
A-AI 00* NAVAL POSTGRADUATE SCHOOL MONTEREY CA F/S 11/2
AN INVESTIGATION OF uNIPOLAR ARCING IN VARIOUS CONDUCTORS AND M-4TC(U)
U A SI T I D HOOVE

WiCL.ASSIFSID N

*uiuuuaaiuuuuu
EEMMI3EMMEiJAEE
EHAEIEIEHEEEEEB



* NAVAL POSTGRADUATE SCHOOL
* Monterey, California

r 1 '982

THESIS
AN INVESTIGATION OF UNIPOLAR ARCING IN1 YARICUS

CONDUCTORS AND METALLIC GLASSES

by
01. 0 Todd Jeffrey Hoover

LILJ September 1981

*Thesis Advisor: F. 3chufrzke

Approved for public rel~ease; distribuition unlimited

i2 02 If 190



UNCLASSIFIZD
SISCUINV CLASUPICAION of VWIS PAGE fte. Dole Sa.

REPWDMAETATIN PAE SAD INSTRUCrTNs
IREOR UEW DOUMNTTINPAE 373 COMPLZTNc(. FORM

Is.R umu GOVTi SCRSO MCCPIENs CATALOG "uNER

A. TITLE mAd Subefte) S~TV09 OF REPORT 6 0UIOO COVERED

An Investigation of Unipolar Arcing in various Master' a Thesis;

Conductors and Metallic Glasses -September 1981.
PER1FORMING or.. REPORT IfulBee

7. AUT0NO.s 11- CONTRACT ORGAN IM6R.

Todd Jeffrey Hoover

9. PEPPvON.UIIG OUGANIZATION0 NAME AND ADDRESS 10. PROGRAMd ELEMENT. PQOJECC TASK

AREA II WORK UIT NUMscas

Naval Postgraduate School
Monterey, California 93940

1 1 CONTROLLING OFFICE NAME 404O AOORESS 'a. REPORT OATS

Naval Postgrauate School September 1981
Monterey, California 93940 is2UGR1 FPAE

1- MONITORING A4ENCY MAUS 6 ACOOESS(if different ien CwefrtIpoitv oftcee IS. SECURIITV CLASS. (oftit rett 

Naval Postgraduate School Unclassified
Monterey, California 93940 ______________

111a. OECL ASh ICATI OW, OBGON
SCHEDULE

IS. OISTRIOUTION STATEMET7 (of Aie Reps")j

Approved for public release; distribution unlimited

17. OIST111111UTION STATEM1ENT (of if#* seeiwof dne~e.ia Ail.4 20. iI t ffeni .If aPe e fr)

IS. SUPPLEMENTARY NOTES

IS KEtY WORDS (Ceufnti. an e*Voee aide it noeewyeid RINI 91 oe1141 .iImerJ

Unipolar Arcing

Metallic Glass

20. *SSTOACr (Cemue -M reve odol of "essoin end Idin..Il11f "y wek mulnbe)

An investigation of unipolar arcing in various conductors and surface prepar-
ations was undertaken, A discussion on the production of "glassy" surfaces on
various metals, and their susceptability to unipolar arcing is alo sPresentd

A.11 experiments were conducted using a neodymium glass Laser in a -switched
mode to generate a hot plasma. Results show that stainless steel and mild com-
mercial steel arc very heavily, in agreement with past researchers, while titan-
ium undergoes arcing at a l.esser crater density but over a greater surface area,

DO I~~S1473 EDITiopw ofI Nov GB is oUsoLrTErz

SECURITY CLASSIFICATION OF THIS PAGE (01100 ONq* SnOWU.)



f
UNCLASSIFIED

20. HY 130 undergoes arcing at a low crater density, and a commercially
prepared metallic glass FeroBr and Poco graphite not at all.

Experiments were conducted in attempt to produce metallic glass coatings
on stainless steel, HY 130, and a mild commercial steel (1030). Coatings
produced were exposed to a laser produced plasma and arcing was found to be
present in all cases but at a lower arc density. In conjunction with attempts
to produce metallic glass surface coatings on metals, an experiment was done
to determine the energy density required for the onset of plasma production in
type 304 stainless steel.

AccP-ion For

N~T
CT

2

OD For,% 1473

S/4 01%2-A14-6O01 * cugV6AMPI6AYIP Two &WSO e bee #& #*""



Approved for public release; distribution unlimited

An InVestigation of tkiipolar Arcing in Various

Conductors and Metallic Glasses

by

Todd Jeffrey Hoover
Lieutenant, United States Navy

B.S., Ohio State University, 1974I. Submitted in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE IN PYICS

from the

NAVAL POSTGRADUATE SCHOOL

September 1981

Author __________

Approved by: ~t 4 A ~ L
Thesis Advisor

(-ZeondReader

Chiman Dpaz = !4san hmsr

Dean of Science and Engineering

3



ABSTRACT

An investigation of unipolar arcing in various conductors and sur-

face preparations was undertaken. A discussion on the production of

"glassy" surfaces on various metals, and their susceptability to uni-

polar arcing is also presented.

All experiments were conducted using a neodymium glass laser in a

Q-switched mode to generate a hot plasma. Results show that stainless

steel and mild commercial steel arc very heavily, in agreement with

past researchers, while titanium undergoes arcing at a lesser crater

density but over a greater surface area, HY 130 undergoes arcing at a

low crater density, and a commercially prepared metallic glass Fe8oB20

and Poco graphite not at all.

Experiments were conducted in attempt to produce metallic glass

coatings on stainless steel, HY 130, and mild commercial steel (1030).

Coatings produced were exposed to a laser produced plasma and arcing

was found to be present in all cases but at a lower arc density. !n

conjunction with attempts to produce metallic glass surface coatings on

metals, an experiment was done to determine the energy density required

for the onset of plasma production in type 304 stainless steel.
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I. INTRODUCTION

The study of the interaction of a hot plasma with material surfaces

is becoming increasingly important. If magnetically-confined fusion

plasmas are ever to be used in the production of electrical power,

plasma-surface interaction difficulties are going to have to be solved.

Two major problems are apparent, first that the inner or first wall of

the fusion reactor vessel can be damaged by the plasma and its reaction

products, and second, the introduction by plasma-wall interactions of

high Z particles into the plasma, which in turn will cool the plasma

through Bremsstrahlung losses, to a point where fusion can no longer

be sustained.

Three major damage mechanisms have been noted for a hot plasma in

contact with a material surface. First, evaporation of the surface

material, primarily due to the absorption of radiant heat from the

plasma. This phenomenon can be accurately predicted knowing the wall

composition, equilibrium vapor pressure for the material. and surface

temperature. Second, sputtering by D, T, He ions or neutrals. when

any of these strike an atom of the first wall, a collision cascade of

lattice atoms is produced and sputtering results [Ref. 1i. -hird, and

most importantly, is the phenomenon of unipolar arcing, which can

occur when a hot plasma and a conducting inner wall are in contact.

An electrical arc is established between the wall and the plasma, with

the plasma acting as both the anode and the cathode.

16



Unipolar arcing has been observed in DITE and Russian Tokamaks [Ref. 23,

and recently in PLT, ISZ, Macrotor, and Pulsator Tokamaks [Ref. 3],

with erosion due to unipolar arcing at least two orders of magnitude

greater than that caused by sputtering.

Also of note is the determination of the importance of plasma-

surface interactions in targets of high energy laser weapons systems.

As noted by Ryan and Shedd [Ref. 43, plasma-surface interactions could

be more damaging to the target than direct laser surface interaction

carnage mechanisms, with unipolar arcing being the predominant mechanism

of energy transfer from the plasma to the target surface. If this is

the case, it becomes important to study the arcing mechanisa, and dis-

cover materials and surface preparations that are resistant to unipolar

arcing; thus minimizing the effect of an enemy's laser weapons.

Similar to Ryan and Shedd' s study, the emphasis of the study re-

ported by this thesis is the determination of the unipolar arcing sus-

ceptability of various metals, metallic glasses and Poco graphite with

a variety of surface preparations or surface hardening methods employed.

The samples investigated were stainless steel type 304 with polished

and sandblasted preparations, stainless steel type 316, a mild commercial

steel type 10309 titanium, sandblasted copper, Poco graphite, HY 130

steel, and a metallic glass Fe 8 0 32. "Laser glazed" surfaces were also

prepared on both stainless steel types, on H! 130, and on the 1030

steel, and their susceptaility to arcing and their structure were

investigated.

7-



II. 3ACKGROUND

A. UNIPOLAR ARC PROBLEM

The problem of effects produced by plasma-surface interactions has

been of interest since the beginning of controlled fusion programs.

Interest in unipolar arcing has increased in the past few years, as a

result of reports of unipolar arcing in the DITE Tokamak [Ref. 2), the

PLT., ISX, Macrotor, and Pulsator Tokamaks [Ref. 31. Unipolar arc

damage has been found on test probes, limiters, and on the first wall

in these fusion test machines, and has been shown to be the dominant

damage mechanism.

While not of a structural concern, because of the small amount of

surface material removed during the arcing process; unipolar arcs,

due to their large numbers, are the primary source of high Z impurities

in the fusion plasma. When the amount of these high Z impurities ex-

ceeds a certain level, energy losses due to radiation become so great

that the plasma is cooled below fusion temperature. With this in mind,

it is evident that control of the unipolar arc problem is vital to the

ultimate fruition of controlled fusion programs. Current studies, like

those here at the N'aval Postgraduate School, are aimed at discovering

structural materials and methods of surface preparation that inhibit

unipolar arcing.



B. UNIPOLAR ARC MODEL

The model described in this thesis is the one proposed by F.

Schwirzke and R. Taylor in 1978. A thorough treatment and discussion

of all current unipolar arc models; and the initiation and cessation of

unipolar arcing can be found in Ryan and Shedd' s thesis, entitled A

Study of the Unipolar Arcing Damage Mechanism on Selected Conductors

and Semiconductors.

The condition of quasi-neutrality in a plasma leads to the formation

of a sheath potential whenever a plasma comes into contact with a wall.

The width of the sheath is approximately that of a Debye length ( )

and is given by:

XD = (kT/4-me e
2

while the plasma assumes a sheath potential with respect to the wall of

[Ref. 5]:

Vf = (kTe/2e) in (Mi/2TrMe)

where:

k = Boltzmann Constant

Te = Electron Temperature

n = Electron density

Mi = Ion Mass

Me = Electron Mass
te

e = Electron Charge

and the electrical field in the sheath is the order of [Ref. 5):

i'Es "lf/XD = n (Mi/2TCMe) (_e kT )

19
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Uhipolar arcing occurs, with the plasma acting as both cathode and

anode, if the electric field strength in the potential becomes high

enough to ignite and sustain an arc. Electrons are then emitted from

a cathode surface spot on the wall into the plasma. This serves to

reduce the nearby plasma potential and less energetic electrons in the

plasma can now reach the wall, thus closing the current loop. For

this model, A requirement for arcing is an ion density increase over

the cathode spot. The ion density can increase due to ionization of

neutral atoms released from a hot cathode spot (Ref. 51.

A number of mechanisms exist that can lead to production of a hot

spot, including surface protrusions and inclusions in the wall which

produce localized electrical field enhancement. This enhancement will

lead to increases in the ion flux rate from the plasma to the cathode

spots which produce localized heating due to ion bombardment and re-

combination, and evaporation of a wall metal as well as desorption of

gases and vaporization of oil films which enter the plasma. A fraction

of these neutrals will be ionized, then accelerated by the sheath

potential and fall back onto the cathode spot. This serves to in-

crease the ion bombardment rate, acting as a feedback mechanism to

further spot heating and evaporation and to increase the electron

emission from the hot cathode spot. Sheath width is subsequently

reduced while the electric field increases due to increases in local

plasmas density and pressure Ref. 51.

The locally increased plasma pressure above the cathode spot seres

to produce a radial electric field (E) tangential to the surface
r

where 3 is given by (Ref. 53:

20
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Er = -(kT -e)(lln)(dn/dr)

This field acts to reduce the potential in a ringlike area about the

cathode spot. The lowered sheath potential allows more electrons to

reach the surface, thus closing the unipolar arc current loop. A

diagram of this model is seen in figure 1.

METALLIC GLASSES

All metals found in everyday use exist in the crystalline state,

rather than an amorphous onel because the cyrstalline structure always

has a larger binding energy. For a metal to form an amorphous state,

it must be cooled to a temperature threshold called the glass temperature.

Unfortunately, the glass temperature is always well below the freezing

point of the metal where crystallization begins. Thus, when the

liquid is cooled, it crystallizes long before the glass has a chance

to form [Ref.6].

Amorphous metallic structures can be created by vooling a liquid

metal rapidly through the liquidus temperature to below the glass

temperature. If the cooling rate is rapid enough, no time will be

available for the formation and growth of nucleation centers. Quenching

rates required for production of metallic glasses are on the order of

10 6 0°/sec for most alloys.

The primary method used to obtain these quench rates is the one

employed in the production of the first metallic glass, and is called

melt spinning. Molten metal is sprayed onto a rapidly rotating metal

disc which is held at room temperature. The liquid is thereby drawn

into a thin ribbon about three to five microns in thickness.
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The thin metal ribbon, being in contact with a relatively massive heat

sink, solidifies at an extremely rapid rate with quenching rates

exceeding ,O6 °C/sec.

Metallic glasses have similar properties to that of the crystalline

alloy. Two properties are different and may play a role in the re-

sistivity towards unipolar arcing displayed by metallic glasses. One,

there are no grain boundaries in the amorphous alloy, and it is this

property that makes metallic glasses corrosion resistant. Two, the

electrical resistivity in metallic glasses, while low, usually is an

order of magnitude above the resistivity of the crystalline alloy;

though it is about one half the value of the liquid [Ref. 71.

D. LASER MATERIAL PROCESSING

The physics of laser-surface interactions is quite complex and

shall be discussed only generally. The results of laser-surface inter-

actions are sometimes quite novel and interesting, and a number of

these results shall be discussed.

1. Laser-Target Interaction

The process of laser-target interaction, whether the interaction

takes place in a vacuum or at atmospheric pressure, follows these

steps [Ref. 8]:

a. Absorption of electromagnetic radiation within a skin depth

b. Heating and vaporization of surface

c. Electrical breakdown in vapor, plasma production

d. Expansion of plasma

e. Generation of plasma shock waves

f. Momemtum transfer to target from moving plasma
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g. Generation of shock wave (stress-wave) in target

h. Late burn off of material by the hot plasma

i. Dissipation

The initial radiation falls on the target surface and interacts

with the conduction band electrons in the skin depth. These electrons

respond collectively to the field and the energy absorbed through free-

free transitions or electron collisions with imperfections. The skin

depth is a function of the wavelength of the incident radiation (wave-

length Xj), the plasma frequency for the conduction band electrons

(wp), refractive index (k), and electron collision time (r). The

skin depth,j, is given by:

- 4%k((,,r) *

where:

= density

'a = permeability of the material

= radiation frequency

For 304 stainless, the skin depth of 1.064m radiation is approximately

260 angstroms.

As the radiation is absorbed and surface temperatures in the

focal spot start to rise, a decrease in the reflectivity occurs, en-

abling further radiation to be absorbed till melting and then vapori-

zation of the surface is achieved, with an evaporation rate given by:

R exp(-w/kT)

where:
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1_

w = 3inding energy

k = 3oltzmann constant

T = Temperature

Ionization of the vaporized material is approximately one percent (2.%)

according to the SAHA equation [Ref. 31?:

C= 1/2P. P (kTL) 441n (2-tm/h) * exp(eV/T

P and P are partition functions for the ions and neutrals.

Absorption of the laser radiation in this gas proceeds via

inverse Bremsstrahlung. As evaporation proceeds and gas breakdown

occurs, a well developed plasma profile developsy and laser radiation

may be entirely cut off from the surface. The plasma plume expansion

rate is about bO5 m/sec and the target material now starts to ablate

due to plasma-surface interactions.

The radiation pressure of the incident laser pulse and the

pressure and shock caused by recoiling material can be tremendous over

very short time scales. A simple calculation of the surface pressure

involved would show a plasma exerted pressure on the order of 1.58 X lO 5

atmospheres, with n e = !0/cm 3 , and kT 100eV using the formula [Ref. 91

P n kT where:e L

n- Plasma density

k 3oltzmann constant

T = Plasma temperature

A more in depth analysis of the physics involved provides an expression

for the surface pressure during laser-target interaction to be :Ref. 31:
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P (F T/ (Lv + CTV) where:

Fo = Absorbed power density

k = Boltzmann constant

v = Vaporization temperature

m = Mass of target material

Lv = Latent heat of vaporization

C = Specific heat of solid

Actual physical measurement of the surface pressures involved

during laser-target interaction has been done by a number of researchers.

Ready [Ref. 103 found that, for a laser energy density of 2.3 X 108

W/cm2 , a peak surface pressure of approximately 100 atmospheres was

obtained using a 303 stainless steel target. Krehl et.al. [Ref. 1.11

found that, for a laser energy density of about 2 X 109 W/cm2 , a peak

surface pressure of approximately 780 atmospheres was obtained using

an aluminum target, while Schriempf [Ref. 12] writes that a 100 Megawatt

peak power pulse, absorbed in an area of - 4 CM2 , exerts a pressure of

approximately 300 atmospheres.

With energy densities on the order of 10 i/cm2 for these ex-

periments, it is felt that surface pressures on the order of 15,000 psi

were obtained. Though the 15,000 psi pressure is below the fracture

strength of the various steels used for this thesis, it is certainly

in the elastic deformation regime.

2. Laser Processine Results

The techniques used in laser processing of materials include

transformation hardening, deep-penetration welding, drilling, laser
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glazing and shock hardening. Of particular interest and relevance to

this thesis, are the surfaces produced by laser glazing and shock

hardening.

The technique used for laser glazing involves rapidly traversing

the surface of a material with a laser beam focused so that a power

density of 104 to 10 W/cm2 is obtained at the material's surface.

Laser shock hardening attempts to work-harden materials with the blast

wave that accompanies rapid surface vaporization induced by pulsed

lasers at very high power densities, over 10 W/cm2 . Though laser

glazing was not strictly done in this thesis's experiments because of

the use of a pulsed laser, quenching rates were of the same order, while

10 2power levels were on the order of 10 W/cm

The procedure used in laser glazing results in a thin melt

layer with the substrate remaining cold. With the steep temperature

gradients involved, rapid solidification of the thin melt layer takes

place, with quench rates in excess of 108 °C/sec for melt layers of

one to ten (1 - 10) microns thickness. Obviously, with quench rates

that rapid, production of amorphous films are easily obtainable in

certain alloys.

Using the laser glazing process on M2 tool steel, with a quench

rate of approximately 5 X 10 5 °C/sec, a glazed surface layer displayed

an extremely refined and homogeneous microstructure. The layer con-

sisted of a two-phase matrix of S ferrite and austenite (T) with a

low concentration of fine carbide particles [Ref. 13J. Laser glazing
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M50 alloy steel, but at a faster quenching rate, produced similar

results with only very fine carbide particles being resolved in the

melt layer at high magnifications, and a hardness increasw of 200 DPH

(diamond pyramid hardness) over the substrate [Ref. 14].

Shock hardening techniques produce similar and sometimes

greater increases in hardness than the laser glazing technique. It has

been noted that martensite can be induced to form in the austenitic

stainless steel type 304 but not type 316 Ref. 153 by cold working;

and, it seems plausible that surface layers of martensite can be formed

by laser shock hardening 304 stainless and possibly other steels as

well. It is expected, though not in the case of 304 stainless, that

the hardened regions will be more corrosion resistant than the base

metal due to the homogenity of the hardened surface layer [Ref. 143.

Z8

Nome -



-~%7 -73 ~

III. U, IMETAL DE IG1

A. EQUIPMET

The equipment used for experimentation included a medium power

neodymium glass laser and an evacuated target test chamber, a scanning

electron microscope, and two optical microscopes; the latter being used

to study surface damage on test samples. Figure 2 is a schematic of

the laser and test chamber.

The optical microscopes were used to study the surface preparation

of all test samples. The neodymium glass laser was used to irradiate

sample targets in the test chamber, thus generating a hot plasma.

After exposure to the laser-produced plasma, each target was studied

using both the optical and scanning electron microscopes to determine

the degree of plasma-surface interaction.

1. Laser

A KORAD K-1500 n-switched neodymium doped glass laser, with a

wavelength of 1.061imp was the source of energy for producing a ho-

dense plasma over the target surfaces. A detailed description is ;i:en

by Davis [Ref. 163. Figure 2 is a block diagram of the basic system.

Me output energy of the laser was variable in the range of 0.2 - 15

Joules with a nominal 25 nanosecond pulse width. For these experiments

the laser was operated at an output of approximately S - 15 Joules on

target with focal spot sites varying from 0.5 1 '0-  to 0.2cm2 . For

metallic glass experiments, filters of varying transmittance were in-

serted. Laser total output energy was measured using a laser precision

RK - 3200 3eries Pyroelectric meter.
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2. Tarret Test Chamber

The target test chamber used was a siLx-inch cube of urc-baked

aluminum with an internal volume of 12.?, t 0.3 liters. The vacuum

system was capable of providing pressure down to 10-7 ,Torr, Laser

beam alignment was 30 degrees from the normal of the target surface

face.

3. Optical Microscope

A 3ausch and Lomb 3alplan stereoscopic light microscope and a

Zeiss microscope were used to observe and photograph th. target

surfaces. Optical manification available was from 100 to 10001, with

most work being done in the 100 - 2001 range due to depth of field

problems at higher magnifications. These microscopes were also used

to determine the depth of .nipolar arc craters after laser irradiation.

4, Scanning Zlectroa Microscope

The scanning electron microscope (ZEN) used was a 3ambridge

Stereoscan 34 - 10, which has a range of magnification of 20 to 100,COOX

with most observations conducted in the 200 !"C300 range. The -ZN

provides a large depth of field, that is much better than the optical

microscopes, and is an invaluable tool for surface damage evaluation.

Also used with the MIN system was a Princeton 3amma Tech energy disper-

sive x-ray analyzer.

3. PRO CEDMUL

The experimental procedures can be separated into three distiLnct

steps: target preparation, p2.asma-surface interaction, and surface

iamage evaluation, 7arget preparation consisted of target machini-ng

(fnecessary,', target polishing using standard mat3llographi-c



procedures, and target examination under the optical microscope after

polishing. The second step of plasma-surface interaction was then

accomplished in the plasma laboratory of the Naval Postgraduate School

using the neodymium glass laser and target test chamber with varying

pressure conditions. Surface dama j evaluation was accomplished by ex-

amination of each sample under bot i the SEM and the optical microscopes.

1. Tarzet Preparation

The targets consisted of 1030 mild commercial steel, type 304

and type 316 stainless steels, titanium, copper, carbon graphite,

HY 130, and Feso3 20 metallic glass ribbon. The 1030, 304, 316, Poco,

HY 130, and titanium targets were polished using standard metallurgical

techniques with a final polishing slurry of 0.05-4 Al 2 03 . The carbon

graphite targets were shot unpolished and polished. The copper and

some stainless steel (304) targets were sandblasted using 300 grit 34

silica at an operating pressure of 35 psi. All commercial metallic

glass targets were shot as received, with no surface preparation other

than acetone cleaning. All targets were examined optically prior to

irradiation at magnifications to 400X for comparison with target

surfaces after plasma exposure.

2. Plasma-Surface Interaction

Each target was cleaned with ethyl alcohol and then acetone

prior to being mounted in the test chamber. The target chamber was then

evacuated to a pressure of 10- 6 Torr and the laser fired at energy

levels varying from 3 to 15 Joules with a nominal pulse width in the

-switched mode of 25 nanoseconds. 3reakdown of target surface material



was achieved, producing a hot (kTe  lOOeV), dense (n. a !021/ca 3 ) V

and approximately hemispherically shaped plasma which established the

sheath potential, relative to the target surface, necessary for unipolar

arcing. No external voltage was applied.

3. Surface Damage Investigation

Specimens were examined and photographed using the optical and

scanning electron microscopes. Unipolar arc damage, if any, was evalu-

ated, crater density determined, and arc crater depth at various radii

from crater center measured. The depth of molten surface effects was

measured using an etched target cross section.

3 3
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IV. EXPERIMENTAL RESULTS

Plasma-metallic surface interactions were evaluated using targets

of types 304 and 316 stainless steel, 1030 mild (Rockwell B of 42) com-

mercial steel, titanium, Poco graphite, sandblasted copper, :HY 130,

Fe3 o3 2 0 (a commercial metallic glass), laser produced surface metallic

glasses on types 304 and 316 stainless, 1030, and HY 2.30 steels, and

Feso 20 metallic glass that had been annealled for two hours at 380 0 C

to allow crystallization of the glass to begin.

A. CONDUCTORS

i. Titanium

99.9% pure titanium targets were shot both at 10-6 Torr and at

atmospheric pressures. Laser energy on target varied from 1. to 14

Joules with a focal spot diameter range of 0.4 to 0.6mm. The main laser

crater size averaged 0.7mm in diameter with subsequent molten zone ex-

tending an average distance of 0.35mm from the main crater. Diffraction

of the laser light by the plasma created a series of molten concentric

rings about the main crater out to an average radius of !.Omm from the

laser crater rim. Total area of the plasma-surface interaction region

averaged 45mm 2, 20mm 2 more than the stainless steels affected region,

even though titanium has a slightly higher melting point (1675 0^ vs.

.595 O). Figure 3 is a photograph of a main laser impact crater

showing the outward flow of once molten material, while figure 4 shows

an example of the diffraction produced concentric rings.
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:F-gure 3. Titanium. Typical main laser impact crater
end molten surface effects (b0OX optical-)

Figure 4. Titanium. C3oncentric ri-ngs -Df moten
2ater-;a apparent2.y produced by iiffrac-Licn :1f

laser puse (200K opCtical')



Figure 5 shows an area immediately outside the diffraction rings, and

the unipolar arcs produced by the plasma surface interaction. This

figure shows an area of moderate unipolar arc density with about 570

arcs/cm 2 , with the appearance of the arcs being smoothed over due to

the flow of molten metal at the surface layer. Apparently, arcing in

this region occurred during the solidification process. It is inter-

esting to note, however, that only in the titanium was arcing found to

be taking place over the entire 1.25cm2 target surface, albeit at a

low arc density. Figure 6 shows unipolar arcs found 3.5mm from the

main laser crater rim. It is apparent that the plasma density and

temperature required to initiate unipolar arcing in titanium is less

than stainless steel, "ot the amount of crater material removed (dam-

age) and arc density per unit area is less than that of stainless steel.

Unipolar arc craters observed at a radius of 2mm or greater from the

main laser crater (see figure 6) measured 2.0 to 14.0um in diameter,

with a depth of 1.0 to 5.Gum. Irradiation of titanium targets in the

atmosphere produced similar effects, but the diffraction ring pattern

size was reduced to a diameter of 0.85mm. Unipolar arc densities were

approximately the same at the cessation of molten surface effects.F Fgures 7 and 3 show typical results for laser irradiation of titanium

at atmospheric pressure.

2. Poco Iraohite

Carbon graphite composites have been suggested for use as Zmi-

ters in fusion reactors. Poco graphite target material was supplied

commercially, and was irradiated both polished and as supplied. Laser

pulse energy on target varied from I to 75 joules/pulse. Figures

-6
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Figure -5. Titanium. Unipolar arcing at the edge of

tne molten surface effects with 570 ar/'m
(650X SZM)

?igure 6. Titanium. Unipoar arcs found at a
iistance ±f -.":mm from the -essation -of mot-en sur-
face effecta ,5CCX optical)



FRigure 7.Titanium. Molten surface effects pro-
duced by irradiation at atmospheric pressure

(24OXSEEN
U0,
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Fi gu re 3. itanium. Area a t .h e edge fZ mo Iten
sraeeffects (24OX Zl'1M



and 10 are ZN photographs at 2S0 and 14C0X magnification respectively,

of the target material with no surface preparation, while figures ll

and 12, at 260 and 650X magnitfications, show the target surface after

polishing with a 0.05 micron slrry of Al J As can be seen, the sur-

face of the material is extremely porous making unipolar arc detection

difficult. Figure 13 shows the main laser crater produced by two suc-

cessive laser pulses of 14 and 15 Joules on target (crater depth meas-

ures approximately 0.35mm) while figure 14 shows a view of the crater

center at 500X. Figure 15 is a view of the large crack, at IDOOX,

radiating from the crater center, produced by laser shock effects, a

graphic i-llustraticn of the brittleness of the material. "'o areas of

unipolar arcinug can be seen in these photos, at least no cathode spots

could be distinguished amidst the porous surface; however, the surface

appears to have undergone erosion or ablation by the plasma, apparently

revealing the microstructure of the material. The erosive effect of

the plasma can be more clearly seen in figures 16 and 17, which are

views, near the main crater's edge, of a polished carbon target that

had been irradiated at 21.9 joules. The edge of the main laser crater

can be seen in the upper right hand corner of figure 16, Ahile the ero-

sive effect of the plasma on the carbon surface can clearly be seen

figure 17 when it is compared with the view of a polished unshot sur-

face in figure 12. For the two shot secuence, surface ablation was seen

over an approximately elliptical area with a major axis of 3.13mm and a

minor axis of 7.08mm. Ablation depth varied radially wth a cessation

of plasma surface effects at a 4.07mm radius from crater center ilong

the major axis, to a 5 to 7 micron erosion iepth of the original surface

'9- ,t. "



TJ.gure 9. Poco graphite. UJnpolishedsuae
(230x SEi)

pr

iFigure 13. Poco grarlite. Thnpo2.-sned surf~ace



Figure 11. Poco graphite. Surface Produced by
pol~ishing with a 0.0 511 slurry of A1203 (26OX SZM)

?igure 12. Poco graphite. Polished surface (650X =4



'Figure 13. Poco graphite. Main laser impact crater
produced by successive Pulses of' energies of' 7- and '5
joules (5aX SEM)

'Igure 14. ?-oco graphite. View of main laser impact
crater center (500X 321)



Figure 15. Poco graphite. Viev off the crack rad-ating from main laser impact crater (10001X SE4)

rT Poogaht.Plse

,igure 16. Poc gr-~t.?ise aurface after ex-
posure to plasma. Main laser impact crater edge -s vs
:Aibe n upper right hiand corner (260X SEM)



Figure I7 Poco graphi~te. Clo~se up view of 3.fc
shown in previous figure (650X S-Di)

Tigure 13. ?oco graphilte. Main laser impact --ra-er
mdt iiffractian rings 7roduced by !I.? joule ,u:.ze

]Z lica
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at the edge of the laser crater. A polished target irradiated at 11.9

Joules, with a focal spot of 0.4mm diameter, had a main crater of 1.5mm

diameter and a depth of 0.25mm. T'he plasma-surface interaction area for

this pulse was nearly circular in shape, with surface effects noted at

a radius of 3.5mm from crater center. 3urface erosion, for this shot,

at the edge of the laser crater again was about 5 microns with a series

of concentric rings of ablation seen at the edge of the plasma effects.

It was found that the diffraction effect, seen as concentric

rings of molten metal or unipolar arcs on the metallic targets, was ap-

parent on carbon targets as a series of concentric rings of ablated

material. This tends to confirm that the rings seen on the metals are

not solidified surface waves on the once molten material. ?igure 18

shows the results of an 11.9 joule forward shot on a polished target.

The concentric rings produced by the diffraction effect can be clearly

seen on the left side of figure 18, while figure 19 shows a close up of

the rings. The shiny areas in figure 19 correspond to an untouched or

still polished surface while the dark areas correspond to the ablated

surface. The depth of ablation varied along the rings, but stayed close

to an average "peak to trough" depth of 5 microns.

One target, with no surface pr-raration, was izradiated at an

energy of 10.78 Joules and a focal spot diameter of 1mm. The main cra-

ter, as seen in figure 20, in this case was not as well defnec as the

focused shot craters were; however, the area of surface plasma effects

was approximately 30mm2 , which is the same order as the 38mm 2 Plasma-

surface interaction area for an 11.9 joule, 0.4mm diameter focal spot,

shot. Figures 21, 22, and 23 show an area abutting the edge of the
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Figure 19. Poco graphite. "'ose up view of dif -
fraction rings. Bright spots correspond two still pol-
ished areas (125X optical)

:I igure 20. Poco graphite. Thpolished surface after

f:Tcused laser irradiation at 1.1.75 Joules (260X ZDI)
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F'igure 21. ?oco, graphite. Unpolished surface area
abutting laser impact area (26CX SE14)

aigure 22. Poco graphite. Unpolished surface shown
in previous figure at higher nmagniiication (650X S2M)



7igure 23. Poco graphite. Unpolished surface, as :L
previous figure, at higher manification (26C0X 3-24)

Tigure 24. ?oco grapn.ite. rinpol- shed surface a-ea
near main laser impoact --rater ~C ~1



ma laser crater, at successively higher magnifications, while figure

24 shows an area at 1300X, .mm away from the laser crater. As in the

polished sample shots, some etching of the surface is noticeable at the

highest magnifications, revealing the microstructure of the material;

and, as with the polished samples, no unipolar arcing effects could be

discerned amidst the porous and irregular surface, only erosion effects

were noticeable.

3. Type 304 Stainless Steel

Polished 304 targets were irradiated with on target energies

varying from 9 to 15 Joules. Average focal spot size was 0.4mm n di-

ameter producing a main laser crater of 0.4 to 0.9mm in diameter (see

figure 25) and an average depth of 3Oum. Mhe plasma damaged surface

area averaged in size 20 to 28mm 2 , with an area of molten surface ef-

2fects of approx.mately 1r5mm . Figure 26 shows the periphery, 2.7mm

from the main laser crater, of plasma interaction with a unipolar arc

crater density of 300/cm . Craters at a distance of 2.5mm Irom ma.i

crater rim measured from 3 to 10urn rim to rim diameter, and had a depth

of I to 6um. Crater densities close in to the main crater appear to ex-

2ceed 1C0OCO/cm as previous researchers have noted [Ref. 4.. Figure 27
shows the result of laser pulse diffraction by the plasma, producing

concentric rings of molten material about the main crater.

A number of type 304 stainless steel targets were sandblaszed

rith a 300 grit of S% silica ontent, at 35 psi, to determine the sus-

ceptability of sandblasted steel to nipolar arcing. 'I-gure 28 shows

a typical surface produced by sandblasting stainless steel type 3C4.

After sandblasting, a target was irradiated with two laser pulses of
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Figure 25. 3014 Stainless. Main Lnpact crater
(i:lcX ZEN1)

Figure 246. 304 3'taiess. TUnipolar arcing at 2. 'm
,r ai'n laser impact crater (5C' =M~)



Figure 27. 304 S-tainless. Tyjpical molten surf'ace
effects and diffraction pattern (130CX SZ1M)



Fi'gure 28. Sandblasted 304. ThjpicaJ. surf'ace str':,c-
ture -Produced by 3andblasting (220X =4)

4.

- - w .

3- u r 9 adlse 0.7-wletr ) c-e



energes 9.33 and 10.68 Joules at the same focal spot. This two shot

sequence was dcne to facilitate finding the main laser crater amid the

extremely rough surface. 7igures 29 and 30 show the central area of

the main crater, while figures 31 and 32 show tylcicai molten surface

effects approximately 1.0mm from the main -rater center. As can be seen,

it is extremely difficult to find evidence Df unipolar arcing amid the

rough surface and ' _ter. :t is apparent that the unioclar arc density

is iower i e sand'--±se- ta et however. Unipclar arcing was noticed

at a density 3fo r::iaey arcs/=2 at a distance of approximately

1.5mm from crater :enter; -.cev , beyonu -his distance almost no uni-

polar arcs could be find. - felt tha*. the arcs seen were formed

predominately on the 3eco r; , c after the sandblasted surface had under-

gone melting. It is thught that .he sandblasting leaves a few atoms

thick coating, along with a large number of embedded grains, of Zic 2

on the steel surface which, in turn, acts as inibitor to arc n4tiat-ion,

even though there are a large number of Jagged surfaces produced by the

sandblasting that act as electric field enhancers. :,iore 3shows an

area (4.5 from normal) at -he edge of plasma-surface interaction effects,

while figure 34 shows a corresponding x-ray spectral analysis of the

area. A silicon line is shown, though this cannot be attributed to 3 4iC

since 304 stainless has a maximum Si content of 1 0 by weight. 7igure

35 shows an area (450 from normal) immediately beyond the plasma inter-

action area. Corresponding to figure 35 is figure 36 which shows

scin-tilations produced by x-rays from silicon in that target area.

I.
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: -Jgr 30. Sadbase "'4 4oeu r-- o ole

surface eff'ects (520X M4)

32tgure 31. ],and'iasted 304.. ,!ct.en surface ?.fects
seen at 1.3mm from maLiri crater center (~XZZ4
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Figure 32. Sandblasted 304. Area of previous fi-g-
ure seen at higher magnification (2O0OX 3:24)

W-0~

410'

Figure 33. 3andblasted 304. Area seen near cessation
of molten surface effects. note unipolar arc .n upper
right hand corner (2200X 7E4)



Si Mfr Fe

Figure 3,4. 3andblasted 3-04. X-ray spectrum produced
by area in previous figure. Lines (left to righ ) are:
aluminum, silicon,, manganese, chromium, iron, iront and
nickel.
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Mr$ 130 is a 5 "i-Cr-Mo-V steel containing less than 0.12 per-

cent carbon and has a minimum yield strength of 130,000 psi, and a high

degree of toughness. The microstructure is predominately tempered mar-

tensite, with the steel being developed for use in the United States

:Iav' submarine hull construction. Target material was obtained from a

thesis student of Professor hallenger and was cut from a cast block

with a hardness of Rocwell 0 32, and a composition as listed in Appen-

dix A. To the knowledge of the author, this is the first time that a

toughl, high strength, martensitic steel has been tested for suscepta-

bility to unipolar arcing.

One polished target was irradiated in the target chamber at a

pressure of 10- 6 Torr, a focal spot diameter of 0.35amm, and a laser

pulse energy of 12.14 Joules. The main laser crater shown in figure 37

measured 0.56mm in diameter and had a depth of 15 microns. Three uni-

olar arcs can be seen immediately outside the crater amidst a surface

-where sputtering had apparently revealed the martensitic microstrUcture.

The two larger unipolar arc craters shown in figure 37 measure C.C95mm

in diameter and 12 microns in depth. Plasma surface effects were noted

over an area of approximately 5mm only one quarter that of stainless

steel at the same pulse energy and focal spot size. Figure 38 shows an

area where the left side of the figure is 0. 5mm from the edge of the

main crater rim. The area shown covers 0.64cm2 and shows 27 arcs aIon

care.^al search, which corresponds to an arc density of 42 unipolar arcs/

2cm . The largest arc craters shown in this figure have a diameter of

1.267mm and a cathode spot of 0.010mm diameter. ?igure 39 shows an area

5.3



?, igure 37. :-ir 130. Mai laser iLmpact crater re-
suing from a 214joule focused pu:.ze (16X :tc

:.5=C fr-. -mi.-s.--r 7e
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at the opposite side of the main laser crater from figure 38, where the

top edge of the figure lies 0.75mm from the main laser crater rim. The

2 2area shown covers 0.51cm and has 20 unipolar arcs or 39 arcs/cm.

Come plasma erosion of the surface is apparent showing the microstructure

of the steel, though che erosion is not as severe as that near the main

laser crater. The largest unipolar arcs in this figure measure 0.076mm

in diameter and hiave a cathode spot size of 0.013mm diameter.

Figure 41 is a photograph of the polished surface of cast HY 130

showing a porous surface typical of cast steels. It is felt that the

large cathode spots seen were initially pores in the surface that

served as initiators to unipolar arcing and that the large diameter of

the spots was at least partly attributable to the pore size. It appears

that the number and distribution of the large arcs corresponds to the

number and distribution of the surface pores.

The material removed from these super sized arcs may be as

much as 100 times the amount removed in a typical stainless steel uni-

polar arc. :t is important to note, however, that stainless steel arc

densities can easily approach or exceed 100,000 arcs/cm2 at a iistance

of 0.75mm from the main laser crater with 12 J-ules on target, as com-

2
pared with the observed 29 %inipolar arcs/cm at 0.75mm in :i7 130, with

six of these being "super" arcs. igure 40 shows the largest -zinipolar

arc found on the HL" 130 target, an arc which measures D.14Cmm r.n to

rim, has a cathode spot of 0.023mm diameter, and was found at a --

tance of 0.30m from the main laser crater ou-er rim. Even taking

these "super" arcs into account, assuming they contribute approximately

1:0 times the material to the plasma than an average stairnless steel

6C



?'Igure 39. =7 130. Tot) of fire is 3.7'mm from
main laser crater. Note extremely .arge arc craters
(16QX opticl

II

Figure 4.0. a" .0. ..arges-. -iri4po..Lar arc (found at tc z
measures D.40mrm diameter wiha c-athcde spot o f
32.mm :ZCOX Optical)
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unipolar arc, the material contributed to the plasma via .nipolar

arcing from 'r! I30 was at least three orders of magnitude less than

that of type 304 stainless, a substantial decrease and one deserving

a more thorough investigation.

5. Copper (Sandblasted)

One copper target was sandblasted using the same procedure as

that that was used with the 304 st-inless. Again, grit size used was

300, with operating pressure of 35 psi. After sandblastLng, the target

was irradiateu with two laser pulses of 9.53 and 10.55 Joules in the

same focal area on target. Again, this was done to aid in locatng,

with the SEM, the laser damaged area amid the extremely rough surface.

Figure 42 is a photograph of an area near the main laser crater center.

The total area of molten surface effects was approximately 1m 2 but no

measurements of crater depth and diameter were possible due to the

roughened surface. Figures 43 and 4 show, at successively higher mag-

nifcatons, an area near the center of laser effects. These figures

show extensive melting cf the surface and a number of u-nIpolar arcs;

however, even at the center of the plasma effects, there were areas

that showed no Literaction effects. Figure 45 shows an area approxi-

mately 1mm from the cenrer of plasma effects. Again, extensive melting

of the surface could be seen, however, no unipolar arcs could be seen.

The effects noted above were Ln keeping with the theory that an

2 iO2 coating on a conductor will inhibit unipolar arcing. Comparing

these results with those of Barker and Rush's :Ref. 171, who irradiated

po.ished ccpper, the amount of plasma surface :iteraction was much less

;n the sandblasted surface. 3arker and Rush found that, for a 3 joule

6 3
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Figure ;+2. 2andblasted copper. View of main laser

impact crater (530X SZM)

!a. 4.

Figure 4 3. Sandblasted copper. 7ncreased magnii-

cation view of main crater (vCOX ZZM)
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focused pulse, the total damaged area was 3.14mm 2, w1hile 20 joules on

2
a sandblasted surface damaged 12m 2 and produced few unipolar arcs.

Figure 46 shows the irregular surface produced by sandblasting, while

figure 47 shows the silica concentration at the surface seen :n figure 45.

6. Type 316 Stainless Steel

A single polished target of 316 stainless steel was irradiated

with a pulse energy of 12 joules and a focal spot iiameter of C.3mm.

-he elliptically shaped laser crater produced by this pulse is shown inu

figure 48. The dimensions of the main crater were 0.Atom minor axis, and

0.7mm major axis. Depth of the crater varied but averaged about 20rn.
0

The total area of molten surface effects was aproxima ely 12mm-,

2about 3mm less than t-he average 304 stainless molten area.

Figure 49 shows an area, located near the main laser crater rim,

and is a typical example of the plasma produced molten surface effects.

3ome unipolar arcs that were formed very early after plasma production

and then "washed out" by ensuing molten surface effects can be seen.

3gures 50 and 51 show the arc densities obtained at radii of 2 and 2.7

mm respectively from the main laser crater center, with a unipolar arc

22density of *0/cm -or figure 50 and 350/cm for figure 51. Of note

are the numerous craters, varying Ln diameter from 2 to 4 microns that

appear to 'lave formed very early after plasma initiation and had their

crater and cathode spot eroded over by latter olasma effects, suggesting

that arc Lntiation was easy for some reason, but that arc cessation

was rapidly obtained.

at
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Figure 43. 316 3tainless. mai laser =npact crater
24OX 3DI4'

iur e 9.316 2-tair-ess. 7homica! molten surf ace
effcts7:)oed '-y irradiation ,&C'5X Z-14,
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7. 1,00 Steel
One polished target of 1010 steel, with a hardness of 42 on the

Rockwell 3 scale, was irradiated by a laser pulse with an energy of 1.6

Joules and a focal spot diameter of 0.3mm. A main laser crater, seen

in figure 52, with diameter of 1.2m and a deoth of 25 microns, was

produced which covered a considerably larger area than the stainless or

HY 130 crater areas. Molten surface effects were seen over an area of

approximately 15mm 2; howeverp with a cessation of uripolar arcing about

3mm from main laser crater center. Those numbers correspond almost ex-

actly to those of 304 stainless. ?igure 53 shows an area that was ap-

proximately 2m distant from the maLn laser crater with 48 unipolar arcs

appearing in the 7.3mm2 area; which corresponds to an arc density of

2
615/cm , a density closely paralleling that of the stainless steel

targets at the same radial distance.

3. .TAILI,',3LAS "

For this part of -.he experiment a commercially prepared metal 4ic

glass alloy Fe,03 20 was irradiated a- energies ranging from 1.2 to 15

joules, with focal spot diameters va.rying from 0.4 to 5rmm. Also, at-

tempts were made to produce metallic glass-like surfaces on "Y 13C

steel, 103C mild commercial steel, and on type -04 and type '16 stain-

less steel, and then irradiate -hese -lass surfaces to determLne their

susceptability -o xnipolar arci'ng.

Two dif-erent approaches were taken n an attempt o roduce metallic

glass surf-ces on 304 stainless, 316 stainless, 1030, and HY 13C see7s.

The first approach was to discover 'he ener-y density required for :n-

set of p-asma production n t e metal, and then irradiate the surface

_C



Tigure 52. 1030( 3teel. Main -aser impact crater
(25X ' P4

7igure 3. 1230- Zteel. -thizoar arcs focund at, 72.Jn
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at energy densities just below this value. Ryan and Zhedd :Ref. 4]

reported that in type 304 stainless steel they were able to produce

areas of surface melting without plasma production, and that these

surfaces resembled a metallic glass in that they were more resistant

to etching than the surrounding metal surface. his approach was taken

only with type '304 stainless as it was deemed ineffective for production

2of areas larger than 0.03mm

The second approach was one of brute force but one which 4s be-

lieved to be basically sound. Zach target was irradiated at energies

varying from 3 to 15 joules with focal spots of approximately 0.mm

diameter, -with 3 to 7 shots in close proximity; thus producing large

areas of molten surface effects. it was thought that these areas should

be similar in structure to metallic glass, or, if not, should be of very

fine icrostructure and free of any surface contaminants that aid in

unipolar arc initiation. Ln fact, using a theoretical model as was

done by Krehl, Zchwirzke, and 3ooper [Ref. 11',.it was found that fr

stainless steel, the time between surface melting and resclidification

and return to room temperature starting at the arrival of the incident

pulse was approximately I millisecond, which, with a melting temperature

of 1595 C, gizves a cooling rate well in excess of l,'00,CO0 / second.

T"he 1 millsecond value should be regarded as an order of magnitude one

since assumptions made for the model assume incident unifor radiation,

a one dimensional heat flow, all incident energy absorbed and no

shielding by a plasma layer at critical density, and that the thermal

properties of the steel do not change with temperature, nor that

undergoes a phase change and that the laser pulse is Gaussian.

72
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The equation for the change Ln temperature is given by:

4F -1 ( . q e -
AT(ztt) exp

q=l 2

( 1) d z

nr (q - 1)kt (q- Si)i]rf

L 7

ierfo .(2n 1) d + z - .(- q)T] X
2 t - ( q - j) ] 3 :

(ierfe (2n + 1)  d -z erfe (2a 1) d z)

where 2S and P define a pulse width and amplitude or a rectang.ar
0

pulse having the same energy as the Gaussian laser pulse, and the

Gaussian pulse as a sum of q columns of equal width . K is -he

thermal conductivity, k is the thermal diffusivity, q = 2S/t is the

number of columns, t(sec), z is the depth (=r) from the far side -'

the target of thicakness d(cm). Values used for 304 stainless were
t= 5nsec, q = 5, K = 0.5 w/cmk, k = /sec, and = cm

Tor a thorough treatment using an aluminum target see Nrehl, Schirzke,

and Cooper [Ref. 16]. Also, as was discussed earlier i Tuap-er

this thesis, transient surface pressures were about 104 psi at -.h

focal spot iue to radiation pressure and reco-i of vaporized oaeria.

These radical temperature and pressure changes, it was felt, :nculd

produce a metallic glass surface layer or, at the very leas-, a hard

surface layer ith an extremely fie Mirostructure.

T
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1. Metallic Glass Feo320

Four shots were made with a 5mm diameter focal spot and en-

ergies on target of 8.1, 8.6, 9.3 and 10.6 Joules. At these energy

densities, there were no discernable plasma effects noticed on these

samples when compared with an unirradiated sample of the metallic -lass

alloy. A shot was then made with a focal spot size of 0.4mm and an

energy of 11.25 Joules. The laser shot burned through the ribbon,

creating a hole of 1.0mm diameter, and a small amount of splattering

confined to within a 0.35rm radius of the edge of the hole. There is a

significant amount of surface melting within the 0.3r5mm radius, and a

small number of what appeared to be unipolar arc craters formed when

the alloy was still molten; however, outside this zone, no evidence of

unipolar arcing was found with the surface being examned at magnifi-

cations up to 210OX. Figures 54, 55, and 56 show areas, at successively

higher magnification, immediately outside the main laser crater. The

arc craters n these photographs measure from 6 to 20um in diameter

and are comparatively widely spearated.

A sample of the FegB 2,o metallic glass was taken and anneaL'ed

at 38000 for two :hours, as per Walter, et.al., [Ref. 131 to initiate

crystallization of -he metallic glass. This sample was then rradiated

at an energy of 11.7c Joules and a spot size of 0.4mm. The hole created
by the laser pulse was again 1.0rm in diameter with splattering ou to

a radius of 3.5mm from the edge of the crater. Figures 57, 58, and .59

show areas, as before, at successively higher magnification, 2.3 -.c 1.mm

outside the hole *urned through the ribbon. As can be seen, arcing

has occurred and at a greater density than -he unannealled Fe 0c20.

%_
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produced by beam irglrtpadtenab ufc

effects (500X SIM)
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Accordin-g to '.alter, et.al., 7Ref. 121, the annealling process ini-

tiates rocrystallizatic n -with elliptically shaped crystal~s of approxi-

mate y 2. micron in diameter being produced. :t is felt that these

recrystaLlized sites provided areas for which unipolar arc :,1iti4ation

is easier than the amorphous areas. Thus, arc densities were high-er

in the annealled sample than ini the unannealled Te. 0 32 metallic glass.

Of note is the fact that unipoiar arcing appeared in the anneaLled

sample at I.J =m radius from the mai crater, while in the unaneIed

samples no a-rcing effects were noted beyond the immediate edge of the

mai-n laser crater.

2. Type 304 3tainless Ztelel

The frst atemps to produce meta -i glass surface on 304

stainless in-vol.ved determining the energy density required for the on-

set of plIasma -;roduction whi-ch initiates uni:olar arcing, and then i-

radi.ating a target at an energy density sufficient to produce surface

me.L.ing but without a plasma. :.o accompli-sh this, the laser was focu~sed

to a 0. 5mm diameter snot size and -,as then fired at targ-ets wtate

lae ulse filt-ered for each shot, at successively lower levelis of

pulse transmittance and, therefore, successivy loe Onryle ls

A photograph was taken of each laser pul se-target iteraction continuing

at the successively lower energy densities -untLi: a pl-asma :oo'Lln not --e

seen in the zhctogzra:Dh. The camera for -jnotographing the lsrtre

interactions was a Polaroid C -B, sins an A2A 32CC ?olaroid film,

ith an f-stoo 3etting of 3. 3iur 0 and 61 show tectf ~

tained, while figu~re 62 shows a t-roical_ spot shape and '-urn :a-tern

-zbta.ied a-. these low energy densities. it was fou-.nd th1at th'-e anergy

7?I
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?igure 62. 3C4 -tair-less. .- i-,al b:urn czr.en
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densi~ty required for the onset, oflasmia 7orCdUotion ies around _

.Megawats/ cm ; however, the figure obtained Is o)nly an ap-)rox4uzate

one, since the icident radiation was assumed distrributed un" ory

and hot. sot.s -and beam irregularities could not be taker. :.ntQ- account.

I 3;C4 st ain-less target .;as then irradiated at an eaner-gy ien-

sit.y Df approximately '7 Megawatts/cm 2 , then e.tched electroDlyticll an

exaaLned. Areas of tossible metallic glass crocduction were -zser';ea;

hiowever, te largest area obtained measured less than 3.1mm fn di ameter

and; was deemed to3 be unusuable in any attempts to 4etermi-ne -.he sus-

ceptabili-ty to unipolar arcing of stailess steel metgla-s. --he results

.:rom those first attempts brought aboutv the brute force at tempt, wIZItn

t he thought that thae areas around the mai laser crater and alzo a-

rounL-d unplarcs, due to their short tim -n molt.en state, thfem-

se..ves shoul.d be of a metalI -c glIass form. Liti_-_-ally,, a thr-ee laser

shot secuence was done on a polished 304 st-arless target. _.c shot, S

of and 1C joulas e nergy and focal spot, diamet ers of 3. =m, -were made

wih t'-9 ris i-fte two resultin4g mai.n laser craters lyin-wihi.m

3of each other. A' thi4rd shot, with an energy of !'I jouLes and C. m=

daameter focal spot, was th1,en made -ith the result that the fart hest

edge of the 7:reviously mentioned rings produced b-y diffract._on of -.'-e

tidlaser pulse ab,.tted the mai'. crater rim from th.e second sh.ot 'see

app endi4- 2 for s:hot seayence digrns. gres &3, 64 , and _.5 shnow

thI-e main laser crater area of shot. number t.wo,, after all t-hree shot.s, at,

success:e..y 1-ighier magnifications. T:he diffraction rings -oroduced b-y

the thid hot wculd li:e amzmeiately Dutside and to the rih nfig

urodO l7e -revious three fig;ures shou... o-e -compared with 1i4urS
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'6, 6~71 and 6.8 which show =nipolar arc dnite prdce 1ysotn4

Iber taree directly apposite of' main laser crat er two and at a istance

.;here niasma surface effects should be the same, again at successively

hihrmagnifications. It is obvious that the density of Lnipolar arcs

is much less in the area that had been subjected to raiD4, surf ace

melting and resolidifi-cation and it is interesting tO not.e :iat, seen

at the hZighest magnifications, it appears -..-att .e plasma .as .ad an

etching effect ,,n the steel. :7igires '09 and 7C sho:w the zeu .- s 3f

oxac acid etching the surface produced by laser g;laziJng. 7:ae autliolr

aas unable to internret these etching resul.ts.

A1 reneat, o f the linear three shot sequence -witha a distan~ce :f

2.5mm between successive crater centers -.ro-duced s- mnLax reslts,

though anipolar arcing was much more apmarent this tine in crater num-

ber t,,;o. 746-re 71 shows an area ofmolten effects p.roduced b-y shot'

number two, ri-_;- -a left edge -,f the figure lig2.::= frcm -.he cen-

ter of Main -aser crater number thlree. i74gure 72 shows an area lying

diarectly cnm.osite --rater two, with, t.he midpoint of the fagure t-ean*g

2.,:m= from shot number three. Again, though some new unazo..ar ar-cs

are noticeable In figure 71, their density Is much less than that seen

:_n fagUre 72.

3ecause if t-hose results, an experiment. was -indertaken wiha

Polished 30C. stainless target boein'g irradiated by a Ilne or seven Znot

;equence (isee -1oendix 2 for shot sequence and -cositions', with the

idea that the seauence would prod~uce an e--xtremely large -.rea :;f mol ten

=urface effects. t' was fel t that- th e -is t fve shot sbcl rvd

a conti-nucus lie of molten surface effcts and that -te last -:wo; sr o ts
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Figue 6. 30 Stirdss. reashon in~reiAt

4E
S 4
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Figure 72. 3O4 3'ain'css. Thzipo..ar aice ng 2.cmn
fom the thn..a laser puls..e (26oL s1)m
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would provide the test plasmas for ieterminat.ion of urxipolar _-rc sus-

cectacbit4y of the laser glazed surfa(!e. 'After shots 6 and 7,-he saz-

o'e was examined under the 3S4 at magnifications uu to 21C0X. Thnipol.ar

arcs could be found only at distances jreater than 31mm from t.he ;ent.er-

I ne of the molten surface e±'fects,with the glazed surface visually

similar to that of; the zommercia. metali g.-.ass Te_3 Z.IP

714p 75,9 769 77, and 7S show the resulting surface structu*re, :;roduced

by the seven shot sequence, at various areas and a-t successivel.y 'libher

magnifications. athode spots from x-Upsolar arcs that have been l"glazead

over" are visible; hiowever, no new .nipolar arcs were found on this

surface. .7igure 79 shows the typical arc densities found outside the

glazed area with the bottom of the figure being at an approximate dis-

tance of 3mm from the -enter of the "glazed"7 surface.

After examinations of the surface were completed and poogah

taken, the target sample was cut with a low speed diamond saw so that a

cross section Df the glazed area was :bta.ied. Af"ter pol isaing w-it-h -a

'.05 micron slurry of U2 G31 the sample was e-toned electrolytically

usig 10 grams of )xali-c acid Ln IOCC -l Df water,, and then examined

3pticall7y to determine the extent of laser effects (iJf any), from t he

seven shot sequence, into the sta.,inless. Tigures 3C, LP, 32, '-33, and

314 show, at 500t, the etched cross section at various zoints along the

laser-target interaction area, with the black areas at the top being -the

bakelite mounting material, and the laser glazed surface aibutting the

bakelite. :mmediately noticed, was the horizontal line runnig almost

the entire length of the zross section approximatelY 5 microns belo w

the lser-ar~tsurface interaction a-rea. ti huh htti
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Fi:gure 74. 304 Stainless. Same surface area as nDre

v-ious fiG-ure bcut at hiLgher magnification (260Y 2!
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Figure 76. 304 Stainless. Sane surface as nrevious
figure but at 'higher manification (GS5OX Sr-I)
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Figure '17. 3104 St ainless. Another surface view frcm
seven pulse sequence (630OX fl4)

L-



Figure 78. 3J 4t tatni1e s s. ose upit of molten surface
effects from seven pulse sequence, same area as in cpre
vious figures but at --reater :azfflfi c--ation t3oOX 3-:11)

' igIwe 7?.70 4 Q ta.n.ess. Un-ipol ar arci.ng seen at
cessatno mo ',-en surface effectzs fozr seven-oulse
sequence (2&CXZ £2)



crac ,e 0*X, t fc .

P*

Tgure 30. 04 Otaiiless. Ethe ross secoloro f~
seven-oulse se3quence. :;cte crai -srctr-e rossesi
crack sec-ne (0cX ; tical)



atel totelftatXoloi

4S\4

rS *4 - eM

tenin Lase cte surfae inO previou ci-r-Le



Thgur~ ~4 304. 3ta ....... teset~r

Ak



'-ze :s crcall a subsurface crack vwithl 4its Jc-cs -2'4 .e uac

*.aryirng fr,:im 't Imcrcns. zamirat-Ln if -,-- cracL -c.ws e,14 .nc-,

tAf ista---,4-g azmea'eda aicr- stric- u re --xtendJ-g aCr-os- -the zrack.

.ovever, n. cystaLL ne 7~tr2 a vfaenceu :;y -ra'. udarzes :u

'-- it'scerned anr-where mufi".i icrons if thle surface. 71-,4 ca-n b e

-,asi4ly oceez L, the Left :,-4e of fiure 0

__ so en :_n th iue sa -ayer-.-:, afec zho asce-ar s -,c

start ~ ontae Cessaaon vcc:aesa.s te irsrcue

a-,c-ears to -eg:i at te surface an.-,'e~c

:: nc ea -a-ia, u never beycna thae crac- edooth.

- is . srac~ was, created 'by a Dc~ntc f thestc

-. ~arte -:rface durin - aerirdat. and :.

~~~~- myeo~n~ atera.. conte zac f h

az -'lotr :s'cm c--ack zide )ftitae.

zz *-a;e reunmga:z:iaez irosecond --e ad~~ ,:ts

rr c-:..a ftans surac '" - m- olte, --ut ' z a

Orn ccn s ti-l crytaline 3 ~e e necsz.

at. east, a 6l 10 /C:ne-er te-=nerature a~aon nd:. ~c~w

zreated thie crack. 7-e aingeffect, zscen cr :c O .3 ec~

3ress -wave :=nmern on -:.-e stee- 'r.-e Ct cc7 jnse-c at

tcStAs .s not a certr- .

Attomrts to *exa--e t-e susceztab4' -y as-r 7c-azcas u:a -s

an isdsalSS t u n 4 7:, arci.ng wore s a e-oa-;. coac.

nicue sedonCsa..o. ctrest s ecunso ce : aue l

3a-m anc -SCO..,n --



I AD-Alli 094 NAVAL POSTGADUJATE SCHOOL M4ONTEREY CA ~F/ WEL'

S AN INVESTIGATION 0, u4IPoLAR ARCING IN VARIOUS CONDUCTORS AND N-ETC(U)*huuuhuuuuhuVEENCEEESIFIEEEN



The results of one of the linear three shot sequences, where

main laser crater centers lie approximately 2.5mm apart, are shown in

figures E5, 36, 37, and 33. .igure 35 is a photograph of the center of

the main laser crater frcm the third or last shot. It shows an etching

effect probably due to sputtering, as did the 304 stainless, and was

used for comparison wi-th figure 86, which shows the center of the crater

from the second shot. Seven new unipolar arcs can be seen in figure 36,

which should then be compared with figure 87. Fgure 37 shows an area

of unipolar arcing that is 2.5mm from the center of crater three,

opposite of crater two. Figure S8 is a photograph of an area, outside

of main crater two, lying approximately 2mm from crater three's center,

and shows no new unipolar arcs.

Results from the first three shot sequence were similar to those

of the second sequence, with the density of new arcs being produced on

the "laser glazed" surface being less than the arc density on the pol-

ished surface given equal plasma densities over both surfaces. :o

large differences were noted when comparing 304 glazed surfaces with

316; however, as noted previously, polished 316 seems to arc over a

slightly smaller area, given the same laser pulse energy, than polished

304, so it would seem that a 316 glazed surface should be more unipolar

arc resistant by a small amount.

Only one three shot sequence was made on an rZ 1310 target

sample. Two shots were made such that the resulting main laser rims

were separated by C.25mm, and a third shot, to create a test plasma,
was made 2am away from the second crater. Laser energy for the first

96



e , 'A"ti:,-..- .:.. ..

7igure 35. 316 Stainless. View (center) of main
laser impact crater resulting from pulse three
(650X S&4)
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Figure 86. 316 Stainless. View (center) of man
laser impact crater resulting from pulse two and after
exposure to plasma produced by pulse three (650X Sl)
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Figure 87. 316 Stainless. Unipolar arcing seen at

distance 2.5mm from main laser impact crater number

7A,

Figure 33. 3116 Stainless. Moten surface effects re-
sulting from pulse two, 2m from main 1laser impact crater
of pulse three, after exposure to plasma produced by
pulse three (6501 SEM)



two shots was 1]. Joules while the third shot was one of 12 Joules.

Focal spot diameters were all 0.4mm. Figure 89 shows the area between

the main craters of the first two shots, while figure 90 shows an area

outside of main crater two, with the left side of the figure approxi-

mately Imm from crater three. Both figures show a plasma etched surface

revealing a martensitic icrostructure, an effect that was noted in the

previous section on I 130. N1o unipolar arc density reduction effect

was noted on the glazed surfaces when compared to the one shot polished

surface arc densities; however, since there is a paucity of unipolar

arcs found in the few HY 130 plasma interactions studied, no real com-

parison can be made. It is believed by the author, however, that very

fine or martensitic microstructures will be proved more arc resistant

than the coarse grained structures; and that, by glazing the :lY 130,

one obtains a surface of refined martensite, which could be more uni-

polar arc resistant than HY 130's regular microstructure of tempered

martensite.

5. .0-0 Steel

As with the 316 samples, two three-shot linear sequences were

fired at polished 1030 steel targets. Both samples had a hardness of

42 on the Rockwell 2 scale and had a coarse microstr cture predominately

of ferrite.

For one three-shot sequence, the first two laser pulses were

both Il joules, had focal spot diameters of 0.3mm, with a distance of

1.25mm between resulting main laser crater centers. A third pulse of

!1.3 Joules had a focal spot of 0.35mm diameter. The main crater pro-

duced by this third pulse was I.5mm from the crater produced by the

?9



Figure 89. HY 130. Area between and around main
impact craters from Pulses one and two (2.OX optical)

-IR

Figure 90. HiY 1.30. Area near main laser impact
crater number two (500X optical)
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second pulse (center to center'. Figure 91 shows the main crater of

the second pulse after it had been exposed to the plasma produced by

the third pulse. Surface area seen in this figure is approximately

0.75rmm2 with several hundred new unipolar arcs seen. Figures 92 and 93

show areas of crater number two at 600X. As in other samples, these

two figures seem to show a surface that has undergone etching by the

plasma. If this is the case, then the microstructure for surface material

has been refined considerably with the photographs showing a martensitic

microstructure. For comparison with the arc densities shown in figures

92 and 93, figure 94 has been provided. This figure shows an area ly-

ing 2.0mm from the third main crater and directly opposite from crater

number two. Unipolar arc densities in figures 92 and 93 are less than

seen in figure 94; however, the few arcs in the figures 92 and 93 are

much larger than those in figure 94.

A second three shot sequence was done with the first two pulses

having energies of 11 and 3 Joules, and the third having an energy of

:0 Joules. The ma.ia laser craters for the first two pulses lie 1mm a-

part (center to center) while the third pulse producing the test plasma

created a main crater that was 2.5mm distant (center to center) from

crater two. Figure 95 shows the main crater produced by laser pulse

number two; while figure 96 shows an area, in main crater two, which was

approximately 2.6mm from crater three. No new unipolar arcs were seen,

the few "washed out" arcs seen are the result of the first laser shot.

Figure 97 shows an area on the opposite side of pulse three's main

crater from crater two, with the bottom edge of the figure being approxi-

mately 2.4mm from main crater three's center. Apparently, the lower
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Figure 91. 1030 Steel. Main laser impact crater of
pulse two after exposure to plasma produced by pulse
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Figre ..030 Stel ose up of area in mai
crater two (ECOX Z:3i)
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Figure 93. 1030 Steel. Close up atf area in main
crater two (60ox SEM)
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Fi2gure 95. 1030 Steel. Main laser impact crater pro-
duced by pulse two, af~ter exposure to plasma produced by
pul~se thr~ee; L2i second three-shot sequence (120X SI214)
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Figure 97. 1030 Steel. Ikiipolar arcing at distance
of~ 2.1+= from main laser impact crater three (1100X SM)



plasma density produced by the test pulse of the second sequence in

crater two vas insufficient to initiate unipolar arcing in the glazed

areas of crater two. The higher plasma density, due to the fact that

the test pulse in this case was closer to the glazed area, of the first

sequence, was of sufficient density to initiate unipolar arcing in the

0,glazed" surface; albeit at a lower arc density when compared to a

polished surface exposed to the same plasma density.
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Tha " ork on this thesis was directed towards discovering the degree

of unipolar arc damage on various materials when they are exposed to

a plasma environment, and to discover methods that can be employed to

impede unipolar arc initiation in materials that arc heavily. To this

end, the following conclusions have been made for the materials tested:

99.9% pure titanium, which is used on some components in the plasma

environment of Tokamaks, exhibited the greatest propensity towards

arcing of any of the metals tested. Molten surface effects covered

approximately twice the surface area, per Joule applied, than the area

of effects on the steels. Unipolar arcing was also seen to occur over

the entire target surface. This implies that titanium should not be

used in any plasma environment where contamination by high Z elements

is of concern.

The carbon material tested showed no propensity towards arcing, at

least no cathode spots could be discerned amid the porous surface; how-

ever. the erosion of the original surface was quite pronounced. For

an 71.9 Joule focused pulse irradiation, excluding the main laser im-

pact crater, the volume of material removed by the plasma was approxi-
mately X.6Cmm3 . This value assumes a circular interaction area with

a 5um erosion of the orig-nal surface at the edge of the main laser

impact crater, no erosion at a 3.5mm radius, and the amount of erosion

varying linearly as a function of the radius. The volume of material

removed from the main impact crater was approximately '.A4mm'. This

C7



indicates that sections of Poco graphite probably will erode "rapidly"

if used as a limiter in fusion reactors, and may have only limited

utility in a dense plasma environment.

Of the steels tested, both stainless types and 1030 exhibited

approximately the same high degree of susceptability to unipolar arc

damage, though type 316 stainless does exhibit a slightly lower density

of arcing at equivalent plasma densities. The one steel that showed a

low susceptability to arcing was HY 130, though once a unipolar arc

did initiate, it apparently tended to burn long and vigorously. This

tends to' confirm the model of arc cessation put forth by Ryan and Shedd

CRef. 41, which essentially states that the material removed by arcing

from the crater area and enters the plasma, serves to cool the plasma

until it no longer has the sheath potential required to sustain the arc.

With a five orders of magnitude lower arcing density in H 1.30, when

compared to the other steels, it is apparent that more plasma energy

can go into each arc, enabling that arc to burn much longer than a cor-

responding arc in stainless before the sheath potential is reduced

enough for arc cessation. The reason for the low arc density in HY 10

is unknown.

Sandblasting appears to be a viable method of reducing the density

of arcing on a material, as long as polished surface smoothness is not

a prerequisite for use of the material. Unipolar arc density was re-

duced in both copper and stainless steel samples tested after sand-

blasting, with few arcs seen beyond a radius of 1.5mm from laser impact.

I0S



It is felt that the SiO2 surface coating produced by sandblasting acts

as an inhibitor to unipolar arcing, in spite of the fact that the

surface is rough and jagged which should act as an electric field,

and therefore unipolar arc enhancer.

As noted by Ryan and Shedd [Ref. 41, commercial metallic glasses

appear to be resistant to unipolar arcing. Results obtained with

Feo3 0 3 tend to confirm that statement. No unipolar arcs were ob-

served on Feso3 2 0 outside of a small molten area abutting a hole burned

through the ribbon by the laser. Upon initiation of crystallization of

the metallic glass, the number of unipolar arcs, and the area affected

by unipolar arcing, increased. It seems that metallic glasses would be

ideal for use when a metal surface is to be exposed to a plasma so long

as temperatures and exposure times are not great enough to recrystallize

the glass; however, since the only commercial metallic glasses avail-

able are in ribbon form, their utility seems very limited.

Attempts to produce a metallic glass surface layer over a large area

by :aser glazing the various steels produced uncertain results. Uni-

polar arcing is apparently greatly reduced on steels that have been

previously irradiated by laser radiation, with a complete cessation of

arcing seen on a 304 stainless steel target after irradiation by seven

laser pulses. It is suspected that a very thin layer, perhaps only

200 angstroms thick, of metallic glass is formed in the area of molten

surface effects, and that the process of unipolar arcing, itself, pro-

duces a surface metallic glass layer due to the short lifetime of the

arco
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Ryan and Shedd stated that they believe a metallic glass layer is

formed immediately upon arrival of the incident laser pulse and that,

when unipolar arcing occurs on this layer, the molten core of the arc

lifts up the metallic glass layer and forms the metallic glass crater

rims they observed. The author feels that this is not the case. It

is felt that the metallic glass crater rims they observed were produced

by molten material pushed up out of the cathode spots and solidified at

a cooling rate in excess of 1,000,0000 C/sec. Thus, it is felt, on

certain alloys the process of unipolar arcing will self-extinguish

eventually by the production of a surrounding arc resistant metallic

glass surface layer around the arc crater. It is felt that this is the

reason no unipolar arcing could be found on the seven pulse irradiated

stainless steel surface. Simply put, the seven pulses produced so many

unipolar arcs that, in conjunction with other surface effects, even-

tually a thin layer of metallic glass completely covered the surface,

which was now also free of any surface impurities that aid in unipolar

arc initiation.

The uncertainties of that idea arise from observations of the laser

glazed stainless steel in cross section and of the glazed surfaces of

1030 and 11Y 130 steels. As closely as could be examined, the micro-

structure of the seven shot stainless steel target seemed to be intact

up to the surface, though observation of a 200 angstrom thick surface

layer was impossible by the optical means used to evaluate the depth of

the surface effects. In the 1030 and HY "10 steels, especially the

:HY 130, the surface of the target material appeared to be etched by

the laser produced plasma revealing a martensitic microstructure.



It may be that, instead of a metallic glass layer being formed, a thin

homogeneous layer of martensite is formed on some glazed steels, and

being cleaned of surface impurities by the laser produced plasma, is

very resistant to unipolar arc initiation. Tese results suggest that

the microstructure of a material influences its resistance to unipolar

arc initiation.

In either case, even if a very thin surface layer of metallic glass

resistant to unipolar arcing was formed, the target material had to be

shock hardened in the area beneath and abutting the main laser impact

crater. Power densities in that area were of the order of 1010 W/cm 2

for apr ximately 25 nsecl which should produce a hard homogeneous

layer of fine microstructure [Ref. 141. It is felt that, even if the

layer of metallic glass were not there, these hardened layers would be

resistant to unipolar arcing because of their homogeniety and cleanli-

ness and because of the high electrical resistivity of individual grain

boundaries [Ref. 18]. With a very fine microstructure, it is felt that

the grain boundaries may inhibit the return microcurrent flow of

electrons required for unipolar arcing. Thus, whether a metallic glass

layer or a hardened crystalline layer is at the surface, either layer

should inhibit unipolar arc initiation. It may be noted that unipolar

arcing has occurred when some targets were still in a molten state where

* electrical resistivity is high. it is felt that the increased vapor

pressure of the molten metal compensates for the high electrical

resistivity.

*/
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VI. RECOMMATIONS

The results of this thesis raise many questions and suggest many

areas for further study. Results of this thesis suggest that coarse

microstructures sich as those that exist in annealled stainless and

1030 steels undergo unipolar arcing easier than a steel of martensitic

microstructure such as iY 130. A study of the effect of steel micro-

structure on unipolar arcing is recommended. For example, the effect

of microstructure on unipolar arcing could be studied by heat treating

a hardenable alloy steel, such as AISI 4140, to produce various micro-

structures varying from fine untempered martensite to coarse pearlite.

Further studies on the effect of sandblasting impeding arc initi-

ation appear warranted. The sandblasted surfaces evaluated proved to

provide a high degree of resistance to unipolar arcing, and showed

less lwjer surface interaction damage than their polished counterparts.

In order to separate the effects of surface hardening and impregnation

of Si02 on the surface, samples could be "sand" blasted with different

particles ranging from metallic to ceramic. It is recommended that

experiments be conducted to determine the susceptability of insulating

materials to unipolar arcing, and to determine methods of coating con-

ductors with insulating materials that will not be damaged by thermal

effects and that are resistant to unipolar arcing. Sandblasting appears

to provide an insulating coat of S!0 , but it is not 1005 effective as

was a coating a conductor with titanium carbide was shown to be by

lev'le and Lautrup [Ref. 191.
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Experiments showed that a metallic surface that has undergone

multiple exposures to laser radiation and a laser produced plasma was

more resistant to unipolar arcing than a cleaned, polished surface. It

is recommended that experiments be carried out to determine the exact

nature and thickness of surface layers produced on steels by multiple

laser pulse exposure. It is also recommended that stainless steel tar-

gets be laser glazed commercially, using a focused CW 0O2 laser that is

scanned across the target surface, and then determine the resulting

surface's resistance to unipolar arcing. It is felt that this would be

the best way to produce "smooth" layers of metallic glass, if indeed a

metallic glass is produced, over a target surface area large enough for

easy evaluation of plasma-surface interaction effects.

F1'inally, it is recommended that experiments be devised to determine

the density and temperature of the laser producee plasma as it expands

radially over the target surface. This would aid in evaluating a

material's susceptability to unipolar arcing and aid in determining the

plasma density and temperature required for unipolar arc initiation in

that material.

..
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APPENDIX A

;oaosition of HY-130 Cast Steel

Weight Percentage Specified Chemical

Element of Target Samples compos tion*

Carbon 0.12 0.12 max.

Manganese o.77 O.60 - 0.90

Phosphorus 0.1020 0.010 max.

Sulfur 0.006 0.008 max*

Silicon 0.045 0.20 - 0.50

Copper 0.07 0.25 max.

Nickel 5.25 5.25 - 5.50

Chromium 0.57 0.40 - 0.70

Molybdenum 0.52 0.30 - 0.65

Vanadium 0.1 0.05 - 0.20

Titanium 0.02 0.02 max.

Aluminum 0.034 0.015 - 0,035

litrogen 44.0 ppm

Oxygen 43.0 ppm 35.0 ppm max.

, ydrogen 5.5 ppm 2.0 ppm max.

Department of Navy Mil Spec MI-30-C/19 Dec. 1971.

1-4



APPEDIX 3

Laser Shot Sequences and Locations

1. Three-Shot Sequence

@2

@3

2. Seven-Shot Sequence

.6

Location of Diamond Saw 3;roas Section Cut
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