toughness and clectrical propertics; the solid
solution stiengthening by the chromia iwhich also increased the surface voltage
standot strengthys the grain size refining which resuited inan average grain size
ot T amicrons (0004 165, the tse of zirconia and yiria as glassy grain boundary
phase forming matertals in order o permit fuli consolidation at moderaie tem-
peraturess and the use of the same materals (zirconia and yttria) as second-phase

srengtheners,

The selected coramie can be fabricared in full-scale rail segments without loss of
properiey. - Stength values for esperimental advanced ceramics are often
reported tor very smadl, fubormory-scale specimens which cannot be reproduced
mmuselal stzes, The vidues leed in Table 7.0 were attained o the largest size form
produced i the progriomn, meisuring 1.5 £4.0 x 18.0 inches (3.8 x 10.2 x 45,7 ¢m),

Thie size s representative of what would be needed for the actaal fubrication of

Large ridgun bore msubaors,




6.

~J

TABLE 7.1 - Measured vs Goal Properties of Alumina-zirconla-Chromia
Bore Insulator Material

Propeny Goal Measured
Value
89.9% Design Allowabie 50 kpsi (345 MPa) 68.1 kpsi
Flexural {MOR) Strength, (470 MPa)
Fracture Toughness 5.0 kpsisin'? 5.3 kpsisin'?
(5.5 MPa-m'?) (5.8 MPa-m'%)
Elastic Modulus 40 Mpai (275 GPa) 42 Mpsi
(290 GPa)
Surface Voltage 2 kVicm 8 kV/iem
Standoff (after 100 arcs)

Chromia additions produce superior voliage standoff in alumina ceramics. - The
addition of chromia to the alumina-based ceramics results in improved surface
voltege standoff strength, especially for repetitive firing conditions. In addition
the chromia acts as a solid solution strengthener and proper amounts added to
alumira result in increased strength. The addition of SiC whiskers to the alumina,
while improving mechanical properties, decreases the surface voltage standoff
strength due to the intrinsic semiconducting nature of the SiC material.

Whisker-reinforced silicon nitride was prodauced with remarkable mechanical
properties. - Relatively large panels (1.5 x 4.0 x 8.0in. (3.8 x 10.2 x 20.4 cm) of
silicon carbide whisker reinforced silicon nitride ceramic were also fabricated.
The mechanical properties of this material were better than the alumina-chromia,
with vilues of 98,8 kpsi (681 MPa) MOR strength (99.9% reliability), 8.8 kpsi-in'”
(9.7 MPa-m") fracture toughness, and 45 Mpsi (311 GPa) modulus.

Silicon nodules form on the surface of silicon nitride upon arc exposure, com-
promising its insulating ability. - Silicon nitride based ceramics, despite their
impressive mechanical properties, are only marginally adequate for use in EMLs
because of the dissociation of the silicon nitride to form nodules of silicon metal
on the surface exposed to the arc. These silicon nodules are not interconnected
(even after multiple pulses)y so the material possesses a finite surface voltage
holdoff strength of about 1 kV/em (with no cleaning between shots). This level
of standoft stiength may sull be adequate for certain types of solid, hybrid, or
transitioning armature guns. Another application would be to only use the material
in the breech section of the gun in the length before @ solid armature could
Lransition 1o a piasma armaiure,
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Experimental ceramic insulaiors were successfully test-fired inthe FLINT railgun.
Raiigun insulator test segments (0.840 x 0.250 x 8.000 in. (2.13 x 0.635 x 20.32
cm)) were produced and successfully fired in the FLINT railgun at the U.S. Army
Armament Research, Development and Engineering Center (ARDEC) at Pica-
tinny Arsenal, New Jersey. The bore of this gun had been analyzed, the then
currently used G-19 backup insulators replaced with directionally oriented
graphite reinforced epoxy to reduce bore insulator deflection during a shot. These
tests demonstrated the low ablation potential of the chromia/alumina material.
Important lessons were learned about the need to design a system for the ceramics
by proper tolerancing of components and proper installation techniques.

An extensive series of candidate insulator materials was ranked for multiple arc
exposure resistance. - A wide variety of insulating materials: ceramics, resin
matrix composites, and monolithic polymers was exposed to a rep-rated (ap-
proximiaiely 1 Hz) plasma arc with arepresentative railgun currentdensity at Texas
Tech University. These tests were performed to assess their surface voltage
standoff strength. The microscopic surface appearance of the exposed materials
closely mirrored that seen in railgun exposed insulator materials. This demon-
strates the validity of the apparatus for the electrical testing of railgun insulator
materials.

Although the chief emphasis of this program was on the development of improved
insulator materials, some valuable work was also performed in the evaluation of advanced
conductor materials. The refractory metals tungsten, molybdenum, niobium, and rhenium
were investigated in various combinations with copper. The refractory nonmetallic com-
pounds lanthanum hexaboride and titanium diboride were also examined. The primary
conclusions arising from this testing of conductor materials is as follows:

10. Titanium diboride shows promise as an advanced conductor rail material. -

11.

Elcctrically conductive ceramics show some potential for usc as conductor rails
for EMLs. Limited work in the program focused on the ceramic titanium diboride
(TiB,) which possesses an electrical conductivity of approximately 24% 1.A.C.S.
{i.e. about 24% as conductive as pure copper). No railgun tests were performed
with the material but sliding contact tests conducted at LA.P. Inc. in Dayton, Ohio
demonstrated that the diboride material possessed excellent current passage
characteristics and can accommodate a very large amount of electrical "action”
(current integrated over time) before melting or dissociating. Much additional
effort would be required to use the material as an actual rilgun conductor rail
because of 1t's limited ductility and resistance 1o shock (thermal and mechanical).

Some refractory metai materials were found to he more resistant to are erosion
than pure copper, - There exist many materials with arc melting resistance superior
to pure copper. SPARTA has conducted numerous prior programs that demon-
strated the usefulness of cladding refractory mels (molybdenum, tungsten and
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tantalum) on copper substrate for use as railgun conductor rails. High coulomb
stationary arc tests conducted at Texas Tech University revealed that a wide
variety of additional electrode materials (obtained from electrode manufacturers
inthe U.S. and overseas), not previously investigated for use as railgun conductors,
possessed erosion resistance up to four times greater than copper. These materials
are gererally not available in the sizes and forms needed for rails, however, and
much additional work is needed to turn them into viable rail candidates.
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8.0

RECOMMENDATIONS FOR FUTURE WORK

SPARTA’s program resulted in the development of a ceramic insulator material that
meets the mechanical and electrical requirements for use as an electromagnetic railgun bore
insulator. The feasibility of scale-up to sizes representative of those needed for use in current
full scale guns was demonstrated. Additional issues still must be addressed before the
ceramic material can be utilized with confidence in EMLs, however. These include:

1.

29

Demonstrate the affordable and repeatable production of full-scale ceraniic
insulator segments by methods such as near-net-shape forming. - Only one large
scale (1.5 x 4 x 18 in. (3.8 x 10.2 x 45.7 cm)} block was fabricated during the
completed program. Additional blocks must be made and tested in order to
demonstrate the reproducibility of the mechanical and physical propertics. The
large sizes made were hot-pressed as rectangular blocks. Specimens were cut from
them with diamond tooling. The future ceramic bore insulator segment shapes
may be somewhat complex, so their production by lower cost methods, such as
necar-net-shape forming is necessary. A study involving the hot-pressing of
cylindricai ohiciis or shell segments should be performned to demonstrate the
retainment of mechanical and electrical properties in these somewhat more
complex geometries.

Demonstrate nondesiructive fluw detection. - The fracture toughness goal that
wis established in this program was based on the premise that any material would
be discarded which was found to contain flaws larger than 0.010 inch (0.254 ram).
If flaws this small cannot be reliably identified, then higher levels of fracture
toughness will be required. A new x-ray inspection fechnology known as
Microsoft X-ray has been developed and muarketed by IRT Corp. in San Diego,
California which is ideallv suited to the inspection of thick ceramic parts. A flaw
detection study should be conducted with this method (or other similar methods)
or ceramic parts of the same dimensions and composition as those which will be
used as bore insulators in a large ratigun,

Develop joints for railgun cerarmic bore insulators, - The maximum practical
(technical and economic) length for advanced hot-pressed ceramics is about 40
inches fone meter). Thus, for full scale EMLs which may range in length from 20
to 100 feet (6 to 30 meters) multiple joints are needed in order 1o connect the
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6.

segments. These joints must resist the bending loads present as the projectile
passes and must not permit the hot plasma (for a plasma, hybrid or transitioning
arinature gun) from penetrating the joint and leaving a conductive residue.
Examples of joint types include butt, 1ap and beveled, all with or without grouting
(ceramic cement). These joint designs impose additional tolerance constraints on
the manufacturing method for the insulator segments. Different joint designs can
be tested in a smaller gun (50 or 90 mm bore diameter) in order to economically
evaluate a number of different joint concepts to down-select a single, best design.

Select a cement composition. - A study of different cement materials must be
conducted. The cement must possess the same high voltage surface standoff
strength and plasma ablation resistance as the bore insulators, as well as showing
good strength and toughness. A variety of ceramic cements are commercially
available which warrant scrutiny. It may also be advisable to examine epoxies,
cyanate esters, and other polymers filled with ceramic particles. The same type
of arc exposure tests which were performed at TTU to evaluate insulator materials
should be repeated for cemented joints.

Demonstrate ceramic insulator performance in full scale (90 or 120 mm bore
diameier) railguns for multiple shots. - The railgun shots completed during this
program were conducted on short, thin ceramic scgments backed by a high
modulus support. It is necessary to test the full-scale pieces because the siress
state will differ in the large pieces and problems of alignment, tolerancing, and
precompression could not be addressed in the small gun, This demonstration
would include use of joints and would probably consist of just a few segments in
the breech end of the gun, where the harshest environment exists.

Retrofit an existing full-scale round bore barrel with ceramic bore insularors. -
This would enable a demonstration of the effect of a full set of ceramic bore
insuiators on the efficiency, reproducibility, aiming accuracy. and lifetime of the
barrel. In addition, the issue of honing of the ceramic segments while in place
would be addressed.

Itis a consensus in the electric gun community that railgun insulator performance has

been a primary technical barrier in achieving the efficiency, accuracy and lifetime required
in operational systems. The successtul completion of the work recommended above would
be a vital step in resolving the insulator problems and would add greatly to the advancement
of electromagnetic launcher technology for use as reliable weapon or launch systems. It is
estimated that the totai iength of such a program would be about two to three years for the
full scale demonstration.
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