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Liquid metal ion (LMI) sources are currently the subject of
active investigation due to their potential application in
microcircuit fabrication, focused bear technology, and surface
eanalytical instruments. A LMI source ia defined as a low volatility
liquid metal film which flows to the spex of a solid needle support
structure. Subseguent application of a high electric field deforms
the liquid and results in ion emission.

Conaiderable interest has been ahown in development of LMI
sources8 capable of producing a variety of technologically important
ions. For implantation of silicon, for example, B is the preferred
p-type dopant, while As and P ere the preferred n-type dopants. It
has been difficult to construct long-lived ion sources based upon

these species because B poasesses a high melting point and reacts
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strongly with rost refractory metsl supports, while As and P have
high vapor pressures, Further, little is known about the surface
behavicor of high temperature liquid metal elloys.

To overcome these difficulties, the materjal and thermochemical
properties of liquid metal alloy surfaces have been astudied. A
number of successful contact ayatems have been identified for B,
while the development of a LMI source of Aa has been completely
solved. To lower the chemical reactivity of B alloys, it has been
necesgary to uwtilize nonmetallic support structures, but then
problems with wettability arise because wetting is dependent upon
sufficient chemical reaction between alloy and substrate. The
wettability of B-based alloys to nonmetallic substrates {s governed
by surface aegregation of low-level, low surface tension impurities
within the alloys. At melting, the molten alloy aurface possesses a
large concentration of segregated materisl (e.g., € snd N) which
inhibits reaction between alloy and subatrate. This results in a
poorly-wetted droplet of alloy with a large contact angle. Coating
the substrate with a material having a bigh affinity to carbon (e.g.,
B or Si) acts to tie up the segregated material and promote wetting.
@When purified in thia way, the alloy subaequently wetsa the virgin

aubstrate.
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Suppreasing the high vapor pressure of As has been accamplished
by constructing a liquid compound with a low (i.e., strongly
negative) Gibbs free energy of formation. For a given arsenic

compound, AsX (1), where X is a low volatility element, the

equilibrium condition between vapor and liquid is AsXp(l) n X(g)

P(As)

+ As(g). The equilibrium constant for this reasction is K
PR (X) and the Gibbas free energy is dG = -RT In K., When dG is
strongly negative, K end P(A=) will typically be smaller than the
cage of an ideal aolution (nc compound formation) of the zane
elemental constituents. Since the vapor pressure of As at the
relatively low temperature of 60C C is nesrly 1 atmosphere, it isg
necesasary to lower the vapor ﬁressure by over 10 orders of
magnitude, This technique has been successful because the increased
stability of the alloy resulte in & gituation where it is
energetically more favorable for Aa to exiat in the liquid than in

the gaseous state.
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CHAPTER 1

INTRODUCTION

The goal of this research effort is to investigate the material
and thermochemical properties of liquid metal alloy surfacea. The
specific application to liquid metal-ion aources ia only one of many
poasible uses of this information. Interfacial phenomena between a
molten metal and the msolid surface of a high-aelting material occur
in many important technological procesaes, and conetitute an integral
part of the structure of materiels. These processes include liquid
phase sintering, crystalline growth from the melt, impregnation of
poroua golid materials by liquid binderse, wetting, detergency,
adhesion, wear, and catalyaia. Two recent studies by the National
Acadeny of Sciencea have emphasized the importance of fundamental
atudiee on the subject of interfacea, and have placed high priority
on further reasearch in this area [1-2}, The prime directive
addreseed in the present work 1s the development of a liquid metal
ion source of boron and arsenic.

Liquid metal iton (LMI) sources are currently the subject of
active inveatigation [3-8) due to their potential application in
microcircuit fabrication, focused beam technology, and surface
anslytical instrumente. A LMI asource is defined 23 a low volatility

liquid metal film which flows to the apex of & solid needle support



structure (see Figure 1-1). Subsequent application of a high
electric field deforms the liquid and results in formation of a
coniceal protrusion known as the Taylor cone [9-10)., Taylor {11]
showed that the balance o0f liquid surface tension and electroatatic
streas resulte in a stablized cone of half angle 49.3 degraes.
Enigssion of singly charéed iona occurs through field evaporeation,
whereby singly charged species are evaporated over the Schottky
barrier formed by field deformation of the potential well [12].
Higher charged states are thought to arise by postionization,
according to a theory developed by Kingham [13].

Considerable intereet has been shown in deavelopment of ion
sourcee capable of producing a variety of technologically important
jons. For implantation of silicon, for example, B is the preferred
p-type dopant, while Ae and P are the preferred n-type dopante. It
has been difficult to conatruct ion scurces based upon these speciesa
because B pomsesses a high malting point and atrongly corrodes aost
netals, while As and P have high vapor preesures. Further, little ia
known about the critical propaerties of the liquid metal and substrate
which provide reasona for improper source operation and guidance for
succegsful source developament,

The development of a useful LMI source of B and As ions involves
the construction of a low melting alloy of B and Aa and a compatible
golid support. The study of liquid alloy surfaces under conditions
of high or ultrahigh vacuum is essential to verify regquired liquid

and support properties, There presently exist but few published



Figure 1-1. The appearance of a typical liquid metal ion source.
(a) Source structure with loaded alloy: (b) Source structure after
alloy exhauation,



reporta of the application of surface analytical techniques to the
study of iiquid metal alloyas and the liquid-gse interface. This {a
particularly evident for Auger electron spectroascopy. Hardy and Fine
(14], for example, in a 1982 paper remark that they were awvare of
only two previous applicationas of Auger apectroscopy to the study of
liquid surfaces, One of the earliest atudies was done by Berglund
and Somorjai (15], who inveastigated surface megregation in Pb-In
alloys., More recently, Goumiri and Joud (16) studied the effect of
oxygen coverage on the surface tension and contact asngle of the Al-Sn
systen. In light of the limited number of studies of the liquid
surface, thia disgertation represents tha first treatment of the
properties of B and As based ligquid metal contact aystenms,.

The experimental work presented in this disaertation representa
part of a concerted effort by three laboratories in the United States
to overcome the challenging gaps in fundamental understanding and
exiagting limitations in the performance of liquid metal ion msources.
The ion beam group of Hughas Research Laboratory (HRL) has bheen
largely responsible for the initial motivation for the project, and
has expended considerable aeffort to identlfy appropriate materialse
for B emitters. The materials chemiatry group of Los Alamos National
Laboratory (LANL) has synthesized many of the alloy compositions
selected during the latter stagea of the project, The surface
physics group at the Oregon Graduate Center (OGC) hasz bean
responaible for fundamental investigations of the alloy systemsa, such

as studies of wetting, surface composition, alloy work functionsa,



source life, molubility of alloy, and emission propertiesm, This
effort ia deacribed below. Close collaboration batween the parties
haas been maintained throughout the contractual period through a

seriea of ion source workshops,
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CHAPTER 2

THE IDEAL LIQUID METAL ION SOURCE

Successful development of & liquid maetal ion (LMI) aource
depends upon the msatisfactory confluence of several critical design
considerations. A number of desirable properties of the alloy and
substrate exist which cannot be fully and sirultaneously Batisfied in
a given alloy/subatrate combination. Usually a compromiase of some
sort must be made, based upon the most important emitter properties.

The first deairable property of the alloy ies that it posseas a
low melting point, which minimizes reaction between alloy and
aubstrate. High melting materials can be made compatible by
forration of binary and ternary eutectic mixtureas which lower the
relting temperature. The optimur smolution is to choose a low-melting
compound containing the element of interest or a broad eutectic that
is low-melting. A deep euntectic is leas favorable because a slight
digreasion from the eutectic compoeition, such as could occur during
dissolution of the alloy by the substrate, begina precipitation of
aecond phase material, A low-melting compound, by contrast, retaina
its liquid integrity during asuch digresaiona. On the other hand,
deep eutectica frequently posaesas lower melting pointa than
compounds, which minimizea reaction, so usually & compromise muat be

made between low melting points and liquid integrity.
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A second desirable proparty of the alloy ia that it posaeaa low
volatility at the melting point. Low volatility is necessary to
conaerve the liquid film supply and promote long 1ife. Elemental
boraon, for example, cannot be uaed becauase it has a high vapor
pressure at its melting point and would volatilize completely if
operated at this temperature for any significant period of time. A
general rule of thumb ig that component partial pressurea greater
than 10™7 torr are unacceptable. Alloy combinationa must be choaen
that posasess a low Gibbs free anergy of formation in order for the
mixture to have sufficient stablity to lower the activity, and,
hence, the vapor pressure above the alloy. This is especially true
in the case of Ag alloya. The best aolution is to choose an alloy
composttion that ia congruently vaporizing at the melting
temperature, aa preferential vaporization of a particular aspecies
would eventually alter the original composition of the eutectic and
ahorten the lifetime of the source.

Third, it is desirable for the alloy to posseas a high relative
bulk concentration of B or Aa at the melting point. This 18 ao
becauge, if fiald evaporation ims assumed to be the mechanism of ion
formation, the current of ion apecieé i is linearly dependent upon
the fractional bulk concentration of atom i at the time of emiszion
{11, Bast yields of B* or As* are therefore obtained by choosing
an alloy composition having the highest mole fraction of B or As
compatible with low melting. In typical binary alloya of B or As

with metals, enrichment of the surface with B or Aa is known to occur
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due to aurface segregation of the component possesaing the loweat
surface tension. In alloyas of metala and nonmetals, this component
12 invariably the nonmetal. The enrichament factor can be as high as
10,000, aa Bhown by Seah and Rondros [2]. Thias effect, however, does
not increase the raelative intensity of B or Aa in the ion beas
because the emisasion characteriatics reflect the bulk (not the
surface) atoichiometry of the material.

Fourth, to produce a sufficient intenaity of ion current, it isas
neceasary for the alloy to posaesa a favorable combination of binding
enargy, lonization potential, and work function. In the simple
Schottky "image hump" field evaporation model of ion formation, the
activation barrier Q(F) for formation of a aingly charged ion is
given by

Q(FY) =H +«I-Ww-3.8FL/2
where H is the binding energy of the metal, I is its ionization
potential (eV), W ia the work function (eV), end F ias the field in
V/A [3]. The resultant current I; of ion speciea i of charge n is

I; = Pjc exp (-Q; (F)/kT)
where c ia a constant, Py is proportional to the bulk concentration
of stomic species i, and T is the abaolute temperature. It is eaay
to see that & =light lowering of the activation energy reaults in a
dramatic incresse in ion emiaaion due to the exponential relationship
between the variables.

Fifth, it is advantageous for the liquid alloy to pomssess a low

surface free energy in order to experlence good wetting of the
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aubstrate. The governing relation ia Young’as equation, discusaed
ahead, which relates the degree of wetting with the combined
inflvence of the soild-liquid, solid-vapor, and liquid-vapor surface
tenaiona. Young’a equation ashowa that the beat wetting is
experienced when the alloy has the lowest posaible liquid surface
energy. This is intuitjively senaible, as liquide with high surface
tensions tend to close in on themaselves to form spherical drops (the
figure of least area and energy) rather than spreading out evenly on
a surface. Good wetting, defined as a contact angle lesa than S0
degrees, is neceaaary to facilitate liquid flow from the reaservoir to
the apex tip where emission occurs.

Sixth, it is important that alloy wetting occur without exceasive
attack of the mubatrate, 1.e., the rate and extent of diffusion of
alloy components into the asubstrate must be minimal. Thisa is
espacially true'for boron containing alloya, a= B is known to readily
diffuse into moast refractory metals forming metal boridea. Diffusion
of alloy components into the substrate alters its electrical
resistivity, leading to a situetion where the circuit power must be
continuously monitored to prevent radical changes in source
teaperature. It is also true that dissolutjion of the subatrate into
the alloy material changes the composition of the eutectic, which
acts to increese the melting point of the liquid metal and shut the
enjtter off. To remslt the alloy, an increase in power is necesasary,
which alaoc increases the rate of dissolution, resulting in & runaway

condition which terminates with cataatrophic breakdown of the
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emnitter. An apparent eoclution is to aselect the most inert subatrate
available, but this is ususlly incompatible with good wetting. In
most contact systema, wetting is due to a lowering of the
liquid-aolid interfacial energy during chemical bond formation, soc
the liquid metal must interact with the aubatrate to some extent.
Some level of cheaical interaction ls therefore necesaary, but
axcessive reaction results in attack of the substrate material by the
liquid f{lm. It may be that the beazt asclution is to have no
substrate at all by using a consumable electrode with localized
heating of the apex region. This posaibility has not been addressed
in thia thesis, but ia a subject for future research.

Seventh, it i=s advantageoum for the mource to poszesa favorable
machanical, alectrical, and vacuum properties. The subatrate
materisl should be readily machinable into sharp needles and hava
sufficient mechanical strength to tolerate electric fielda of the
order of tenths of voltas per angatrom. If the aubstrate is too
brittle, as is the case for many fine glassy needles, it meay not
gurvive handling during wetting and assembly operationa. The
coefficient of thermal expansion of the substrate materjal and its
ability to withastand temperatures of the order of 1000 K must be
adequate to prevent misalignment during operation of the source in a
focusing column. The substrate surface should be easy to clean (for
congistent wetting) and the acurce should be able to function
effectively in lesa than ultra-high vacuum conditions.

Finally, in addition to alloy and aubstrate properties, the

source must poasgeas favorable emission characteristice. For focueed
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bear and implantation applicationa, it ia necessary for the asource to
posaeae a emall virtuel source size and high angular intensity.

Other source emigsion characteristica which affect performanca are
the relative intenasities of the various ion specieas, the energy
apreada of the varioua icn speciaa, and the\angular current intensaity
distribution. The go;I i8 to produce intense and stable emiasion of
the appropriate ion in a long-lived and low noise aource. Thise
disasertation deoes not directly addreas propertiee of the focuaed
beam: maaszs spectrometric data for B and As sources will be reported
in future publicationas by the OGC group.

Table I summarizes the most desirable properties of a liquid
metal ion source. In view of the rigorous and often conflicting
requirements, it is remarkable that materials can be identified that

satisfy many of theae demands to a high degree.
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TABLE I
PROPERTIES OF THE IDEAL LIQUID METAL

ION SOURCE

Low melting point (MP)
Low volatility at MP

High relative bulk concentration
of ion apecies

Favorable combination of binding
energy, lilonization potential,
and work function

Low alloy surface free energy

Low aolubility of alloy in
subatrate

Low Bolubility of xubatrate
in alloy

Favorable mechanical, electrical,
and vacuum properties

Favorable emisglion characteristics

Minimizea reaction between
alloy and substrate

Conaserves film supply and
promotes long life

Ion emission of aspecies i
linearly dependent on bulk
mole fraction of 4

Activation energy of field
evaporation process
dependent on these
variables

Promotes wetting and
apreading

Dissoclution of alloy
in substrate alters
its resistivity, forcing
changes in heater current

Dissolution of &ubstrate
into alloy elters the alloy
composition and increases
ita MP

Emitter must be
electricelly conductive,
able to withatand V/A
fields, pogssesas low power
consumption, and be able to
function in lesa than UHV

For focusad beanm
applications, the source
rust possess a amall
virtual Bource eize, high
angular intenaity, and
small energy aspreads for
the various ion apecies.
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CHAPTER 3

THE THERMOCHEMISTRY OF WETTING

A. Surface Tension and the Surface Free Energy

Surface atoms reaide in an environment markedly different from
bulk atoma. Not only are they surrounded by fewer neaighbors than
bulk atoas, but there is also an anisotropic diatribution of these
neighbors., As a consequence, no net force exiats on the bulk atom
deep within the material, but the surface atom jis attracted by the
net inward pull of the dense bulk concentration. Work must therefore
be expended to raige the particle to the aurface. To extend the
gurface area, chemical bondas betwean surface atoms muast be atretched,
or more atoma must be rajsed, and the work performed against the
atomic forces during this process is the origin of surface tenstion.
The free energy residing in the surface is the work apent on moving
particles from the bulk to the surface, or in straetching existing
surface atoms. The tendency for liqulid surfaces to contract and
assuze the amalleat posaible area is a consequence of surface
tension,

Surface tension may be viewed from three complementary
perapectives. In the firat perspective, surfaca tension is deflined

aa the force per unit length required to extend an elastic aurface.
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A case in point consimts of a thin film of liquid supported on a

rectangular framework containing one movable side (asee Figure 3-1),

\
i_______

—‘—‘
P

Figure 3-1. A rectangular framework supporting a liquid
film with surface tension @.

If this side, of length 1, is moved through a distance x so that
new surface of area 2lx is created (the two sidea of the film each
contributing an additional area 1lx), the mechanical work required is
21%9, where € is the surface tension. The aurface tension may thus
ba conaidered as the force per unit langth needed to pull the two
aldes of the murface out a distance x. If a force were no longer
applied to the movable support, the liquid would return to its
original dimenasiona., The surface tenmion ia acting as a measure of

cohesion, showing how much force is& required to increase
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intermolecular diatances.

In the second perapective, the asurface tension may be considered
to be the energy per unit area needad to create more surface. By
thermnodynamic theory, the total revergible free energy of a aurface
at conastant temperature and pressure is given by

v = G
where G is the Gibbs free surface energy per unit area, and A is the
surface area. Taking the differential of thir expresaion, which has
tha effaect of creating more asurfaca, leads to
dWw = d{(GA)
and by the chain rule
aW = [d(GAY/dAlT p dA
= (G + A(dG/dA)T pl dA
The surface tension © i8 defined as the energy per unit area to
create more surface
@ = (dW/dA),p = G + A(dG/dA)T,p
The first term of the expansion represents the energy/area necessary
to create more murface by stretching the existing surface atoma. The
second term iz the energy/ares necessary to create more surface by
sirple addition of rore atoms. This term dependa on atomic mobility
and whether or not the new surface atorms are in a state of strain.
It is nonzero for many cold worked solids at low temperatures becausa
the new surface is due to unrelieved strain due caused by negligible
diffusion ratea. In the caae of liquida, it is zero because liquid
atoma are mobile and will be continuously tranafarred to the surface

from the bulk and the number of atoms per unit surface area remains
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constant. In this circumstance, no interatomic bonds are strained
and the surface atoms maintain their relative displacementa, There
is thus no dependence of surface energy on area. Hence, only in the
cagse of an unstr;ined surface doea the msurface tension equal the
specific surface free energy.

The third perspective from which to view surface tension igs in
terme of chemical reactiona. This viewpoint is eapecially important
when epeaking of the wettebility of esolids by liquid metals, It has
been shown that an expenditure of energy i& necessary to create new
surface (e,g., paper does not spontaneously rip apart), and that the
rasulting surface atoms experience a net inward attraction not shared
by bulk atoms. As a conaequence, aurface atoms poasess a lower

packing densaity (1015 atoma/cm2) than bulk atoms

PE PE
Bulk Surfoce

(a) (b)

Figure 3-2. The potential energy (PE) diagram for an atom in the
bulk and on the surface of the solid. In (a), an atom in the
bulk is at the equilibrium spacing and feels no net force. In
(b>, the apacing between surface atoma ie greater than the
spacing between bulk atome, resulting in a2 higher energy state
and the generation of surface tension,
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(1022 atoma/cm3). Since surface atoms are farther apart than
bulk atoms, they exist in & atate of higher potential energy (see
Figure 3-2).

The energy expended to create the asurface thus residesg in the
broken aurface chemical bonds. The importance for wetting phanomena
is that wetting results from a lowering df the surface tenajion due to
chemical reaction, If chemical reactions did not lowar the ayatem

energy, they would not aspontaneously occur.

B. Wetting, Spreading, and the Egquationa of Young and Dupre

For a liquid resting on a surface, one can determine the
relationship between the differant interfacial tensiona froa
conaideration of the balance of aurface force=z at the line of contact
of the three phases (see Figure 3-3), The resulting expreasions

conatitute the main thermodynarxic equations of wetting theory.

Vapor

y (2v)

Liquid
y(s?)

%

C y (sv)

Figqure 3-3., The equilibrium situation of a liquid drop on a
solid surface used in the derivation of Young’s equation.
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Recalling that surface tenaion forces exert & tangential pressure
along the surface, the balance of aurface free energies along the
interface results in Young’s equation, firast derived by T. Young in
1804 [1):

Ae(lv)coa C + @(s8l) = @(av)
cos C = [@(av) - €(s8l))/B(1Vv)

Here, @(lv) is the surface tension of the liquid-vapor interface,
@(asl) that of the liquid-soclid interface, €(sv) that of the
solid-vapor interface, and C ie the contact angle., The contact angla
is defined as the angle between the 8olid surface and the tangent to
the drop surface at the point of contact. For practical purposes,
whan the contact angle is greater than 90 degrees, the solid ia said
not to be wetted by the liquid, 1In this circumstance, drops of
liquid have a tendency to move about on a surface and are not able to
penetrate capillary pores. When the contact angle ix near-zero, the
liquid is said to wat the solid. It is easy to see from inspection
of Young’s equation that wetting improves aes either @(sl) or &{(lv)
decreases. This frequently occuras during chemical reaction between
the liquid and solid.

Young’s equation has been criticized on a number of grounds,
nctably by Bikerman (2]. The major difficulty lies in the existence
of the unbalanced vertical component of the liquid-vapor surface
tension. A syatem in which an uncompensated force operates cannot bea
in equilibriua, but in the derivation of Young’as equation, an
equilibrium ia presupposed in which only the three horizontal aurface

energy components participate. The dilemma has been resolved by
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experinental evidence which suggeats that amall ridges appear in
contact systemg that are lifted by the vertjcal component. The
vertical component ias therefore balanced by the elastic streas
induced upon the raised ridge. The effect is negligible for most
ordinary metals and glazses, and moat workers in the field asasume the
validity of the expressf{on. Naidich [3) claims to have recently
confirsed the Young relation experimentally.

A direct correlation exists between the wettability of asolids by
liquida and the energy of adheasion. Harkins and coworkers [4]
defined the reversible work of adhesion between two phasea aa the
energy necessary to separate a square centimeter of msolid-liquid
interface and re-form the solid-gaa and liquid-gas interfaces. This
is simply the energy necessary to pull the two phases apart, and
corresponde to the difference in free energy between the atates of

Figure 3-4.

0 7

iquid

||[l

I

State | State 2

Figure 3-4. The two atatez used to define the work of s&dhesion
as the difference in free energy required to eliminate the
solid-liquid interface and reform the solid-gae and liquid-gas
interfaces.
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In termas of surface tension, the reversible work of adhesion i{is given
by:

W(A) = @(lv) + @(gy) - 8(a]D
Thie 18 Dupre’s equation. From this perapectiva, the work of
adhesion 18 a convenient meaasure of the degree of chemical bcnding
between liquid and solid. Highly reactive systems result in
increased wetting due to the greater degree of chemical bonding
between solid and liquid. Thia may be seen directly by writing
Dupre’e equation in the form

@(al) = @(av) + B(lv) - W(A)
It follows that the greater the adheaive energy W(A) between liguid
and solid, the lower the surface tenaion @(gl). Froa Young’s
equation, thies is precisely what is necessary to facilitate wetting.
Energy released in the course of reaction between the liquid and
80olid can therefore be aquatad to the work of adhesion. In similar
fashion, the work of cohesion W(C) mey be defined ag the reverazible
work required to separate liquid frox liquid. Since ©(sl) is now

nonexistent,

W) = 2 8(lv)

Nonequilibrium conditions exist for which Young’s equation does
not describe the behavior of the contact system, since that equation
was derived under asupposed conditions of equilibrium., Two such
conditione ara those aof complete wetting, when @(av) > @{(al) « @(lv),
and corplete dewetting, when @(sl) > @(av) + @€(lv), In theze cases,
Young’s equation is invalid because cos C becomes larger than unity,

and equilibriua becomes impossible, It is therefore convenient to
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introduce the Bpreading coefficient S to .deacribe the wetting of a
liguid on a soclid. The spreading coefficient may be derived by
consideration of a small virtual change in the surface free anergy of
the contact system. At conatent T and P,
dG = [dG/dA(av)ldA(av) + [dG/dA(lv))dA{lv)o {dG/dA(a1)1dA(8l)
but
-dA(sv) = dA(lv) = dA(sl)
and by the definition of aurfsce tension,
[dG/dA(lv)] = ©@(1lv) ; [dG/dA(av)] = @(av) ; [dG/dA(sl)] = @(sl).
Subatituting, and solving for -(dG/dA(lv)] gives
-[dG/dA(lv)) = § = @lav) - B(lv) - €(s8l),
The spreading coefficient S therefore repreasentsz the change in free
energy when & liquid spreads over & solid surface. For decreases in
free energy, such as occur for apontaneoua reactions, S is posgitive.
The syster energy will be diminiahed by the action of s&preading if
the €(av) exceeds the sum of ©(lv) and ©(sl). By utilizing the
definitiona of work of adhesion and cohegion, the spreading
coefficient may be conveniently written as
5 = WeaY - W(C).
From thia viewpoint, the epreading coefficient provides a relative
measure of cohesion and edhesion in the contact syetem. If the
liquid has greater affinity for the &olid than for itself, S is
positive and spreading will readily occur. In general, this usuvally
happens when a liquid of low surface tension is placed in contact

with a s80lid of high surface tension.
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C. The Gibbe Free Energy Function

Wetting haa been ahown to occur by operation of adheaive forces
which lower the interfacial energy of the contact aystem. The
thermodynamic parameter which provides the means to evaluate the
faasibility of a given'chelicul reaction un&er aspacified conditiona
is the Gibbhs free energy function. Any process in nature occurring
at constant preasure is accompanied by a change in free energy, which
is equal to the mechanical work exchanged during the proceas. The
aimplest interpretation of the free energy change is that reactions
resulting in a loss of free energy are thermodynamically possible and
are likely to proceed further toward completion as the change in free
energy becomes increaaingly negative in value. Thia interpretation
follows from the definition of free energy. For the generalized
reaction between a molea of A, etc., to form = moles of M, etc.,
written

ap «+ bB + , , . = aM ¢ nN » . . .

the free energy change is related to the changes of enthalpy dH and
entropy dS amssociated with the reaction by

dG = dH - TdS
where T ia the absolute tesperature. Hence, the Gibbs free energy
function evaluateas the feasibility of a given reaction by way of the
d{fference between the enthalpy and entropy changes which occur
during the reaction. When dS = O, the enthalpy H is aquivalent to
the heat absorbed or evolved by the thermodynamic system during a

process at constant presaura. Viewed in terms of reaction
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probabllity, reactions that are exothermic are generally apontaneous
and decreasse the enthalpy, while those that are endothermic are
generally nonspontaneous and increase the enthalpy. The entropy S
measurea the spontaneity of a given reaction with regard to
randorness. By the second law of thermodynamics, there is a natural
tendency for proceeses to proceed toward a state of greater
disorder. Reactiona that are spontanecus are associated with
increasing dS, while those that are nonspontaneous are aasociated
with decreasing d5. The Gibba free energy change accounts only for
the driving energy availeble and cannot predict the rate of a
particular reaction limited by sluggish kinetica. It is often called
the thermodynamic potential due to the aimilar role played by the
seat of emf in an electrical circuit,

The Gibba free energy change dG may be related to the equilibrium
constant of the reaction by:

dé = -RT Iln K + RT 1ln (a(M)a(N)/a(A)a(B)]
where K {8 the aquilibrium constant and a(M), a(N), a(A), and a(B)
are the activities of the various products and reactants at the given
temperature T. By definition, the activity of a pure liquid, =olid,
or gas is aqual to unity. When all of the reactants and products are
in their pure atandard states and the activities are unity, the
change in the free energy is called the standard free energy change
dG®. The isotherm then becomes
dG® = -RT 1ln K.

This direct relationahip betwaen the free energy change and the

equilibrium constant ies valid only when all of the activities are
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unity; that is, all reactants and products are in their pure atates.
In caseg {nvolving solutiona, the activity correction factor should
be considered. Howaver, since there ia very little information
available on the activitiea of substances in solution at high
temperatures, it ias generally nacesasary to asaume that the activities
of the individual componente in liquid or solid solutiona ere equal
to their mole fractions, and the activities of the components in

gages are equal to their partial pressures,

D. Wetting in Equilibrium and Non-equilibrium Systess

The phenomena of wetting and adhesion have been studied aince the
early l4th century in low-temperature contact systems. The early
studies addressed the wetting of various aolid bodiea by such common
aubstances as water, mercury, and organic ligquids. 1In contraat,
atudies of Bolid body wettability by molten alloys at high
temperatures is a recent development posaeassing a number of unique
featurea due to the high temperatures involved.

When a liquid is in contact with the surface of a solid body, the
system may or may not be in thermodynamic eguilibrium, Menrny contact
syatems at high temperature fall into the latter category due to the
strong potentiel for interaction between ligquid and aoclid at high
temperaturea. This ie particularly true for high melting liquid
metals.

For contact ayastema at equilibriuvs, the pressure, temperature,

and chemical potential of each component are jdentical. When
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equilibrium coapositions of the contacting phaaea are brought
together, the interface ia characterized by a particular surface
tension and the syatem remains at equilibrium. Any non-aquilibrium
effects due to surface seqgregation or kinetics are aszsumed to occur
instantaneoualy and are therefore ignored. The interfaciel energy
@(el) ie Bolely a function of the nature of the contacting phesaes and
would decrease if their properties were made increasingly similar,
the beat wetting resulting when the phases are the same. This is
because further reaction is prohibited at equilibrium, and @(sl) can
only change by changing the phases themselvea, In auch systems, the
equilibrium equationa of wetting are fully applicable, and the
contact angle is given by Young’a equation. Examples are contact
syestems with completely imaiacible componentsa.

For non-equilibrium systems, the pressure and temperature are
uvaually identical, but the chemical potentiala of the solid and
liquid phases are not. Such & situation corronly occurs in binary
isomorphous systemas where the componenta are mutuelly soluble in all
proportions and in all statea. During contact, processes (e.g.,
diffusion, dissolution, and chemical reaction) occur which act to
equalize the ligquid and solid chemical potentials as the syster
approaches equilibrium. The change in component chemical potential
has been found {51 to be directly proportional the corresponding
change in aurface tension, which in turn ia related to the mechaniam
of reaction between liquid and solid. For aystems where the solid
phase is partially asoluble in the ligquid (but the reverse is not

true), Aksay [6]) has found that a minimum occura in the graph of
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surface tension ve time (see Figure 3-5). In contrast, for contact
syatems where a high-melting compound forms at the interface, the
surface tension decraases to a particular valua and remaina
conatant. The formation of a compound at the interface is speculated
to decrease the rate of component diffusion sufficiently to proh@bit
significant further reaction. Systems possessaing non-equilibrium
wetting obey the Young and Dupre equations only for very slow or

quasi-static changes in contact angle.

E. Physical and Chemical Wetting

Wetting ie often distinguished by the nature and intensity of
chemical bond formation between solid and liquid. A foramal
correespondence exista between the terminology of wetting and surface
adsorption. In the case of physical wetting, or physiwetting, the
adhesive forcea between &clid and liquid are due to: (1)
establishment of equilibrium chemical bonds, characterized by mutual
saturation of free valences of the contacting surfaces; and, (2) Van
der Waals, disperaive interactions. In phyaiwetting, the
establishment of chemical bonding is not asaociated with rupture or
partial disaociation of the interatomic bondas in each of the phasesa,
The work of adhesion may therefore be written

WV (eq) = W (g8at) + W (vdv)
where W (aat) is the work of adhesion due to mutual saturation of
free valences, and W (sat) is the work of adhemion due to

eatablishment of Van der Waalas bonding at the interface. The value
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Figure 3-5. A graph of interfacial tension vs time for the case
where the solid asubstrate is partially soluble in the liquid.
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of W (sat) iz usually small in systems where a large difference
exists in the nature of the contacting phasea, e.g., liquid metals
and non-metaellic crystala. In such ceases the dimpersion contribution
is dominent, and can be readily estimated. The wetting is relatively
ingensitive of temperature, and typical boqd energies are of the
order of a few kcal/mole., Physically wetted aystems are commonly
found among phases with significant interatomic bonding and high
surface energies.

In the case of chemical wetting, or chemiwetting, strong
interactions between sclid and liguid lead to significant adhesion
and surface cheaical reaction. Interphase atoms are bound by ionic
or covalent bonding, with typical bond energies of 10-100 kcal/mole.
The wetting is usually strongly temperature dependent, and ia often
manifasted by the existence of a particular temperature (wetting
threshold) where the contact angle begina to sharply decrease due to
kinetica or reduction of an oxide layer. Substantial rupture and
reformation of surface bonds occur during wetting. The high melting
temperature liquid alloys and the substrates used in this atudy forma
exanples of chemical wetting. Due to the chemical nature of the
reaction maechaniem, it is possible to estimate the energy of adhesion
W (non-eq) from thermodynaamical principles. For example, for the
generalized reaction

mA + nB = p(A(m)B(n)]
describing the interaction between m moles of A and n molea of B to
produce product AB, W (non-eq) ims given by

W (non-eq) = dG = -RT ln K + RT ln (a(AB)P/a(A)RbL(B)™)
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where a is the activity. Standard Gibbs free energies of formation
es a function of tempereture have been tabulated for many materials,
and are readlly available in the literature. The thermodynamic
parameter of greateast use in predicting the degree of wettability
appears to be dG(A) - dG(B), where dG(A) measuras tha affinity of the
liquid for the 8solid, and dG(B) measures the affinity of the solid
for itself. The best wetting occurs for low valuea of this
parapeter, which means that a atrong tendency exieta for breakdown of
the solid and recombination with the liquid. This {s diascussad in

nore detail below.

F. Wettability of Solids by Liquid Ketala: A Review of Current

Understanding
1. Introduction

A congiderable number of experiments has been performed to
elucidate the phenomena of aclid body wettability by high-tesperature
melta. The Soviet effort haas been particularly extensive. The
resuilts are best summarized by Naidich (7], who divides the behavior
into claassea in accordance with the chemical nsture of the wetted
solid. Three classes are readily distinguished: (1) Ionic compounds,
(2) Covalent compounds, and (3) Metala. Ionic and covalent compounds
are solids with closed electronic configurations and saturated
interatomic bonding, Wettability i= ususlly possible only by rupture
or partial dissociation of the near-surface bonding. In contrast,

the wettabllity of a metalllic surface is relatively greater than
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that of an ionic or covalent solid because wetting may occur without
diasociating bondas within the metal,

Inportant perapectives are gained regarding iiquid metal
wettability through uae of Auger electron apectroscopy. Since
wetting depends critically on the near aurface region of the
interacting materials, only limited progress was made in the pre-1970
studies due to the limited availability of modern asurface analytical
techniques, although extensive measures were often taken to try to
inaure a high degree of purity and cleanlineas for the materialsa
used. Noast of the existing information on wetting falls into this
category. It will be shown below that wetting of liquid metal alloys
to solid substrates ig directly affected by the degree to which
low-level impurities segregate to the alloy surface. Although
significant bulk data have been obtained by s&tandard metallographic
and microprobe analyses, the queation of what is occurring at the
surface persista., Care in reading the early literature ia therefore
esgential. Our review will focua on guiding principles rather than

sapecific experiments.

2. The Wettability of Ionic Compounds by Liquid Netalsa

Considerable effort has been expended to understand the
principles governing the wetting of ionic solide by metal melts.
Metallic oxides (e.gqg., Al,03, Mg0O, BeD, Si0,, etc) have
received the greatest attention. Aas & rule, metal oxides are poorly

wetted by liquid metals, although there are important exceptions (Ti,
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2r, Mg, Al)., The experimental facts (e.g., Figure 3-6) aupport the
notion that: (1) oxide wettability increasea with growing affinity
of the liquid metal for oxygen; and, (2} a general inverse
correlation exists between the thermodynamic atability of the metal
oxide and its wettability by the liquid matal, The weaker the
interatomic bonding between the metal and oxygen in the oxide, the
greater the wetting of the oxide by the liquid metal.

These jideas are supported by structural and thermochemical
congiderationas. The outermcost surfaces of most high-melting oxides
are formed by oxygen anicns (8], which are large in comparison to the
metal cationas (see Figure 3-7)., The reaction mechaniam between a
netal melt and & metal oxide is therefore controlled by a metallic
interaction with the oxygen of the oxide, which may be written as
followa:

LH « MO = N + LMO
where LM ig the liquid metal, MO is the metal oxide, M is the metal
cation of the metal oxide, and LMO ig the liquid metal oxide formed

during wetting. The change in Gibbs free energy for the reaction is

a6 dG(prod) - dG(react)

dG(LMC) - dG(MO)

where dG(prod) is the free energy change associated with the
oxidizing reaction of the liquid metal, and dG(react) iz the free
energy change associated with the metal forming the solid oxide
(recall that there ia no confribution to dG for elements). In other
worda, dG(prod) measures the thermochemical affinity of the liquid

netal for oxygen, and dG(react) measures the thermochemical affinity
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Figure 3-6. The wettability of solid solutions of MgD-NiO by 1-tin
(1006 C), 2-copper (1200 CY, and 3-gilver (1100 C). Since dG (MgO)
ia less than dG (NiO), NiO is less stable than Mg0 and has lower
contact angles.
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Figure 3-7. The surface structure of refractory oxides as proposed
by Weyl ([8].
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of the solid oxide for oxygen, To facilitate wetting in
nonequilibrium systems, it is necessary for intensaive reaction to
occur between the liquid metal and the Bolid oxide, which occurs when
dG(prod) ia aa =small as possible, and dG(react) iB as large as
posaible. This simply says that dG measureas the degree of =olid
oxide wettability by comparing the cohesive forces of the solid oxide
with the adhesive forces between liquid metal and oxygen.

Naidich [9] provides data which compares the wettability of
various oxides by liquid metals and the free energy of formation dé
of the solid phase oxlde and of the oxide formed by the ligquid metals
(see Figure 3-8), Fifty-three different contact syatems are
conaidered. Despite a good deal of scattering, there iz a general
tendency for wettability to decrease with decreasing values of dG.
The fit may be subject to improvement by use of modern analytical
equiprant and improvements in experimental determinations of contact

angle.

3. The Influence of Additives on Wettability

It was noted above that elements such as Ti and Zr represent
notable exceptions to the rule that ionic solids are poorly wetted by
liquid metals. 1In fact, a number of elementa have been identified
which, by themszelvez or by addition to an inactive metal, actively
wet oxide materiala. The property that each of the additives possess
in comson ia & high affinity for oxygen. The diacusaion here will

focus on Ti anad 0, which are sufficient to iiluatrate the principles
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Figure 3-8. Correlation between the wettability of 53 oxides by
ligquid metals and the difference in free energy between the solid
oxide dG(react) and the oxide formed by the liquid metal dG(prod).
From Naidich [9).
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involved.

To cite one example among many, for the case of wetting of Sn to

+

contact angle [10]):

Ti content (atomric %) Y 1 2 3 4 6

Contact angle (©) 152 66 37 19 6 0
The sharp decrease in contact angle with =Emall elemental
concentrationas of titenium ia explained by the high reactivity of Ti
to the predominently oxide surface of the metal oxide substrate, and
ie & characteristic feature for additives that are interfacially
active, The reaction mechanism involves surface aegregation of the
Ti to the liquid metal-solid oxide interface where an interlayer of
Ti0 or Tiz05 forms (11). The accompanying reaction facilitates
wetting.

A similar decrease in contact angle is found for asmall edditions
of oxygen to the ligquid metal [12-13). In this case, it is expected
that neutral atomas of the liquid metal cannot be strongly bound at
the interface due to repulaive forces between the electron cloud of
the liquid metal and the negative ion of the oxide surface layer (see
Figure 3-7), Interfacial bonding is posasible, however, by the
addition of & amall amount of dissolved oxygen to the liquid metal.
This occurs when atome of the liquid metal shed valence electrons to
atoms of dissolved oxygen (oxygen has high electron affinity).
Wetting ia thought to occur when the reaulting positive ions are
attracted to the oxygen aniona of the sclid oxide aurface where they

become ionically bonded, While direct experimental support for this
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hypothegis ias lacking, it appears to be possiblae to elicit similar
improvements in wettability by subastitution of other additives which
are soluble in liquid metals and posseas a high affinity for

electrons {14-16]1. The role of oxygen is apparently not specific.

4. The Wettability of Covalent Solids by Liquid Metals

Covalent high-melting solids such as nitrides, borides, and
carbides are characterized by low Gibbs free energies of formation
and are quite atable. Due to the high interatomic atrength and
closed electronic configurations of these materials, the equilibrium
contribution W (eq) to the work of adhesion is negligible, and
wettability is possible only by intenasive interaction between atoma
of the solid and the liquid metal. Due to i{te importance in liquid
metal ion source applications, the discusaion here will focus on the
propertieas of carbide and graphite wettability. We mention only
that, since the tharmodynamic atability of theae materials generally
increases in the order carbides, borides, and nitrides, then
wettability by liquid metals is expected to decrease in the game
order.

For good wetting of graphite, the liquid metal muat enter into
reaction with carbon by forming carbides, diesoclving carbon, or
diffusing into carbon. The role of phyajical forces is minimal. The
apecific mechanism of interaction appears to depend upon the
properties of the liquid metal (17]. Different bonds can be

aatablished because C haa four valence electrons and can be either a
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donor or acceptor of electrons. Ionic bondas are favored if the
liguid metal is predominantly electropositive, i.e., & metal from the
alkali or alkaline earth familiea. In these cases, a carbide
interlayer is often formed. Metallic bonda are favored if the liquid
metal is a tranzsition metal with unfilled d-shell orbitala, Here,
the C atom donates electrona to the d-band of the liquid metal to
arrive at & satisfactory electronic configuration. The carbon is
therefore positively ionized. Using electron trenafer data,
Franzevich [18) has determined the charge of disasolved carbon in
transition metals:

Transition metal Ti Ta W Fe Co Ni

Value of C charge +4,0 +2.8 +0.6 +3.8 +2.6 +1.8
The general trend is for C to donate sufficient electrons to complete
a filled or half-filled shell. Covalent bonds are favored if the
liquid metal posesesses outer p electrons, such as occur for elements
on the right side of the periodic table. Stable carbidea often
result from the interaction. The highest adhesive energies result
from metallic bonding, i.e., liguid transition metals display the
greatest wettability of covalently bonded solids.

An extensive collection of empirical data on the wettability of
graphite by liquid metals exisats, particularly in the Rusaian
literature. Naidich (19] provides a useful summary of this
literature, claassified by subgroupa of the periodic table. The
lowest degree of graphite wettability is displayed by metala of the
IV-B, V-B, and VI-B subgroups (see Figure 3-3). Theae metals sre

practically inert to graphite. They do not form atable carbides, and
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Figure 3-9. The wettability of graphite by liquid metala of the
IV-B, V~B, and VI-B groups. Elements labeled by m have been ahown to
be practically inert to graphite., Detaila are given in {9],
Experimental aurface tenaion valuea have been reported for ligquid
elepenta denoted by 0.



43
dissolve only amall amounts of C (0.001-0.1 stomic X) up to tha
boiling point of the liquid. Typical bond anergies are low, of the
order of 0.3-1.0 kcal/mole. The highest degree of graphite
wettability is dieplayed by the transition metals, as discussed above
(see Figure 3-10). Liquid transition metala react strongly with
graphite, either in pure form or as additivea to other elements.
Typical adhesive energiea are near 20-30 kcal/mole, and wetting
occurs by carbide formation, chemical interaction, or disgaolution of
the graphite in the melt. The adhesion activity 1a related to the
extent to which the metallic d-band is empty. As & whole, the
energies of adhesion decrease from Ti to Ni, corresponding to an
increese in the filling of the metallic d-band. For example in the

case of adhesion to graphite:

Metal Ti Fe Ni
W (erg/ce?) 3920 3340 2985
@ (deg) 0 37 45

Internediate in graphite wettability are elements forming covalent
bonds with carbon. The elements which have been studied in this
class are Si, Ge, Al, and B. In pure form, these materisls wet
graphite with adhesive energies of the order of 10 kcal/mole. The
adhesion is good, but la on the whole lower than that of tranaition
metals. An interesting observation relevant to the boride materiala
studied in thia report is that a amall amount of B added to metalsa
appears to increase the wettability to graphite, This is seen in the
case of Cu (20-211, Pure copper by itself is inert to graphite,

forming a contact angle of 140 degrees: however, when SX B ia added
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Figure 3-10. The wettability of graphite by liquid transition
retals. Elements labeled by m have been shown to react strongly with
graphite. Details ere given in [3}. Experimental aurface tension
values have been reported for liquid elementa denoted by O.
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to it, the contact angle dramatically decreases to 36 degrees.
Apparently, the boron segregates to the interlayer to fora boron
carbidea, Baaed upon thias information and the excellent wetting
displayed by transition elementas on graphite, one expects that
borides of tranasition metal elements are likely to strongly react

with carbon and wet with small contact angles.

S. The Wettability of Ketalas with Liquid Metals

The high degree of reactivity of metals ie well known, and
therefore metal-metal contact angles are expected to be esmall, Our
studies have confirmed this for the cese of B and As-containing
ligquid metal alloys on metals. The same general lsws governing
wettability in contact syatems of liquid metals and covalent and
ionic solids are also applicable in ligquid metal-solid metal
aystema. That is, wettability depends upon the solubility of the
liquid metal in the =so0lid, and the ability of the system to forms
interfacial compounds. These assertjiona have been verified in
studiaes by Hildebrand [22] and Tamman and coworkere [231. Nonwetting
systems are found in cases where there is neither interaction nor
Bolubility.

Two interesting studiea uncovered during this work provide
guiding principles governing the =zelection of materials for best
wetting. Gorjunov [24], who inveastigated the dependence of wetting
on phase diagram appearance, found that wettability increases as the

phase diagram changes from one with simple immimscibility to one with
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eutectica, compounds, and solubjility, as expected by the chemical
reaction theory of wetting. Similarly, studies by Bailey and
coworkers cited by Taylor [25] show that wettability in smolid
metal-liquid metal systems increages as the difference in fusion
temperature between the metals decreases., Thia simply means that
wetting ig better in systems where the metala are alike, due to the
greater degree of mutual asolubility and diffusion in such systems,.

In most studiea of wettability, implicit faith is placed in the
purity and integrity of the materials used. Numerouas situationg {(n
the literature exist where initial reports of poor wetting have later
bean found to occur because of an unreduced oxide layer at the
surface of the asolid {26]. Heat treating, cherical reaction, and ion
etching have been commonly employed to clean wetting surfaces, but in
the absence of Auger electron spectroscopy and other surface
senaitive probes, the aasumption of 8urface cleanliness is dubious at
best. The importance of using in situ asurface analytical techniques

in the atudy of contact syatems is the subject of the next chapter.
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CHAPTER 4

EXPERIMENTAL PROCEDURE

A. Vacuum Requirementa, Wetting Procedure, and Temperature

Measurements

There appear to be few fundamentel limitations preventing the
study of low vapor pressure liquid surfaces under conditions of
ultra-high vacuvum. Indeed, the experimental arrangerent of moat
standard commercial vacuvm systems iz ideally auited for such
studies. The majority of work here was carried out in an ULTEK TNB-X
250 1/8 uvltra-high vacuum ayetem, conteining a Phyes{cal Electronics
CHA Model 10-155 Auger Electron Spectrometer. Thias ayatem has a baae
pressurelof 1 X 10710 torr. Conditions of ultrahigh vacuum were
maintained throughout the early experiments to minimize contamination
which could subatantially affect the chemical and electronic
properties of the surface being investigated. Later work showed
pressures less than the 1076 torr range to have little effect upon
the liquid surfacee and this requirement was relaxed. Nonetheless,
no experiment waa begun at pressures greater than 1 X 1077 torr.

The sample support mechanism is shown in Figure 4-1. This
mechaniem allowed an unusual persaspective of the elloy asurface to be
appreciated due to the adjustable electrical contacts on each side of

the solid aubstrate. A temperature gradient could be generated



Figure 4-1. Specimen support mechanism with alloy and substrate
inatalled. The viaw ig through the front window port of the

ultra-high vacuum charber at 0GC.

50
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acroea the ribbon which enabled observation of the alloy under liquid
and solid conditions aimultaneously. This proved to be advantageous
in many experimenta, but in general was burdensome due to the
difficulty 1in achieving unifors heating of the substrate. A typical
wetting experiment utilizing a solid fragment-of .alloy began by
rounting the substrate in a herizontal plane inside the vacuum
chamber. A small amount of solid alloy waa then placed atop the
aubstrate and the system was evacuated. Contact between alloy and
substrate was maintained by gravity and no adhesive was uaed. The
substrate wes then heated reaiatively by a D.C. power supply until
alloy melting and wetting was observed. If wetting occurred with a
emall contact angle, it was necessary to vent the chamber and remount
the sample in a vertical plane in order to face tha Auger beam. If
the contact angle was poor, analysis of the resulting droplet could
procead without re-evacuation. A vertically positioned Auger
analyzer would have allowed faater turnaround times by making sample
remounting unnecesaary. Powdered alloyas were usually applied to a
vertically oriented substrate in the form of a alurry with acetone to
facilitate adhesion. The acetone completely volatilized at low
temperatures with no effect on the alloy compogition or subaequent
wetting. Analysis was possible at any time after evacuation.

Temperatures were measured by means of a single wavelength (0,65
micron) micro optical pyrometer manufactured by Pyrometer Instrument
Co, Inc, Bergenfield NJ, USA. Knowledge of the substrate emissivity
as a function of temperature allowad an absolute temperature

calibration to be formulated by comparison of alloy and subatrate
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brightnesses (see Figure 4-2). Eutectic melting temperatures were
determined by direct cbaservation during heating. An overall
morphological change in appearance of the alloy, accompanied by a
sudden change in reflectivity of the surface could be easily observed
in both optical and scanning electron microascopeas. The melting
temperature of off-eutectic compositiona ias more difficult to
determine, as & sequence of malting eventes is obaerved rather than a
definite transition from 8o0lid to liquid. 1In such cases, the
terperature at which liquifaction is firat observed through a
low-power optical microscope is defined as the melting point. Small
amountB of low-level inpurities in the alloys appeared to have little
effect on the measured melting pointe, and we believe our melting
temperatures to be accurate to 5 degrees for eutecticas and 20 degrees
for off-eutectica. The alloy surfaces ware found to be effectively

cleaned of adsorbed gases by annealing and no sputtering was

necesgsaary.

B. Auger electron epectroscopy

A number of surface sensitive analytical techniques have been
eaployed in this study of liquid metal alloys., The most useful has
been Auger electron spectroscopy, which provides information
concerning the chemical identity of surfacea. A vast literature
exista on the topic of Auger analyais [1); however, it ias useful to
provide a brief description of the technique with speclal reference

to the Bstudy of liquid surfaces.
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1. The Auger emission process

Auger electron spectroscopy characterizes the elemental
compogaltion of a surface by measurement of the energy of electrons
originating from a 3-state traneition within the surface atoms of the
naterial. VWhen a core lavel (say, K) of a surface atom is ionized by
an incoming electron beam of a few kV in energy, the vacancy may be
filled by electronic transition from one of the higher energy states
of the atom (zay, Lp). The energy difference between these two
astates is used to ionjize a second (Auger) electron from yet a third
state (say, L3). The atom {3 left doubly ionized, and the Auger
electron will have a kinetic energy characteristic of the parent atonm

(aee Figure 4-3),
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Figure 4-3. The Auger emigsion procesa for a Na atom., The
particular transition illustrated is designated KL,Ls.
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The ejected electrons give rise to peaka in the secondary electron
apectrum of the material which can be used to unambiguousaly identify
the composition of the surface. Primary beam energies of 3-10 keV
are used because the ionization cross-section for most elemente iz a
maximum when

Ep/Ey = 3.0-5.90
where Ep is the primary beas energy, and E; is the ionization

energy of the involved core level.

2, The surface senaitivity of Auger spectroscopy

The surface sensitivity of the Auger technique arises from the
limited mean free path of electrona with kinetic energy in the range
20-2000 eV. Only for transitiona which occur within a few angstroms
of the aurface is the electronic mean free path sufficient {21 to
allow ejection of Auger electrong without loss of energy and reaoval
from the Auger signal. Due to the large background of secondary
electrona on which the Auger peaks are superimpoaed, the Auger
alectrons are often detected by electronic diffarentiation of the
secondary electron distribution function N(E). The resulting Auger
apactrum is the function dN(E)/dE. The peak-to-peak magnitude of the
characteriatic Auger peaks in a differentisted aspectrum, when
corrections are allowed for the relative lonization cross-sectiona of
the elementa, is diractly related to the elemental concentration of
the msurface atoms that produced the Auger electrons. Quantitative

accuracy for routine analyais is of the order of 10-20%.
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In addition to deexcitation by the Auger process, relaxation of
the electron energy levela may alao occur by X-ray fluorescence. In
X-ray spectroscopy, when the vacant core level is filled by an
electron from a higher atomic state, the energy le emitted as a
characteristic photon of energy hf = E(upper) - E(lower). 1In a
typical experiment «where the gurface is excited by an electron beanm,
both processes are occuring at the aame time. For detection of
elementa of low atomic number, however, Auger spectroscopy is
auperior to X-ray fluorescence spectroscopy. Thia is because the
ratio of Auger to X-ray yield favors the Auger process for elements
of 2 ¢ 33 (see Figure 4-4). At larger 2, the X-ray fluoreacence
vield begines to alowly incresse at the expense of the Auger process.
Since the Auger transition probabilities are large for light
elements, surface impuritiea in concentrationz as smsll as 1% of a

monolayer (1013 atoms/ca?) may be detected.
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Figure 4-4. Auger and X-ray yields for K-shell vacancies vs
atomic number. From G. A. Somorjai, Principles of Surface
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3. The energy of Auger alectrons

The kinetic energy of Auger electrons ias given by the difference
in binding energies of the electron levels involved. For example,
for a KLoLg Auger transition:

E(Auger e-) = Ex(2Z) - Ej(2) - E’13(2) - @
where Eyx(Z) - E{5(2) repreasents the difference in binding energy
of the K and L, levels, E’|4(2) is the ionization energy of the
singly ionized surface ator, and @ is the work function. The energy
level of the s8ingly ionized atom ias used because the difference in
energy between the K and L, levels is given to an atom which has
already lost an electron during the initial core level excitation.
Thia energy 1ls greater than the ionization energy of the L level
in a neuntral atom because of the increased nuclear charge sesn by the
electrons in a Bingly ionized atom. To facilitate theoretical
calculationa, the approximation is often made that!

E’|3(2) ~ Ej3(Z + 1)

meaning that the energy of the L’5 (ionized) level ias nearly

identical to the L3 (neutral) level with one more proton in the

nucleus.

4, Quantitative analysjis of Auger apectra

Two routinely used, semiquantitative methods exist which provide
an approximate determination of the Auger elemental compoaition of
surfaces. A calculation from first principles has not yet been

attained due to inadequate underatanding of backacattering factorsa
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and matrix effects,

The firat method determines the asurface composition by comparison
to external standarda. Auger gpectra from the unknown specimen are
compared with those fror a atandard of known concentration. The
concentration of element a in the teat apecimen N,(t) can be
related to that in the standard Ngy(s) by:

Na(t)/Ny(a) =

[I14¢t)/T,(=)1[1(a)/1(£)) [(1eRp(a))/(1+Rp{t))]
where I, is the emitted Auger current produced by a particular
Auger transition in element a, 1 is mean free path of the Auger
electron, and R is the backscattering factor [3). When the test
sample and standard are similar, the last two factors of this
relation are of order unity, and determination of the relative
concentrationa reduces to a meagurement of the relative Auger
currenta.

A lesa accurate but commonly used method for gquantitative
analysis of Auger apectra employs elemental sengitivity factors
calculated by Palmberg et al. [(4]1. The elemental asensitivity factor
iz a measure of the relstive probability for a given Auger transition
to occur. The atomic surface concentration of element x can be
expressed as [3):

Cy = (Ix/5y)/E(1,4/5y)
where S, ias the relative aenaitivity of element a. The method is
only semi-quantitative because the matrix-independent sensitivity
factora neglect the variation in mean free path and backscattering

factor with material. The surface elemental compositions calculated
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from Auger spectra in this dissertation have basen determined using
thie method, using a S kV excitation energy and 2 eV p-p modulation
voltage, In the came of Pt/B alloys, overlapping Pt and B Auger
peaka occur near 179 eV, which creates problers for quentitative
analyais because both B and Pt contribute to the. apectral feature.

In order to deconvolve the contributionas, the ratio of the 1367 eV
and 173 eV Auger peeak heights of elemental Pt were calculated and
compared to the same ratjo for the Pt/B alloy. This procedure allows

an estimate to be made of the relative contribution of each elament.

5. Chemical Effects in Auger Spectra

In addition to the determination of surface elemental
compoaition, Auger aspectroscopy can be used to analyze the electronic
environmnent of surface atoms as indicated by the chemical shifts of
the characteristic Auger peaks [6]). This ia because the different
chemical states of elementr are due to a shift in the binding
energies of inner-shell electrons upon the change of valency. A
change in the environment of an atom in the surface region may
produce the following changes in the Auger electron spectra: (1)
shifta in the energy at which the varjous Auger lines occur; (2}
changeg in the relative intenasitiea of the the Auger lines in
different groups; (3) changes in the shape of a group of Auger
lines. It haas been pogasible to determine the existence of compound
formation in the liquid metal alloys by analysis of Auger chemical

effects. These effects will be detailed below.



62

C. Other Surface Analytical Techniques

A number of additional surface analytical techniques have been
utilized to study the liquid alloya. Studiea of the vaporization
rate of the various alloy components has been carried out by using a
line-of-sight Ultek Model 200 quadrupole naaa.spectrOleter (Q¥S) .

The QNS allowed direct measurement of the evaporation rate of
volatile mass species as a function of temperature. A dedicated
Hitachi RMU-7 mass gpectrometer, specifically deaigned to accommodate
analyasis of liquid metal ion aources, waa used to characterize the
emisaion properties of the liquid alloys. The setup is shown in
Figure 4-5. Thier instrument is capable of a reaclution of 600 at m/e
= 500 and, when combined with a focusing filter lene retarding energy
analyzer, can provide information on the charge states, energy
spreads, and relative amountsa of the field evaporated apecies.

A JEOL Model JSM-35 scanning electron wmicroscope (SEN) has been
uged to study surface morphology under different conditions of time
and temperature. Energy disperaive X-ray analyzi{s (EDX) has provided
information concerning the alloy bulk composition., Work function
Reasurementa have been recorded by a field emission retarding
potential (FERP) techrique [7] which posmsesses the unique property of
measuring the abaolute work function of the alloy asurfaces. Work
function values are accurate to 0.05 eV, and have been measured on
the cleaneat available alloy surfaces.

An X-ray photoelectron spectrometer (XPS or ESCA)Y manufactured by

Leybold-Heraeus haa been used to aid in the identi{fication of
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chemical coapound formation in the liquid alloys. Scanning Auger
spectroscopy (SAM) haa provided high-resolution compositional
information of second-phase material in the alloys. A schematic
diagran of the analysia ayatem used at OGC showing the primary
analysis inatrumenta uaed to characterize the ligquid surface ia given
in Figqure 4-6.

SAM and ESCA measurements were carried out at the Center for
Rasearch in Surface Science and Submicron Analyasis (CRISS) at Nontana
State Univeraity. Thie facility is a National Science Foundation
regional center for surface studies, and possesmaes a high-resolution
acanning Auger microprobe (Physical Electronicse, Model 5933 capable
of simultaneous SEM and Auger analysis of surfaces. After adding a
special sample mounting stage to allow sample heating, a detailed
investigation of the solid-to-liquid phase transition of the liguid
alloys was possible. The resulting data has provided valuable
insight into the alloy interfacial phenomena, ESCA was used
primarily to identify compound formatior in the alloys, but in
general the results were disappointing on the amall asamples we
studied due to the limited apatial resclution of existing instruments
and the near-identical binding energies of boron-containing
compounds. Information concerning the chemical environment of
surface species was more readily obtained by analysis of chemical
effecta in Auger apectra. This asjtuvation wag unusual in that ESCA is
usually the inatrument of choice in the identification of chemical
bonding on surfacea. Our resultse point out the need for further

study and compiliation of Auger chemical effects,
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CHAPTER S

SURFACE STUDRIES OF PREWETTED RRL ALLOY COKBINATIONS

A. Introduction

The initial goal of the OGC effort was to determine the critical
properties of the alloy and substrate that provide reasons for
improper socurce operation and gquidance for successful source
development. The ocutcome of these measurementa haa allowed not only
& determination of the appropriate slloy/aubsatrate combinastiona and
source performance, but alao & clearer underatanding of the alley and
aubatrate propertiea and further insight into tha mechaniam of LMI
source operation.

Attempts by the HRL group to develop a liquid nmetal ion source of
B were carried out during the yeara 1977-83. The results were
largely unauccesaful, It waz found that boron eutectica corrosively
attacked the refractory metal substrates (e.g., W) employed in
previoua designs using low-melting liquid metals [1). Efforts to
decrease the rate of attack by using alternative metal subatratez and
by formation of an an interfaciel layer to prevent penetration
resulted in source lifetimes of no more than 20 houre. Carbon, in
the form of polycryatalliine graphite, was investigated as a aubatrate

material from 1979-83, and found to have limited succeas when
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combined with an appropriate wetting agent. An empirically derived

procedure generated during thias period to facilitete best results was

found to be highly irreproducible, and resulted in a claasification

acheme that ranked systems into graded classes of wetting according

to the degree to which the procedure was carried out correctly (see

Figure 5-1).

The poorest wetting resulted when fno wetting agent was applied,

i.e., wetting of pure alloy to virgin carbon. In these casss, a

poorly-wetted droplet of alloy formed with a contact angle > 390

degrees.

The beat wetting caae appeared to arise fror the following

operations, although the results were difficult to reproduce:

a,

The center of one side of the graphite substrate is coated
with & slurry of red boron powder in acetone to a thicknesas
of about 0,005 inches.

The graphite is then flash heated to a temperature of T =
2400 C, after which the heat is immediately removed. This
temperature 1s greater than the melting point of the boron.
A powdered sample of eutectic is mechanically mixed w«ith
excess boron powder (1 - 3% of alloy by weight) and applied
as a slurry with acetone to the graphite.

The graphite ies then heated to temperatures near T = 1400 C

and held at this point while the alloy melts and flows.

Steps a. and b. of this procedure were coined "boronization,® and

step c. was called "boron fluxing.'” Contact eystems displaying

excellent wetting properties as a reault of thia procedure were

termed “ideally boronized." Studying the photos of Figure 5-1, it is
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Figure S5-1. The varying degrees of wetting success found in the
early work at Hughes Research Lasboratory. (&) Nickel boride alloy on
virgin graphite; (b) Boron-fluxed nickel boride alloy on virgin
graphite; (c) Nickel boride alloy on "idesglly" boronized graphite.
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Figure 5-1 (continued). (d) Boron-fluxed nickel boride slloy on
"lightly" boronized graphlite; (e) Boron-fluxed nickel boride alloy on
"“ideally" boronized graphite; (f) Bottom, nonboronized aide of (e).
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apparent that wetting and flow may occur over regions of the graphite
that have not been subject to boronization, as the alloy is obaerved
to wet the nonboronized, backaide of the substrate.

In view of the limited Buccess of the early Hughea work, a major
effort was undertaken by the 0GC group to emtabliah the role of
axcegs boron and boronization on the wetting behavior and contact
angle of prewetted alloy combinations. The aystems selected were
logical first choices in that each alloy contained at lea=zt ocne
low-wmelting eutectic. The alloys were prevetted by HRL and =upplied
to the 0OGC group as a sintered mass of alloy on a flat ribbon of
graphite. Each ayster varied with respect to boronization
pretreatment, boron fluxing, and temperaturea reached during the
boronization and wetting process. The Y/Ni/B eutectic on Re was also
studied during this period to discover the mechanism of failure and
supply reasons for the limited lifetimes observed during preliminary
work by the Hughea group. In retroaspect, the lack of controla in the
early work resulted in coneiderable labor cn our part to sort out the

relevant pararmeters from the irrelevant.

B. Studies of the Y/Ni/B on Re aystenm

We begin with surface investigations of the Y/Ni/B on Re contact
ayster. Two samples of identically prepared Y¢oNijaBig
eutectic above a Re substrate were astudied. The melting point of the
alloy was determined to be T = 1102 K by the experimental procedure

described above. The solid-to-liquid phase transition appearad to be
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abrupt and complete when viewed through the optical microscope,
aignifying that the alloy waa close to a ayatem eutectic.

A reproducible phase separation occurred in the alloy after a few
houra of heating at temperatures Blightly above the melting point,
forming aeparate B-rich and B-poor regiona that were easily diacerned
with the naked eye. Close observation showed both regions to have
resolidified, and further heating of the alloy at temperatures
significantly above the original melting point was neceassary to
rexelt the surface. This iz geen in Figqure 5-2, which shows the
atatus of the alloy surface after 70 hours of heating at a
texperature slightly abave the initial melting temperature. A
terperature of 1146 K was needed to remelt the neon B-rich phame, and
1192 K was necessary to melt the B-rich phase. Notice that the alloy
has yet to fully wet the aubatrate, and that C and O signalsz persiat
in the surface. This indicates that carbide and oxide phases have
formed, as surface CO could not exist at this elevated temperature.

Dissclution of Re is indicated aas the ceuse of this unusuval
melting behavior and phase separation. Re is present in large
concentrations throughout the alloy, and posseasesa a melting point of
T = 3453 K which will raise the melting point of the solvent alloy.
Lateral diffusion of Ni may additionally contribute to the phaae
separation, as the B-rich region appeara to be depleted of Ni
following long-ters heating. Further, the concentration of Ni in
thies phase riges ateadily with temperature, reaches a maximum prior

to melting, then nearly vanishes.
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A high-resolution scanning Auger study of the alloy asurface at
room temperature after 500 A sputter cleaning is displayed in Figure
5-3. Previous to this, the contact aystem had been haated to
temperatures as high as T = 1350 K to insure complete liquifaction of
the surfece. Several different regions are found, which are
identified by areas of different contrast. The points investigated
suggest the pracipitation of second-phaase material during cooling.
Four relatively pure binary phases are found: Y-Ni, Y-Re, Y-0, and
Y-B. In view of the oxygen affinity of the components, formation of
an yttrium oxide ia not surprising because Yp03 ieg by far the
most energetically favorable oxide. Further, one might expect Y to
form a atable phagse with B, becauvse Y ie a group IIIB metal with
valence +3 which forma highly stable borides similar to those of La,
another group I1IIB metal. By comparison, nickel and rhenium borides
are leses atable. Point 2 of Figure 5-3 showa that Y and B are
strongly correlated.

Work function studies on the alloy surface after initial melting
and reesolidification yielded an average value of 3.5 eV.
Interestingly, after exposure to the system vacuum for several days,
the work function changed very little, in Bpite of the fact that both
visual and compositional surface changes had occurred. The carbon
and oxygen contamination were subastantially greater, and the alloy
agsured & powdery white appearance which could be restored to
metallic luater by heating. Apparently, the compoundas formed by

contamination (e,g., yttrium oxides) have work functions in the 3.5

eV range.
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The wetting propertiea of this contact system are excellent.
Wetting was determined visually and by obaservation of uniform
brightness over the ribbon as the alloy temperature is raised. Prior
to wetting, the alloy appeared brighter than the Re due to the
difference in emiassivity betwsen the materiala. Wetting was found to
occur at T = 1200 K, a temperature nearly 100 degrees above the
initial melting point of the alloy and a few degrees higher than the
prelting temperature of the B-rich separated phame. The alloy flowed
over both sides of the Re ribbon and the coverage appeared to be
complete. In Bpite of this, however, there remained regions where Re
was detectable by Auger analyais.

That the existence of Re in the alloy is the key factor relevant
to succegaful uae of this contact syster as a source of B ions may be
deronastrated by analyeis of phase diagramg for the component
binaries. A seerch of the literature has failed to uncover a phase
diagram for the Y/Ni/B ternary; however, diagrama for the binary
syatems are readily available and are reproduced in Figure 5-4. The
ternary system may be formed by combining the three diagrama into the
sides of & base triangle. Detailed interpretation of the resultant
diagram is difficult, and the concluasions are only gualitative. The
procedure ie to fold the three binarieas to form an angle norwal to
the base triangle, and then roughly determine where the ligquidus and
solidus are located by connecting the so0lid and ligquid regiona of
each binary. An isothermal cut ia then taken through the temperature

of intereat, and the result projected onto the base triangle to give

a4 pictorial view of the alloy at a given temperature. This is
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accomplished for the Y/Ni/B aystem in Figures S5-5 and 5-6 for two
temperatures. A temperature of 1270 K waa chosen for the isotheraal
cut in Figure 5-5 because it is obaerved that the lowest binary
eutectic of the alloy occurs on the Ni-Y section of the diagram at
1075 K with a Ni concentration of 25 a/o. The Ni/(Ni + Y) atom ratio
of our elloy ie 27X with an experimental melting point of 1102 K,
meoaning that the alloy is near this eutectic on the Y-Ni binary
diagranm.

It is found that the alloy can melt and retain its liquid etate
only over a very arall range of coampositionea. At melting, the
temperature and composition of the alloy are correctly matched to put
the aslloy in a liquid region of the ternary triangle. Over a period
of time, however, the increase of Re end/or diffusion of Ni changes
the alloy cowmposition and drives the material into a solid region of
the phase diagrem. The result is that the alloy Bsolidifiea. Further
increases in temperature act to widen the zone of liquifaction and
enable the alloy to remelt, but &8s ahown in Figure 5-6, the
temperature would have to be nearly 1500 for the alloy to remain
liquid over a workable range of compositiona. But then the rate of
Re solubility will aleo increase causing solidification to recur.

The dissolution of Re therefore acte to raige the melting temperature
of the alloy and prohibit further ion emisasion due to a solidified
Taylor core.

Additional support for thias view of alloy operation was found

through =tudy of the emieaion characterigtica of a wetted LMI mource

of Y/Ni/B on Re. Relative amounte of the various alementsz in the ion
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Figure 5-5. Isotharmal section (at T = 1275 K) of the Y-Ni-B phase
diagram projected onto the bame triangle.
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Figure 5-6. Isothermal saction (at T = 1475 K) of the Y-Ni-B phase
diagras projected onto the base triangle.
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bean at 10 microamps of total current and alloy temperature T = 1280

K are ashown in Table II.

TABLE 1I
RELATIVE AMOUNTS OF VARIOUS ELEMENTS IN THE ION BEAN

OF THE YgpNinaBys ALLOY AT 10 MICROANPS
TOTAL CURRENT AND 1280 K

Mass Relative_Abundance*
B* 0.0023

Byt 5.2 x 1073
Ni* 0.36

Ni** 0.036
Nip** 0.037
Nia’; Ys* 0.010

Nig* 0.0059

y* 0.19

Y+ 1.00

yeee 0.35

Y5 0.0017
YNi** 0.16

YNi* 0.16

"Baged on peak areas and uncorrected for variation of
Bystem sensitivity with mass,

The alloy source waa stable in the temperature range 1160 to 1280
K. With decreasing temperature, the current ahut off at T = 1114 K,
in good agreement with the experimental melting point of 1102 K. The
total amounts of the various components in the bulk, surface, and ion
phases are shown in Table III. During operation, the emitter
diaplayed conaiderable variation in surface phase composition and
ghowed increased aurface Re concentration with operating time. The

ion beam shows a disappointingly =small amount of B in the beax.
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TABLE III

COMPARISON OF Y, NI, B COMPOSITIONS IN THE BULK, SURFACE
AND ENITTED PHASES OF THE YgoNIp3Bjs LMI SOURCE

Phase Elemental Ratios
Bulk ) YcoNiogByg
Surface (1280 K) YaeNiogBgReos
Ion Beam (1280 K) Y71 . 9NiogB 1

The Y/Ni/B on Re emitter displayed atable operation for 22 hours
at T = 1260 K. At temperatures slightly greater than the meiting
point of the alloy, the emitter waa unstable due to increases in
melting temperature with operating time. This corresponds with the
obaerved separation into B-rich and B-poor phases noted above.
Furthermore, observations during and after operation indicated an
increaging presence of a second eolid phaese atop the liquid film.
After the scurce fajiled, acanning electron examination of the enitter
structure showed evidence of multiphases, dieplayed in Figures 5-7 to
5-9. X-ray microprobe analyaias revealed a mjgnificant amount of Re
in the aljoy film. In addition to losing a significant amount of
reservoir material, the thickneas of the film on the eaitter
increased by roughly 10 microna, i{i.e., the emitter radiuas changed
from 12 to 23 microna after operation. The film coclor was alao found
to change froa ailver-grey to black during operation. Upon removal
from the masas spectrometer, the alloy aurface formed a white powder.
Since B does not oxidize to a white powder at room temperature, it is

likely that the white powder ias Y,03.
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Figure 3-7. SEN micrographs of the Y/Ni/B on Re LMI smource befora
(a) and after (b) 22 houra of operation at 1260 K.
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Figure 5-8. SEN micrographs of the emitter ahank of the Y/Ni/B on Re
LMI source before (a) and after (b) 22 houra of operation at 1260 K.



84
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Figure 5-9. SEN micrographa of the emitter tip of the Y/Ni/B on Re
LNMI gource before (a) and after (b) 22 houra of operation at 1260 K.
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The relative abundance of the ion species in the emisaion veraus
total current and temperature are shown in Figures 5-10 and 5-11.
Table IV shows the relative abundance of corponent elements in the

beam va temperature at 10 microamps total current.

TABLE IV

RELATIVE ABUNDANCE OF YgoNIogBys IN THE ION BEAM
VS TEMPERATURE AT 10 MICROAMPS CURRENT

Relative Amount Temperature_ (K)
YogNizp, 8B, 16 1260
YesN133,8B .19 1310
Y67.5Ni32.1B 43 1385

In apite of the msignificant concentration of Re observed in the
alloy surface, none was found in the ion beam. This absence is most
likely due to formation of solid phases in the alloy surface that
prevent emission. Further, although the B abundance in the beam was
found to increase with temperature, its level from the outget was
wuch lower than the approximately S - 15X abundance measured at the
surface. Like Re, the lack of B is believed to be due to
precipitation of solid Y-B and Re-B phasea at the source operation
temperature. Increasing the tenperatgre acte to drive the reaction
toward the liquid phase, e.g., YB(8) = Y(1) + B(l), and accounte for
the increased B signal with temperature. Unfortunately, increases in
teaperature also increame the rate of Re diassolution in the alloy

which raisea the melting teaperature of the liquid film by formation

of high-melting rhenium boride phases,
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C. Studies of the Ni/B on C Systena

A number of samples of NiggBsg on C were studied. The
controla which varied from sample-to-gample and gerved as the basis
for research were boronization, boronization temperature, and boron
fluxing. It waa later found that these experinental controls were
not controls at all, but contained a number of elements that were
inherently irreproducible. Only after considerable experimental
effort was it poasible to isolate the sourceas of irreproducibility
and determine the actual parameters that influenced wettability.

The melting point of the Ni/B binary waa determined to be T =
1282 X by observation of well-wetted contact systems. In these
systems, the melting was relatively sudden, supporting the conclusion
that the alloy composition was near the eutectic of the binary.

Other asystems, however, ware poorly wettad and conasiasted of localized
droplets of alloy atop the substrate. The diacuasion here considers
each of these aubcategories in turn, with a view to expoaing the

importent differences in wetting behavior between the saystemszs.

1. Studies of Well-wetted Ni/B Contact Systems

Contact esystems in this subcategory were well-wetted to begin
with and remained 8o with heating, usually apreading over the pure
graphite substrate by diastances of the order of rillimeteras with
increaaing temperature. Surface contamination was rinimal, and

consiated of asmall amounts of nitrogen and carbon which persiated

after cleanup. Unmelted beron originating from the boron fluxina
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pretreatment was often observed in the alley. An example is given in
Figures 5-12 to 5-13, which show a eample of boronized and fluxed
alloy in its "as received” condition at room temperature and at a
terperature of about 25 degrees below the melting point of the
alloy. The view is of the reverse aide of the ribbon. During the
wetting process, the alloy had wet and flowed to the nonboronized
backaide of the graphite ribbon. In Figure 5-13 early evidence of
relting is observed. Sharp structural edges are beginning to soften
and the alloy has moved outward over the subatrate by nearly 10
microna. We define the melting point of the alloy as T, = 1292 K,
even though there 1s evidence of melting at T = 1267 K, because the
mest dramatic change of phase occurs at T,. Compositiorally, the
light areas consist of equal concentrationa of B and Ni, and the dark
areas are pure B corresponding to the excesas boron added to the
alloy. The leading edge of the moving alloy front appasrs to be
B-rich, which may indicate the formation of boron cerbide at the
interface. Chemical wetting processes require the formation of such
an interfacial compound to promote good wetting.

The composition, melting point, and phase behavior of the alloy
allow an approximate determination to be made of the melt
stoichiometry and position on the binary phase diagram. Since the
melting point of the alloy was determined to be 1292 K (1015 C) on
material with nearly equal etomic fractions of B and Ni, the alloy is
close to the eutectic of the binary system, shown in Figure 5-14,

Given this information, a reasonable estimate of the phase behavior

with temperature may be formulated. At point A of Figure S-14, for
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OO0 pm

Figure 5-12. SEX aicrographs of the Ni/B on C alloy (HRL: E-3; D-3)
in its “as received" coendition. <(a) Overall view of the wetting: (b)
Crystalline precipitates within the alloy.
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exarple, the compoasition of the alloy before melting will be about
60% BNi and 40X m-BgNiy. During heating to point B, liguld alloy
of the eutectic composition will begin to form. Further temperature
increases to C results in a nixture composed of 5% =zolid B and 95%x
liquid BNi, becoming more B-rich until the temperature reaches 1100
C. The resulting liquid stoichiometry at high temperatures will be
about 100X NiB, the composition derived experimentally for the liquid
alloy. It is likely that the addition of extra boron has caused the
slight ahift toward the B side of the eutectic.

Detailed elucidation of the fully melted surface proved difficult
due to the rapidly changing surface morphology above the melting
point. Even with the high speed capabilities of the scanning Auger
aicroprobe, the ligquid film changed too quickly to adequately analyze
localized positiona on the surface. A motion picture system would be
neceaasary to fully characterize the reaction sequence at melting.
Vailuable information was obtained, however, by setting the
inatrumentation to ite fasteat possible analyais rate compatible with
sufficient statiatica. Figure 5-15 ia a typical view of the melted,
well-wetted film, diapleying an area-average comrposition of the
surface framed in the SEM photo and three apecific analysis
poaitionas. The compositional diatributions reflect the speed of
liquid motion during the analysis and are best interpreted as=s
area-averaged compositions determined from regione of order 10
picrons sbout each position. The melted surface consiats of nearly

equal concentrations of Ni and B, with no evidence of asurface

contamination. The original alloy/substrate boundary has moved out
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over the substrate by nearly 30 microns at the time of this data.
Uneven electrical contacts in the support mechanrism allowed an
unusual view of the alloy to be observed in Figure 5-16. The lower
side of view (a) of this figure mhows that the bottom half (the alide
just discumased) of the alloy is fully melted while the upper saide is
ﬁot, and contains dark solid atructurés that Auger mapping later
determined were pure, unamelted boron originating froam the fluxing
operation.

The behavior of the resclidified surface after cooling to room
terperature reflected the expected precipitation of solid B and N{
phasea predicted from the phase diagram (see Figure 5-17). The
cooled surface was formed by rapld quenching as the teaperature was
lowered quickly enough to inhibit the approach to equilibrium. The
appearance of additional dark structures correspond to precipitated
boron.

Graphite disaolution waa found to occur in Ni/B contact systers
at temperatures greater than 100 degrees above the alloy melting
point. During a high temperature experiment deaigned to invesatigate
the rate of alloy volatilization, the alloy vapor pressure was
examined by guadrupole masz spectrometry at T = 1400 K for nearly 20
minutes to determine if mignificent rates of thermal evaporation were
occurring. No volatile speciea were found at this temperature.
Previous to this treatment, no C was found in the alloy surface.
Afterward, however, regiona could be foﬁnd in the surface with
irreversible carbon concentrations ranging from 5 - 30Xx. To

determine the nature of interdiffusion at the interface of the alloy
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Figure 5-16. Views of the Ni/B on C alloy et the melting point. (a)
Low magnificestion view of the central alloy region, showing that the
lowver portion of alloy iz melted, while the upper region ias solid;
(b) High magnification view of dark precipitatea within the alloy.

36



Figure 5-17, Viewa of the Ni/B on C alloy after reasolidification.
The temperature ig 1267 K. (a) Representative view of the surface,
ahowing aecond phase precipitation; (b) An enhanced B Auger map of
(a).
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and subatrate, the Ni/B on C aystem was fractured and mounted in such
a way to permit a croas-sectional examination of the interface. A
SEM photo of the fractured croga-section {a ahown in Figure 5-18.

The interface is unexpectedly sharp and covered with a 10 micron
layer of alloy material. Avea-averaged and point-by-point Auger
studies revealed no diagolution of alloy components into the
graphite. This ig a remarkable result, given the high degree of
porosity of the graphite. Studies to be discussed later, however,
sahow that dimsolution of alloy may occur during long-tera heating at
high temperatures,

The work function of the nickel boride alloy was determined by
the FERP method to be S.1 eV and is reported in Table V, where values
for the platinum boride alloy are also recorded. Within the accuracy
of the measurement (0.05 eV), little change i3 noticed relative to
heat treatment. Comparison to values tabulated for the pure
componenta is difficult, since work function values depend on

numeroug parameters whose effects are not well understood.

TABLE V

ALLOY WORK FUNCTIONS

Treatment Work Function (eV)”
NissBgs Pty2B2a
Heat to T, - 50, cool to 300 K 5.05 4,81
Heat to T,, cool to 300 K 5.09 4.83
Heat to T, ¢ 50, cool to 300 K 5.12 4.83

*For the pure elements: Ni: 4.7 (211) - 5.9 (il1ll) OGC
B: 4.5; Pt: 5.0; C: 4.7
(Fomenko tabulation)
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Figure 5-18. Croass-mectional views of tha Ni/B on C alloy after
fracture. Given the porosity of the graphite, the alloy/asubatrate
interface ia remarkably sharp, with no evidenca of interpenetration.
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2. The poorly-wetted Ni/B on C Contact Syatenm

The degree of initial wetting of poorly-wetted Ni/B contact
aysteas was highly variasble. Exaaples existed containing large
central droplets of alloy and regions with wetting characteristics
ranging from poor to fair. Liquid flow was éoesible only by
high-temperature treatment and even then, asymmetrical aelting and
flow properties were the rule rather than the exception. Figure 3-13
ahowa a typical example of a partially-wetted allioy in ita "as
received" condition. Thia alloy had previoualy been treated with 3%
additional boron and "light" boronization pretreatment of the
graphite substrate., The wetting consiats of localized droplets of
alloy atop the subatrate. Figure 5-20 is an Auger point analysis of
the clean molten asurface at & temperature of T = 1345 K = T, +
S0°, High percentages of C and N are observed, particularly on the
atationary right-hand side of the alloy. The left-hand aide,
containing eignificantly leas C and N, has begun to apread pasast the
boronized region and onto the virgin carbon subatrate, The C signal
is not due to adsorbed CO, asince all oxygen has been thermally
desorbed by heating. Electron micrographs of the surface after 30
houra of heating at 1335 K are shown in Figure 5-21. 1In this figure,
the alloy has spread aignificantly over the virgin subatrate on the
right aide of the ribbon. On the left aide, containing large
concentrationa of C end N, the alloy has remained atationary.
Similar behavior has been found to occur in a number of contact

aystema possessing poor wettability. Inatencea exist where only one
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Figure 5~13. SEN aicrographs of the Ni/B on C alloy (HRL: E-8; #1)

in 1ta “aa recejved" condition at 300 K. (&) Overall view of the
wetting: (b) View of the boxed region of (a).
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Figure 5-20. Auger surface elemental compoaition va poaition for the
Ni/B on C (HRL: E-9; #1) alloy at T = 1345 K = T, « 50°. High
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Figure 5-21. Views of the Ni/B on C alloy (HRL: E-9; #1) at 300 K
after long-term heating above the melting point., (a) Overall view of
the alloy surface. The left half of the alloy ham apread over the
subatrate by a few millimeters while the right half has remained
atationary; (b) Precipitated crystal estructure within the central
reglon of the alloy.
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boundary is observed to advance while the other does not. The
poasibility of temperature gradientez across the alloy surface due to
unequal electrical contacts in the support structure was subsequently
ruled out because casea of asymmetrical flow were found in samples
where careful temperature measurements showed uniformity within 5°
across the ribbon. The cause of this asymmetrical flow is discussed

in section 4 below.

3. Carbide and Nitride Auger Chemical Effects

A number of Auger chemical effects were found to be associated
with the high concentrations of C and N characteristic of
non-spreading boundaries in the alloya. These chemical effecta
provide a direct and unambiguous determination of compound formation
in the alloys and explaina the lack of liquid flow during presence of
these elements. The chemical effects are catalogued in this section.

Reference to Figure 5-22 shows that the B(KLL) = 17é eV Auger
peak is strongly influenced in spectra taken on portions of the alloy
surface where strong signals of N and C were present. The chemical
ahift of the B peak is evident by the dramatic shape change in the
peak and by the 9 eV downward ashift in energy of the peak.

Comparison to a pure standard Auger spectrum of boron nitride

diasplayed in Figure 5-23 verifiea that the chemical shift found in
the liquid surfacee ie due to the presence of BN in the alloy. The
pregence of BN in the alloy Burface is not unexpected because boron

nitride possesses a Gibba free energy of -34.6 kcal/mole near the
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Figure 5-23. Boron nitride standard Auger spectrum. Note the
distinctive peak shape and -9 eV chemical shift of the B peak (from
D. Jonea, Materiala Analyaia Laboratory, Tektronix, Inc.).
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reiting point of the nickel boride eutectic (see Table VI). It i=n
therefore thermodynarically able toc form. The atructure and

properties of BN are given in Figure 5-24. Its lattice is isomorphic

with graphite.

TABLE VI

GIBBS FREE ENERGIES OF FORMATION OF COMPOUNDS CONTAINING
ALLOY COMPONENTS

Compound dGglkcal/pole)
1200 K 300 K
Boron carbide (B4C) [al -8.6 -9.2
Boron nitride (BN) [al -34.6 -53.7
Nickel carbide (NizC) [bl +6.1 +7.6

fal Source: JANATF Thermochermical Tables, 2nd Edition, U.S.
Dept. of Commerce, Nations! Bureau of Standards, 1970.

(bl Source: G. V, Samseonov, Properties Index 20.2, Plenun
Handbook of High Tewperature Katerials, 1964.

Boron carbide was also found to exiat in the alloy surfaces, asa
determined by comparison of standard Auger apectra of boron carbide
with aimilar apectra of the alloy. Boron carbide was suapected to
form in the alloys because of the nonvanishing C aignal that wasa
repeatedly obaserved to accompany the N concentrations in the alloys.
Two different samplea of boron carbide were astudied and found to have
gimilar effects on the Auger spectra.

The firat boron carbide specimen was supplied by HRL, and was in
the form of a flat ribbon of zone refinad material a few mils in

thickness and about 10 mm X S mm in area, Figure 5-25 contains two
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Properties:

Color: White, transparent to lipht; materisl contaminated with carbon is
gray.

Feel: Greasy, similar to tale.

Partiecle size: Varies from submicroscopic amorphous to flakes up to 20
microns in diameter.

Sublimation temperature: 3,000 C at 760 mm.

Melting point: Above 3,000 C under pressure with nitrogen.

Equilibrium dissociation pressure: 158 mm at 2,045 C.

Thermal conductivity: Very low for the powder because of its low bulk
density.

Specific heat equations: B: Cp = 1.54 + 4.40 x 10_i3T.
N2: Cp = 6.50 + 1.00 x 10_3 T.
BN: Cp = 3.22 + 8.00 x 10 ~ T.

2 BN = 2B ¢ Np: ACp=3.14 - 6.20 T.

(The gbove equations are not highly accurate and hold only for temperatures
below 1,173 C.)

b Hzgg 31" = -31,530 calories.
b Fz9s.1' = -27,690 calories.

Figure 5-24, The structure and selected properties of boron nitride.
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bar graphs representing the average Auger surface elemental
compoaition of three positions on the aurface of the '‘as received"
and clean boron carbide. The clean spectrum was taken at room
temperature after heating the specimen to 1880 K, Two obseervations
are pertinent. First, nitrogen perasists on the surface in
aignificant concentrations even at high temperature. It therefore
probably exists as BN, as elemental nitrogen would have volatilized
at lower temperature. However, no evidence of the BN chemical shift
iz found in the spectrum. This ie probably due to competition of
chemical effects. Boron nitride causes & shape change and energy
shift in the B peak while boron carbide cauges changea in the carbon
peak but none in the B peak. The surface ig predominantly boron
carbide and the B4C chemical effect wina. Second, notice that the
elerental corpositions of therxrally cleaned boron carbide do not
correspond to stoichiometric B4C. This ia of minimal importance
for our concerns here because sample- and instrument-dependent
effecta and complications inherent in the Auger proceas which affect
the calculation of elemental percentages can be sidestepped by
defining the sample of boron carbide measured as the atandard to
which other spectra can be coapared. Details of the chemical shift
are provided in Figure 5-26. There is a shape change in the C(KLL) =
272 eV peak but no change in the energy of efther B or C peaks. The
ahape change takes the form of a Bldil oecillation on the low energy
side of the C paak. Such an oacillation has been often observed in
Auger studies of carbides (2}, and originatea from chemical bonding

of B to C in the combouna.
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Figure S-26. Boron carbide etandard Auger spectrum, Chemical
bonding of B to C i{a evidenced by the amall oacillation on the low
energy alde of the C(KLL) = 179 eV peak, There i& no change in the
energy of either peak. (a) Full spectrum of B4C at 300 K after
heating to 1880 K; (b) A blowup of the B-C spectral reglon; (c)
Surface elemental composition calculated from (a),
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The second boron carbide specimen consisted of a surface layer of
chemically vapor deposited boron carbide asupplied by LANL. The layer
was investigated by Auger spectroscopy prior to wetting, and the
spectrum between 160 eV and 300 eV ia ashown in Figure 5-27 at a
temperature near the melting point of the hickel boride eutectic.

The Auger chemical shift is identical to that found for the sample of
zone-refined material described above, consisting of a shape change
of the C peak. No energy ahifta were discovered in either peak.

This ia in contraat to the results of Hanke and coworkers [3), who
find no shape change for boron carbide, The composition of the CVD
layer is cleaner than the zone-refined materisal, which contained a
nonvaniehing component of N. Nonetheleas, the compositiorn of the
surface is far from atoichiometric, and conaists of more C than B.

Identification of confirmed chermical effecte in the spectrum of
liquid metal alloys provides a distinctive fingerprint by which to
poaitively affirm the presence of high-melting carbides and nitrides
in the alloya. The verification of BN and B4C formation in the
alley has important bearing on the isaue of alloy apreading, aa the
high melting compounda will render the parts of the alloy aurface
where they predominate unmelted and incapable of liquid flow. The
result is a solid surface which will not apread. The presence of
high-melting carbides and nitrides is the primary reason why the N-
and C-rich sidea of eutectic alloys do not flow upon heating. Thia

is seen further in the example helow.
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4. Effects of High-melting Carbides and Nitrides on Spreading

angd Flow

Having characterized a method to identify high-melting carbides
and nitrides, it is now poaaible to explain the asymmetrical flow
behavior found in the prewetted liquid metal alloyas, Figure 5-28
provides a photograph of a representative, poorly-wetted Ni/B
specimen in ite "ae received" condition at roor temperature. This
contact system had been boronized but no additional B was added to
the alloy. Auger point analysias of two poasitiona atop the central
droplet of alloy show large concentrations of C and N. At positions
outajde the central droplet, no remnant of the borcnization process
can be found. The sampled poasitiona conaiast entirely of C, in apite
of the fact that a definite topological boundary can be seen viasually
separating the ends of the ribbon from the middle. There was no
boron anywhere on the surface except on the alloy droplet. This was
found to be the rule rather than the exception for prewetted contact
aystems which had undergone beoronization preprocessing.

As the temperature waa increased to the melting point, a liquid
alloy front appeared to the right of the central droplet and wae
observed to slowly move outward with time. The advance of liquid
appeared to proceed from the underaide of the dreplet rather than by
melting of the droplet =idewall. An attempt to illustrate the
situation ia shown in Figure 5-29, Auger analysis of the moving
front shows that it conasisted entirely of B and Ni. In contrast, the

droplet remained intact and atationary. Although all O (and hence
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Figure 5-28. SEN micrographs of the poorly-wetted Ni/B on C alloy
(HRL: E-4; B-4) in ite "as received" condition at 300 K. (a) Ovarall
view} (b) High magnification view of the left alloy/subatrate
boundary.
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Figure 5-29. Auger surface elemental composition via poaition for the
poorly-wetted Ni/B on C alloy at T = 1292 K = Tp. A liquid alloy
front has appeared to the right of the central droplet.
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CO0) had volatilized through heating, significant quantities of N and
C peraisted. The Ni/B-rich liquid front advanced over a pure carbon
@ubstrate which contained no trace of B or boronization
preproceseing. This ia further aupport that pure Ni/B slloy wets
virgin carbon.

The boron peak of moat apectra taken on the alloy droplet surface
ahowed the characteriatic chemical shifts due to formation of BN and
B4C in the droplet surface. A time Bsequence deacribing the advance
of the liquid alloy as it expanded over the substrate is ashown in
Figures 5-30 to 5-31. After 3.0 hours at the melting point, the
13quid alleoy had expanded outward to the right by distances of the
order of millimeters, leaving behind the original solid droplet. No
motion to the left of the droplet was found. The composition of the
expanding front remained entirely B and Ni, with no trace of C. This
wag found to be the case in all atudied slloya, i.e., where
rewly-wetted alloy existed, there was little or no trace of the
uniderlying graphite in the alleoy either by way of incomplete wetting
oxr disaolution.- Alloy mamples containing freahly-wetted regions of
near-zero contact anglea invariably conzisted of alloy components
only and little or no C and N. Note that C and N persist in large
concentrationa, however, in the atationsry droplet.

It waa frequently poasible to crack the nitride shell of the
original droplet with temperature cycling. As depicted in Figure
5-31, for example, the poorly-wetted droplet described above split
open at ite right side as the temperature was rajsed to 20 degrees

above the melting point, resulting in a rush of alloy out onto the
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previougly wetted area to the right side of the ribbon. An Auger
analysiz of the usual areas showed little change compositionally.
The droplet shell which remained wee mostly C and N and the
well-wetted region contained only B and Ni. Scanning electron
aicrographa of the resulting wetted surface after cooldown are shown

in Figure 5-32.

D. Studiea of the Pt/B on C contact aystenm

Two samples of Pty,Bpg sutectic alloy were studied in detail
at OGC and CRI5S. Both apecimens contained localized regions of
poor- and well-wetted alloy and had been subject to boronization
pretreatment and doron fluxing of the alloy. Aaymmetrical flow
characteristica were found to occur in both samples, and the alloys
poaseased large asounta of surface C and N that did not varish upon
high-temperature treatment. The melting point of the Pt/B eutectic
wasg experinent;lly determined to be Ty = 1196 K by observation of
the beast wetted sample at a surface composition of B = 70% and Pt =
30%. The melting of this sample was found to be sudden and coaplete,
supporting the coaclusion that the alley compoaition waa cloae to the
eutectic of the binary mixture. The other Pt/B sample waa found to
have a melting point msignificantly higher as a result of larger
concentrations of C and N. Even then, only a few droplets were
obaerved to melt.

The firat apecimen of prewetted Pt/B eutectic (HRL:E3,12/9/82,Cl)

was atudied using the fixed-beam Auger system at OGC. In en
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1000 um

Figure 5-32. Views of the Ni/B on C alloy of Figure 5-28 after
heating and wetting. The left side has not wet, but the right side
haas. (a) Overall view of the wetted graphite; (b) A magnified view
of the position once occupied by the poorly-wetted droplet.
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experisment to monitor the long-term heating behavior of this alloy,
the left-hand alloy/aubatrate boundary was found to move outward by
millimeters over the pure graphite aubatrate. The right-hand side
remained stationary. Composition va position measurements taken
after the motion ere shown in Figure 5-33. Positions atop the ®moving
front are composed chiefly of B and Pt, while pcsitions at the
stationary center and right aide of the alloy showed heavy
concentrationa of C and N. Unfortunately, evidence of boron nitride
chemical shifts cannot be assured in Pt/B alloya due to interference
of overlapping peake near 1738 eV. However, the inhibiting role of C
and N on wettling is again observed.

Comparimson of the melting behavicr and composition of the alloy
to the binary phase diagram of Pt-B showed that the alloy was neasrest
the aecond loweat, B-rich eutectic, which 18 located &t a composition
of B = 43%x and Pt = 57X and a tranasition temperature of 1213 K. This
is diascuased further later. Substantial surface segregation of B is
indicated. Unuasual wetting and viescoaity charecteristics were
observed during heating of the alloy. The molten Pt/B alloy appeared
initimlly to be ruch less vimcous than the Y/Ni/B and Ni/B systenms.
With rising temperature, a dark area developed within a sectien of
praviously well-wetted alloy that appeared to be uncovered graphite.
Indeed, subsequent Auger analyasis of this region showed a large
parcentage of graphite. Further increases in tempersture cauased the
alloy to return to its former atate having no uncovered areas and the
behavior was not reproducible. The work function of thia sample waa

determined to be 4.8 &V and showed little change following cycles of
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heating. The resulta are surmarized in Table V.

The aecond specimen of prewetted Pt/B on C alloy
(HRL.:E3,12/8/82,C2) was atudied in the high-resolution ascaenning Auger
microprobe at CRISS. A high-magnification SE¥ view of the "as
received" alloy photographed by thia instrument is shown in Figure
5-34. Areas of mixed wetting are evident. A blowup of one such area
is shown in Figure 5-33, which shows the condition of a typical
location at the alloy/subatrate boundary. An attempt to analyze the
conposition within the round, light structures within the photo at
room temperature detected only C. An area-averaged compcsition taken
over a large area near the center of the alloy region revealed mostly
C and O, with small arounts of Pt, B, and N. It ls interesting that
C is 80 dominant in the poorly-wetted droplets of Pt/B, whereas in
the case of the Ni/B surface, Ni and B signale could still be
detected through the C coverage. The same measurements were repeated
after heating to T = 1147 K = T, - 50°, where T, is the melting
point determined on the firat sample of Pt/B. The large droplet of
pooriy-wetted alloy remained unchanged at nearly 100X C while the
region near the center of the alloy began to mhow B and Pt aignals
emerging from decreasing C and O concentrationa. Sputtering 25 A of
the circled area of Figure 5-33 had little effect. Rather than
attempt additional sputter cleaning, we decided to further heat the
sanple.

When incressing the temperature to T = T,, no evidence of
melt ing was diacerned. The temperature had to be raimed to T = 1290

X before changes indicative of melting occurred. The dynamics of
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Figure 5-34, Views of the Pt/B on C alloy (HRL: E-2; D-2) in ita “as
receivad" condition at 300 K. (a) View of the central alloy region,
ahowing poor wetting; (b) View of the alloy/mubstrate boundary.



Figure 5-35. View of the "as received" Pt/B on C alloy (HRL: E-2;

D-2) surface at 300 K. The photo records a region at the
alloy/asubstrate boundary.

azt
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relting were aignificantly different from the firat Pt/B sample, and
nearly 0.5 hour wes required for a majority of the surface to melt.
The alloy appearance at this time is ahown in Figure 5-36, A
ehrinking of the large droplets and subsequent deposit of molten
nateria; at the boundary la clearly discerned in this photograph.
Auger analysis of the features showed that the alloy surface ia
composed of a mixture of Pt/B with a ratio of about 1.8 &and that all
C had disappeared from the poorly-wetted dropleta. It waz not clear
at thia time where the C had gone, since it was unlikely to have
volatilized. Nevertheleass, the disappearance of C and the wetting of
the substrate appeared to be connected., Thia phenorenon will be
diacuased further later., After about 25 minutea at elevated
tempaeratureas, the alloy/asubatrate boundary shown had moved out over
the Bubatrate by 3-4 mm. This movement was alzo found in the first
sample of Pt/B on C. Little change waa found in the appearance of
the aurface during resolidification, which ia in contra=zt to the Ni/B
alloy, where B precipitation occurred throughout the alloy upon
cooling. Only a few precipitates were obaerved when cooling the Pt/B
alloy. Thie is probably beceuse the Pt/B allioy has leszsa B to begin
with. Few of the large precipitates of B present in the “as
received" Ni/B aurface were sisilarly discerned in the “as receivegd”
Pt/B surface. More significant ia the wetting behavior of the
resolidified surface. The surface remained well-wetted during
cooling below the melting point and the aphericel dropleta found

initially did not recur. Thias proved to be the case for all contact

systems studied. Once the surface is wetted, it does not dewet.
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An explanation of thease obaervatione similar to the Ni/B results
can be developed from the binary phase diagraa for the Pt-B ayaten
ahown in Figure 5-37. Baasad upon the compoaitional and melting
behavior, it appears that the surface of the alloy proceeds through
the sequence of phase changes lying to the B-rich side of the
eutectic. Imagine such an alloy in the solid atate, depicted by
peint A in Fig. 5-37. 1Its composition at this point {8 8 solid
solution of 14X alpha-B and 86% Pt;B. Heesting to point B forms a
liquid eutectic composition and a sclid solution composed of alpha-B
and Pt4B,. Further heating (point C) continuea this sequence
with aolid alphe-B surrounded by a ligquid solution with a composition
near PtaBs. A final heating to point D results in a fully molten
solution of 45X B and 55x Pt., Thig succesaion of reactiona is in
qualitative agreement with our obaervations which show the ratio of
Pt to B near 1.5-2.0 and the sequence of phases observed
experimentally.

An experiment designed to diaclose the degree of interdiffusion
of B into the substrate reaulted in conclusions asimilar to those for
the Ni/B ayatem, Auger and SEM analyses of fractured croas-sections
of the Pt/B alloy showed little or no solubility of B into graphite.
The converae was alac inveastigated, by way of a long-term heating
experiment. After return from CRISS, Auger raexamination of the
alloy is shown in Figure 5-38. Carbon and oxygen are seen in all
sampled locationa, a circumstance which {a not unexpected after

system evacuation and before heating. Also not unusual is the high €

gignal at the right side of the alloy where wetting {s poor and
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droplets of &lloy predominate. Figqure 5-39, which diaplaya
composition va position after heating to above the melting point,
showa that C has vanished from the well-wetted left side, but is
still present in the center and at the right of the alloy. At this
time, the Auger beam was adjuated to monitor @ asingle, fixed point
within the well-wetted region while the temperature waa kept conatant
at T = 1292 K, about 100 degrees above the obaerved melting point of
the alloy. No carbon was observed to appear during 100 hours of thie
treatwent. The only elemanta preaent were B, Pt, and a amall amount
of N. This lenda support to the notion that little alloy-substrate
interaction is taking place at the temperatures teasted. At higher
temperatures, however, it is expected that B will disgsolve C, It ie

also known that Pt and Pd dissolve considerable quantities of C [4].

E. Study of the Pd/Ni/B on C Contact Syatem

Two samples of PdygNijpBpg on C were exarined in the
high-reaolution Auger system at CRISS. The initial wetting
properties of this contact syatem were much the maeme asa in the Pt/B
system. One sample of Pd/Ni/B was poorly-wetted, while the second
posaesaed regiona of wetting ranging from good to poor. The
poorly-wetted sample could not be made to flow at all, even at
temperatures as high as 1600 K. The aample containing mixtures of
droplets and well-wetted areas was observed to flow, but only
reluctantly and at elevated temperatures. The reason, as expected,

waa the high concentration of carbides and nitrides found in the
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alloys, which inhbibited flow due to the high melting points of theae
compounda. The reaults are detailed below.

A scanning electron micrograph of the poorly-wetted PA/Ni/B
syatem in ita “aa received" condition at T = 300 X is shown in Figure
5-46. The aubatrate had received boronization pretreatment, but no
additicnal boron fluxing was added to the alloy material. Wetting
consists of locelized droplets of alloy on the ribbon, which was
determined to be soclely graphite. No evidence of prior boronization
wag found. This is seen in Figure 5-41, which ahows the Auger
aurface elemental composition atop, below, and far to one side of
droplet 1 in Figure 5-40. There ias no B anywhere on the asurface
except within the alloy droplets. Analysis of other droplets at
temperatures reanging fror T = 300 K to 1300 K ahowed typical
concentrations of S50x C, 25% N, and 10-20Xx B. Pd and Ni were not
found in thias temperature interval.

Only after increasing the temperature to T = 1450 K did Pd and Ni
begin to appear in the Auger spectra. Tracea of Fe and S were alao
frequently aseen. A typlcal droplet compoaition at thie temperature
is given in Figure 5-42. Having been unable to cause the droplets to
melt at temperatures as high aa T = 1600 K, it was decided to suapend
further attempts at heating and analyze the composition of other
droplets. The temperature was subsequently lowered to 1100 K and
held constsnt in order to prevent readsorption of background geases.
Auger elemental compositions of other droplets are reported in
Figurea 5-43 to 5-44., Clearly evident are high amounta of aurface C

and N, even after the high heating described above. Chemical ahifts
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"as received" condition at 300 K. The numbers refer to analysais
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(0) (b)
100.0
00

sol

{ %)

73.1

ELEMENTAL COMPOSITION

000000 § 0000
B PdNi C O N B PdNi C O N

Flgure 5-41. Area-averaged Auger aurface elemental compoaition of
the (a) Large droplet 1 of Figure 5-40; (b) Reglon directly below

droplet 1 and the region far to one aide of the central alloy region.

9EY



32 Oroplet |.

z L] . - -

O co Position Position

= [

> ® @

O 5 -

a

s 429 rar

3 .

O

_

<

— Z21.6

—> 18.4

LJ

-3 87

u

_1

" . 0.0
B PINi C O N Fe B PANi C O N Fa

Figure 5-42. Area-avaraged Auger surface elemental composition of 2
positiona on droplet 1 of Figure 5-40. The temperature is 1430 K.

LET



(%)

ELEMENTAL COMPOSITION

TO

60

< Droplet 7.

100 um )
Position
Position Position
® ©
46.3 470
411 423
6.5
6.6
00 o.oJ 00 0000 fl 00
B PdNI C O N B PANIi C O N B PANi C O N

Figure 3~43. Area-averaged Augar surface slemental composition of 3
positiona of droplet 7 of Figure 5-40, ahown shove et high
magnification,

8ET



(%)

ELEMENTAL COMPOSITION

80

70

Position

O

64.5 Position

®

Droplet 6.

40.1 407

1530

B PANi C O N Fe B PdNi € O N Fe

Figure 5-44. Area-averaged Auger surface elemental composition of
droplet 6 of Figure 5-40, shown above at high magnification. The
tesperature is 1100 K.

6€T



i40
indicative of boron nitride formation appeared in nearly every
apectrum, and the ratio of B to N was nearly 1 to 1. This was
particularly notable in droplets containing high secondary yield,
shell-like atructures, such as pesition 2 of Figure 5-43 which
appeara to be corpoaed of nearly 80% pure BN..

An interesting edge-on view of thisg surface showing the variety
of contact angles is shown in Figure S5-45. If the dropleta had
contained pure alloy with no evidence of C and BN impurities, the
surface tenaion and adhesive energy of the contact aystem could be
determined by knowledge of the alloy density and measurement of the
contact angle [5). Unfortunately, the alloy is far from pure.
Nevertheleas, the photos are inatructive in light of the unusual
perspective offered and the hystereasia of contact angle.

A ecanning electron micrograph of the partially-wetted Pd/Ni/B on
C alloy containing a mixture of good and bad wetting ia shown in
Figure 5-46 in its 'as received" condition at 300 K. This contact
syater had been subjected to boronization pretreatment of the
graphite and extra boron was wmixed with the alloy. The left aide of
the ribbon consiates of poorly-wetted alloy dropleta, while the right
side showa good wetting. The corpositionally of the "aa received"
surface ias reported in Figurea 5-47 to 5-48. The expected high
concentrationa of C are present throughout the surface, in addition
to significant amounts of B and N in nesrly a 1 to 1 ratio.

Heating this alloy specimen to 1300 K showed little change in

surface composition. Not until the temperature was increased to 1440
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1000 um

Figure 5-45S. Side views of the poorly-wetted droplets of Pd/Ni/B
that are ahown from above in Figure 5-40.
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Figure 5-46. The Pd/Ni/B on C alloy (HRL: E-6; B-6) in its "as
raeceived" conditi{ion at 300 K. The numbera refer to analyaia

positiona to be diacusased ahead.
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K did liquid flow occur. This is shown in Figurea 5-~49 to 5-50. The
sharp line separating elloy and substrate at low temperatures can no
lonzger be diacerned due to the outward motion of alloy. Oxygen has
vanighed, so all sdsorbed CO has been removed by heating. Although C
has decreased, it is still present at moat poaitiona lonitgted.
Posgitlons 3, 6, and 7 are most intereating in Figure 5-45. Position
3 appeeara to be nearly 96X pure BN; heating haa had little affect on
the B and N signala, while CO has been desorbed. Poegitionas & and 7,
formerly 100% C, have been covered by liguid alloy and exhibit
prigarily the alloy components Pd, Ni, and B. Figure 5-51 shows the
Auger composition of an unuaual morphology which developad in the
surface, Positions 1 &snd 2 of that figure appear to be well-wetted,
buf: alsc contain & amall amount of C. It is likely that the C signal
originates from low-level alloy impurities and subatrate digsclution
at the high temperature used during the analyaia.

Increasing the temperature to 1520 K caused a dramatic sequence
of droplet decomposition which ias recorded in Figures 5-52 to 5-53.
Figure 5-52 shows the beginning of melting, with three positions
within the scene monitored. Position 1 correspondes with the efflux of
liquid alloy from the droplet, and is composed of alloy componentsa
plus a asmall amount of C and N. This region appeara to be
well-wetted, ao C appeara to originate from low-level impuritiea and
substrate interaction at these elevated temperatures. Poaition 2 ias
the rennant of a shell of BN that encased the droplet at lower
temperatures. High temperatures have fractured this shell and

subsequently released pure liquid alloy materials.
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The view 30 minutea later ia ahown in Figure 3-33. The liquid alloy
of the original droplet has wet and apread over a large area, and
atructures similar to thoee in Figure 5-51 have formed near posaition

l. The eanalyais of theae atructureas reveal that they are composed

entirely of alloy compcnents and merely reflect an unusual
perepective of the liquid alloy frozen in time,

No attempt to determine work functions, rates of volatility, or
nelting temperaturea of the Pd/Ni/B system were undertaken due to the

extreme contamination of the alloy surfacesa.

F. Conclusione

Studies of prewetted RRL contact asysters have provided valuable
insight into the mechaniama preventing wetting and spreading of
liquid metal alloya, but the early work suffered from lack of
adegquate experimental controls during preprocesaeing. It waa
therefore difficult to aagesa the value of boronization pretreatment
and boron fluxing.

The Y/Ni/B on Re aystem has & work function of 3.5 eV, the loweat
of the three contact systema measured. It also has the lowert
experimental melting point of 1102 K., Wetting of the Re subastrate is
excellent, and no alloy componenta were observed to volatilize at
temperatures up to 1300 K. The asystem suffers, however, from & high
degree of aubstrate/alloy aolubility that casuses aignificant amounta
of Re to dissolve into the alloy. Since Re haa a melting point of

nearly 3500 K, the result is an increase in the melting point of the
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alloy solution. Consequently, the once liquid metal allocy aource
auffera & liquid-to-golid phase transition and ion emission 1s
curtailed as the Taylor cone solidifiea. Further, the absence of Re
in the ion beam ia moat likely due to formation of rhenium boride
phasges in the alloy. VYttrium also appears to form yttrium boride
compounds with the result that little B* is found in the ion beas.

A final problem is the high oxygen affinity of Y which prevents
effective cleaning of the alloy and causea development of oxide
phases in the a&lloy. The surface percentage of B near the melting
point was found to be about 40%, lowering to 20% as Re disaolved {n
the alloy.

The Ni/B on C aystem has a work function of 5.1 eV, the highest
of the three contact aystems measured. It alao has the highesat
relting point of 1292 K. Wettability of the carbon subatrate appearsas
to be excellent when the alloy surface is rid of high-melting
carbidea and nitrides. Nuch of the surface, however, remains solid
at useful temperatures, since BN and most carbides have melting
pointas far in exceaa of the pure alloy eutectic. Noticeable carbon
dissolution appeara in the alloy at temperatures greater than 100
degrees above the alloy melting temperature. No volatilized alloy
corponenta were obaerved in massg apectrometric vaporization atudies
at temperaturea up to 1400 K. The aolubility of the alloy in the
subgtrate remaina to be further inveatigated. The surface percent of
B at the melting point wasz normally the higheast among the four alloy

ayatemsa, averaging about 60%.
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The Pt/B on C contact system has properties intermediate between
those of Ni/B and Y/Ni/B. Its work function is 4.8 eV, and it has a
melting point of 1196 XK. Siwmilar remarks can be made with respect to
wettability on carbon aubatratea that were made for the Ni/B system.
No observable dissoclution of C occurred in well-wetted alloya at
temperatures up to 100 degrees above the alloy melting point. The
@alloy does not appear to be scluble in the substrate at the low
temperaturea tested. Boron surface coverages averaged near S0X for
well-wetted alloys near the melting point.

The Pd/Ni/B on C contact asyatem wet the substrate with great
difficulty due to the large amounte of BN and C contamination on the
aurface. 0One gpecimen could not be made to flow even at elevated
temperatures, and the other sample flowed with great reluctance.
Once wetting and spreading did occur, however, the wetted alloy was
found to consist of pure alloy components with little or no C and N
and excellent wetting propertiea. This waa the caae for all alloys
studied. Work functions, solubility rates, and volatility could not
be measured adeguately due to the lerge contamination present.

In summary, early work on prewetted HRL specimens showed that the
Ni/B and Pt/B contact syatema offered promiaing candidates for
sources of B*Y, provided that the alloys could be fabricated from
pure alloy componenta and the LMI source wam operated near the
melting temperature. The Y/Ni/B on Re aystem suffera from poor
choice of aubstrate and & high affinity of Y to 0. It 4is difficult
to aasess the Pd/Ni/B on C system due to the high contamination of

the specimeng, UWe suspect that it wil) possess properties similar to
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thecae of Ni/B and Pt/B, but it is difficult to form conclusions
without further atudies on purer aamplea. A summary of results on
prewetted contact asystema i3 included in the Appendix.

A plausible correlation between the preasence of high-melting
nitrides and carbides and lack of wetting haa been eastablished. Both
boren nitride and boron carbide have been positively identified in
the alloy surfacea. Such substances have high melting points which
render the alloy surface incapable of liquid flow. BN melts at 3273
K and B4C melta at 2373 K.

It wag difficult to determine at this early astsge whether boron
nitride or boron carbide was wore effective in suppreeging wetting,
as it was rare to find cases of poorly-wetted alloy containing BN but
not B4C. Host poorly-wetted droplets of alloy contained an
abundance of both which made it bard to isolate the effects on
wetting., A related guestion is where the nitride and carbide pheses
originate. To probe this source, an experiment waas designed to
attempt to manufacture BN through N, exposure. That direct
nitration of boron can form BN is reported by Samasonov [6}, who
describes experimente which sghow thet direct nitration of amorphous
boron in a stream of nitrogen can yield a product composed of 34.3%
BN at a temperature of 1600 C. Increasing the temperature to 2000 C
increases the yield to 89.3X. One of the initially poorly-wetted
Ni/B on C alloya which later wetted by high temperature cycling was
exposed to S0 L of nitrogen gas (1076 torr for 50 sec) at
temperatures ranging from Ty to Ty, « 150° = 1170 C. No BN was

aubsequently detected in the freahly-wetted Ni/B region. The aame
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experiment was run with 02 exposure, the goal of which waa to
react oxygen with nitrogen and thua deplete the aurface of nitrogen,
No decrease of N was detected at the exposures and temperatures
tried. Thesae results were positive rather than negative, as they
indicated that BN will not be formed during LHMI source operations
under poor vacuur conditiens, It «ill be shown later that carbide
and nitride phases are formed during the {nitial wetting proceas when

C and N aegregate to the surface.
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CHAPTER 6

WETTING AND SURFACE STUDIES OF LIQUID METAL ALLOYS OF BORON

A. The Controveray Surroundi{ng Boronization

The initial work was not able to éetablish any useful connection
between boronization preprocessing, boron fluxing, and wettability
due to the confusing and uncontrolled set of procedures established
by the HRL astudiea. The group of specimens which underwent the ideal
procedure appesred to display significantly better wetting than the
othera, but having observed numerous inatances of non-nitrogen and
non-cerbon conteaining alloys that wet a non-boron containing
subatrate, we began to suspect that boronization had little if any
poaitive effect. Further, an elementary calculation to determine the
boron volatility as a function of temperature showas that nearly 20
microna/second of boron ias volatilizing from the surface at 2700 K, a
typical temperature allowed by the RRL group during the boronization
process. This rapid vaporization occura because boron has a vapor
presgure of 3 X 1071 torr at this temperature., It was therefore
likely that much of the boron used in the pretreataent was vaporized
from the ribbon during high heating. In this event, the boron that
wag originally used to promote wetting was aubasequently removed from

the asurface, resulting in en unnecessary procesaing procedure.
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Auger and ESCA studies of graphite ribbona which had undergone
boronitzation pretreatment ashowed little or no boron. This was
easpecially true for ribbona containing prewetted alloy, such aa thosae
detailed above. Not & single example existed which contained boron
near the center of the prewetted part of the graphite ribbon. To
enable atudy of the boronization proceas without interfarence from
the wetted alloy, analysis was made of two ribbona which had
undergone boronization without any added alloy.

The firat ribbon studied (HRL:E2,12/8/82,C1) waa deacribed by HRL
68 a good exemple of a lightly boronized graphite ribbon containing a
few patches of heavy boronizestion (asee Figure 6-~1). ESCA and Auger
atudiea of thia apecimen showed no sjgn of B at all, either on the
ag-introduced surface or after Ar* aputtering. ESCA anslysais
showed only C and Q0 before sputtering, and only C and Ar were
obaerved after aputtering. The detectability limit for B, deduced
fror the noime in the region where the B peak was expected, was about
0.8% relative to £, and no B was detected at this level. In
addition, the C peak obaerved for this sample waa virtually ldentical
to that of pure graphite. Auger analysis of various portiona of this
ribbon gave identical resulta. What then are the darker appearing
areas near the center of this specimen? The anawer is that the areas
are carbon, in an altered, highly crystalline forr. This is aeen in
Figure 6-2, which ashows SEM photographa of the the areas of the
ribbon thought to repreasent regiona of "light" and “heavy”

boronization.
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Figure 6-1. A asample of graphite "boronized™ by Hughes Research
Laboratory. Areas denoted by "heavy" boronization are actually
cryatalline forms af carbon.
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Figure 6-2. SEM micrographe of “boronized” graphite. The view is of
the boxed area of Figure 6-1. (&) View of the boundary betwaen
“light" (left) and “heavy"™ (right) boronization regions, Auger and
ESCA analyses detected only carbon within the pictured field; (b) A
magnified view of the crystallinity within the "heavy" boronized
region.
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The proceas wheraeby amorphous carbon im converted to artificial
or aynthetic graphite by heat treatment is called graphitization, and
ia described as follows ([(1]. As the calcination tempersture
(1000-1300 C) of the filler component of amorphous graphite is
raeached, the slow formation of crystalline grgphite begina. The
reaction bastens at temperatures from 1500-2000 C during which time
the graphite outgasasez and undergoes a slight (0.2-0.6%) volume
expansion. At 2600 C, crystalline growth predominates. The
nechanism appears to involve diaplacement and rearrangement of groupa
of plenes to achieve three-dimensional ordering, supplerented by
rovement of single C atoms and rings to fill vacancies in exieting
crystallites. Chermicel bond rearrangement, condengation, and carbide
decomposition do not appear to contribute significantly to the
ordering. The pregence of 0Op and COs in the reasidual gas
background enhanceg the proceaa., Based upon the evidence above, it
ia likely that the high-temperature treatment uvased during
boronization haa resulted in graphitization of the carbon, The
presence of B and/or poor vacuum may act as a catalyst for the
proceas.

The second ribbon (HRL:2/8/83,C5) studied was deacribed as a
“nearly perfect’” example of an ideally boronized ribbon. ESCA
analyesis of this specimen revealed & C/B ratio of about 1/5 after 30
minutes of Ar® sputtering. Since it is expected that the analyzed
area of the specimen included both the boronized region and part of
the graphite substrate (the anslyzed region was approximately 1 mm x

1.5 »m for these ESCA studies), this fraction must be viewed as a
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rough guide only. Additionally, since the C(ls) binding energies of
B4C and the graphite standard were nearly identical, one could not
determine 1f the surface was B4C or graphite by ESCA.

This specimen was also fractured and mounted laterally to pernmit
high-reasolution Auger examination of the interfacial croama-section.
Auger 1;ne acans of B and C were perfgrned along three lines
interaecting the interface. The results were very eimilar, and only
the reasurement along line 1 is reported in Figure 6-3. It is
observed that the interface is quite sharp, with both B and C signala
rising sharply as the interface is crossed (the zero of the distance
acale is at the top of the SEM photo). 1t is difficult to say
whether or not boron carbide has formed at thia interface, Because
of thie uncertainty, and due to the uncontrolled nature of the flash
heatinglstep of the boronization process, it is difficult to draw
further conclusions for thiz =ample, and the resulta are reported
primarily because this particular ribbon comprised the only case
where a B remnant of the boronization procezs was found in the
original group of samples preconditioned by HRL. At least a dozen
such gamples were studied in the course of our experimenta.

To underacore the caase for the rapid volatilization of B from a
graphite ribbon, an experiment wag performed using Auger apectroscopy
to determine when boron begins to evaporate from auch a surface.
Figure &6-4 showa SEM micrographe of & graphite ribbon painted with a
thin layer of B-powder and acetone. The ribbon was subsequently
introduced into the vacuur environment and hested while monitoring a

fixed position of the asurface with the Auger apectrometer. The
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Figure 6-3. Auger line acans over the boronization/graphite
interface. The ribbon has been fractured and mounted to probe the
croas-gection. (Top) View of the cross-section, with the location of
the line acana indicated; (Bottom) Auger line e&cans of B and C. The
reaults are for line 1,
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A grephite ribbon covered with a slurry of B

Figure 6-4.
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reasulta are shown in Figqure 6-5. The sgignificant conclusion is that
nearly all boron has volatilized at temperatures near 2000 K (1727
C). Figure 6-6 analyzes other pointe of the aurface after heating.
There is little B anywhere on the ribbon.

It may be argued that the reaults are inyalid because the surface
was not flash heated. Calculation of aurface evaporation rates,
however, show that volatility 1ls extremely zenaitive to temperature.
Doubling the temperature from 1300-3000 K changes the volatility rate
by 10 orders of magnitude. At 2673 K (2400 C), the temperature
typically used in the HRL proceass, about S microna of B are
evapcrating per second. This ia demonatrated in Figure 6-7, which isa
a semi-logarithmic plot of temperature va microna/aecond of B leaving
the surfasce. It is clear that hesitation of even one second at high
temperature results in rapid depletion of B from the surface.

An unexpected corollary found during the experiment is shown in
Figure 6-5. 1In the temperature range frozx 1600-1800 K, the chemiceal
shift indicative of boron carbide appeared. This is important
because it provides further information about the process of By4C
formation. Examplea to be diacuasased below ahow that boron carbide
ray be formed near the expanding front of a wetted 2lloy, and within
the interior of the alloy if certain conditions are asatiasfied. Here,
boron carbide ia found to form at the interface of a boron-carbon
layer after a few minutes at about 1600 K. From the thermochenical
theory of wetting, asuch an interfacial compound is not unexpected, as
boren carbide haas a favorable Gibba free energy of formation in the

indicated temperature range. It is likely that temperatures of 1600
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K are necessary to flash away the free B and reveal the underlying
boron carbide interlayer.

In conclusion, experimenta to elicit the role of boronization in
prewetted aspecimens showed that all B had volatilized from the
graphite surface at temperatures well below £hoae at£ained during
flash heating of the ribbona. Boron carbide was revealed just prior
to volatilization. SEM analysis of boronized specimenz of graphite
showed substantial crystal formation in areaa thought to be regiona
of "heavy" boronization. It ia evident that a C phase tranaition had
occurred, whereby the subatrate had been graphitized by the high
temperature flaah employed in the process. It ia pcasible that the
resulting surface aids in wetting B-containing liquid metal alloys to

C, and in part explains the success obtained by the HRL process.

B. Studies of Wetting in Contact Syatema Containing Ni/B Allaya

Deapite the mazss of evidence showing the absence of boron on
prewetted specimens, the controversy over boronization preprocessing
remained an issue throughout our studies, in peart because of the
dramatic improvements in wetting when something involving boron was
added to the contact aystema. Testimony to thia fact waa given by
the number of well-wetted ayatems that underwent some sort of boron
proceasing. In light of the lack of reproducibility of the HRL
process and the limited information gained by studying specimens
which had been prewetted, the OGC group assumed responsibility for

perforring fundamental wetting experiments on a number of
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alloy/asubstrate combinations. Results of these investigations are

detailed below.

1. Wetting Studies of Ni/B (GGC) to C (virgin)

A 20 g specimen of Ni/B eutectic alloy w;a synthesized at 0GC by
the arc melting technique. A similar sample was prepared by the LANL
group. Detaile of the 0OGC procedure follow. Stoichiometric amounts
of B powder and Ni metal were weighed and mixed mechanically. The
nixture was placed in a graphite crucible with a molybdenum lid and
enclosed In a aecond graphite crucible. The entire unit was then
placed in & eintering furnace that waz backfilled with 25" of He and
the alloy was sintered for 1.0 hour at 1000 C. The furnace heating
elementa were also graphite and a gquartz evaporation shield to detect
evaporation lossea during asintering was added to the furnace. No
losses were observed. The aintered specimen wes next introduced into
the arc melter which waa guccesaively purged with pure Ar gas, &
l1-to-1 Ar-He mixture, and pure He. The arc relter wae then
backfilled with & 1-to-1 mixture of Ar-He to a preasure of 20", and
the tungaten stlinger was applied to the aintered mixture and worked
continously through the alloy for complete mixing.

Emission and Auger spectroscopic analysie of the resultant alloy
revealed that the OGC materisl was guite pure but slightly Ni-rich,
containing a bulk composition of Ni = 63.7% and B = 36.3%. Ry
compariaon, the lowest eutectics of the Ni/B system have Ni

concentrationa at about 55% and 60%. Table VII summarizes the
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emiaaion mpectrographic characterization of the alloy. The major

impurities and C = 0.10%x, N = 0.01%, and 0 = 0.005%, although there

ara traces of other contanminants traceable to conditions existent in

TABLE VII

EMISSION SPECTROSCOPIC ANALYSIS OF THE NiggBg4g ALLOY
MANUFACTURED AT 0OGC

Element Relative_sbundance_(w%)
Ni 90.5
B > 10.0
c 0.019
0 0.0011
N 0.003
W 0.1-1.0
Mo 0.01-0.1
Fe 0.01-0.1
Ti 0.01-0.1
Cu 0.001-0.01
Mg 0.001-0.01
Al 0.001-0.01
Si 0.001-0.901

the arc melter. Note that the percentages just quoted are atomic
percentages, while the numbersa in Taeble VII are weight percentages.

The average Auger analysis of three pogitions on the surface of
the OGC material in its 'as received" condition is shown in Figure
6~-8, The impurities mentioned above are present, in addition to Cs,
Ca, and S which were not tested for in the emission analyais. The Cs
originates from an unrelsted previous use of the vacuum chamber and
ia deaorbed from the cheamber wallas during bakeout. Similar

measurementa after Ar' sputtering of the surface are displayed in
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Figure 6-8. Average Auger surface elemental composition of three
poaitiona atop the "aa received” Ni/B alloy manufactured at OGC. The
temperature is 300 K.
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Figure 6-9. The primary conterminant of the clean aurface i& C,
Scanning electron micrographs of a thin alab of the 0GC alloy are
given in Flgure 6-1C.

Wetting of Ni/B (0OGC) to C (virgin) by the method detailed above
proved to be unsuccesaful. In this experiment, a flat slab (3 mm X 5
milg) of alloy cut from the interior of the arc melted boule wag laid
atop a ribbon of virgin polycrystalline graphite (from Union 76
Corporation) and heated slowly until melting was observed at 1305 K,
which is 10 degreea above the loweat eutectic of the Ni/B ayatem.
This procedure was followed because it was straightfeorward and
allowed comparison with HRL wetting experiments, which were performed
in similar fashion. The wetting sequence is diagrammed in Figure
6-11. At melting, the left side of the slloy slab was observed to
retreat into the alloy with the contact angle becoming less favorable
as the movement proceeded. Increasing the temperature further, the
right side of the alloy slsb behaved similarly, resulting in a
poorly-wetted droplet of alloy with a near-180 degree contact angle.
Sirultaneous with this waa the development of two characteristic
regions of the alloy droplet which were observed in many cages of
alloy wetting. The side of the droplet neasrest the graphite was
found to be about S0 degrees brighter than the top side of the
droplet and to be identical in brightneas temperature to the graphite
substrate.

In the procedure foliowed by HRL, the temperature of the contact
syater was ususlly raised to around 1700 K to facilitete wetting, and

frequently much higher for poorly-wetted samplea, To investigate
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Figure 6-10, SEM micrographa of a thin alice of the Ni/B alloy
manufsctured at 0GC. (a) Overall view; (b) A magnified view of the
central region of (a).
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TEMPERATURE WETTING BEHAVIOR
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Figure 6-11, UWetting behavior va temperature for wetting of Ni/B
(0GC) on C (virgin). The melting point T, of the alloy was
determined to be 1305 K. The teaperaturea ahown are of apparent
pyrometer brightness, corrected assuming the exisaivity of C.
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this regime, &nd to see if wetting would occur with increasing
temperature, we decided to systematically raise the temperature
rather than remain at a fixed temperature for an extended period.

The lower two drawings in Figure 6-11 detail the observed behavior.
With riaing temperature, the top limb of the droplet began to deve;op
a bright region which grew toward and eventually met the expanding
bright region at the bottom of the droplet. The contact angle began
to decrease with time as the alloy started to reluctantly wet the
substrate.

Top and side views of the wetting behavior after high heating are
shown in Figure 6~12, The graphite ribbon had fractured after 20
ninutes at 1900 K due to thermal expansion in the support structure
and the experiment was therefore terminated. Photos (a)-(b) show
that the alloy hds begun to flow over the subatrate by diatences the
order of millimetersa, displaying behavior similar to that observed in
studies of prewetted specimens where poorly-wetted droplets were
found to fracture with heat treatment and flow over virgin material.
In the newly wetted region, the wetting behavior is excellent, and
the contact angle is near-zero.

Auger analysis of the droplet and wetting front after reinsertion
into the vacuur ayatem revealed that the top of the droplet was
nearly 100% C. The wetting front was difficult to analyze with the
fixed-besr system because the position where the incident beam satruck
the target could not be discerned precisely, but it appeared to
consigt mostly of C with amell but non-zero concentrations of B, Ni,

and N. Such high concentrations of C are not unexpected at elevated
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500 um

Figure 6-12. The wetting behavior of Ni/B (0OGC) on C (virgin) after

high heating. (a) Top view; (b) A magnified view of the lower laft
of the droplet in (a).
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550um
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Figure 6-12 (continued). Crosa-sectional visws of the wetting of
Ni/B (OGC) on C (virgim). (c) Scene correaponding to the view
observed through the UHV chamber window; (d) The lower-left side of
tha droplat in (c).
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temperatures, as previous work has shown that aubstrate dissolution
in the alloy occurs at temperatures greater than 100 degrees above
the alloy melting point for Ni/B alloya.

Volatilization of C from the graphite is elso significant at such
temperaturea, az evidenced by the preasence of & dark reaidue on the
MacorR support structure behind the ribbon that was not present
before the high heating. These observations are important in
explaining the high concentrations of C found in samrples from HRL
that underwent a aimilar wetting history. Utilizing high
temperaturea during wetting promotes disaolution of graphite into the
alloy and resulte in the very thing that previous work has found to
impede wetting. Of fina)l note is the 2hape of the Auger C pesk in
spectra taken of the droplet surface. This shape {8 that of
elemental carbon and no indication of carbide chemical effects were
found. The alloy surface is therefore covered with a thick layer of
carbon which originates from the subatrate at high temperatures,.
Later, we will asee that carbon alaso originatea from low-level
impurities in the alloy which surface segregate when the alloy is
first melted.

A gecond, identicel experiment with Ni/B (OGC) and C (virgin) was
performed for reproducibility and to gather further data, An alloy
specimen of irregular shape was used rather than the flat aspecimen
used in the firet trial. The wetting behavior was quite aimilar to
the first experiment. At the melting point, the alloy initially

began to collapase onte the aubstrate aa though it was going to wet,

but then quickly closed into itaelf and formed a poorly-wetted
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droplet of material. Simultanaously, the lower half of the droplet
developed a aimilar area posaesaing the aame brightneas as the
graphite, a brightness temperature sbout 60 degrees hotter than the
top (darker) portion of the droplet. Photos of the alloy while
molten and after cooling to room temperature ‘are shown in Figure
6-13. Unfcrtunately,‘the discrimination in brightneas {8 poorly
resolved in the reproduction. The boundary between bright and dark
portiona of the droplet appeared to move upward alightly as the
temperature of the droplet wsa increaased. The darker upper half was
determined to be molten due to the characteristic flash of light
emitted as the temperature of the droplet was lowered through the
melting point. Additionelly, this part of the droplet oacillated
when the vacuum chamber was repeatedly struck.

No auch behavior was found for the bottom part of the droplet.
It therefore appeared that the molten material in the upper
hernigphere of the droplet was contained in a solidified cup of
material forred in the lower part of the alloy.

Scanning electron micrographe of the contact system after cooling
are shown in Figure 6-14. Photoa (a)-{(c) show evidence of the
expected cryatal growth with irreqular patchea of (lighter) impurity
and dark unidentified featurea. Photo (£) ia a blowup of the
recryatallized astructure atop the droplet, correaponding to growth of

BNis cryatallitea away from material of eutectic compoamition which

remaing in the crevaases. The contact angle and the boundary
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Figure 6-13. Photographs illustrating the wetting characteristics of
Hi/B (0GC) on C (virgin)., (a) View immediately after alloy melting.

A bright/dark division of the droplet iz present that cannot be seen

in the reproduction; (b)) The view after cooldown.
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Figure 6-14. The watting behavior of Ni/B (0GC) on € (virgin). (a)
Top view; (b) Near the center of the droplet.
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(c)

Figure 6-14 (continued). (c) Side view of the droplet showing the
contact angle; (d) NMagnified view of the microstructure after
solidification. Crysatal growth (s evident.
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separating bright and dark mclten regions are visible in photo (d),
while a blowup of the boundary is shown in photo (e). The lower half
of the droplet appeared to have the higher concentration of dark,

irreqular features which later analyais proved to be carbon.

2. Wetting Studiea of Ni/B (LANL) to C (virgin)

Here, Ni/B (LANL: #273-7C; Ni=.53, B=.47) alloy syntheasized by
the LANL group was wetted to virgin carbon. The wetting procedure
was ldentical to that above, with the exception that the alloy was
not heat stressed. Rather, the temperature was increased until
melting occurred and then held rigorously constant at fifty degrees
above the melting point for nearly two days. A mounting arrangement
thet enabled Auger apalysis during heating waa aleo employed., The
wetting characteristics were very similar to those described above
for OGC alloys, and are shown in Figure 6-15. At melting, the
irregular alloy specimen of Ni/B began to collapse toward the
substrate but then subsequently pulled back into itself and formed a
poorly-wetted droplet. Simultaneocusly, the bright and derk regionsa
were formed within the molten droplet.

Figure 6-16 detalls the variation of contact angle with time at
an alloy temperature of fifty degreeas above the melting point. After
two hours, the contact angle decreased from nearly 180 degrees to 380
degrees as spreading proceeded over the virgin substrate, After 36
hours, the contact angle was about 30 degrees. The location of the

bright/dark boundary on the droplet surfece algc changed during this
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Figure 6-15. Wetting characteristics of Ni/B (LANL: #273-7C; Ni=.53,
B=.47) on C (virgin) immediately after melting. The temperatures

shown are of apparent pyrometer brightness, corrected assuming the
emisaivity of C.
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Figure 6-16. Contact angle vs time for the wetting of Ni/B (LANL:
#273-7C; Ni=,533, B=.47) on C (virgin).
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period. As the contact angle decreased, the bright lower half of the
droplet decreassed in size when viewed from the aide, and became
localized at the contact asyatem interface. SEM examinationas of the
alloy after 36 houre of operation show that the alloy has expanded
distances the order of millimeters over the front aide of the
substrate, and the leading edge of thé flow hag a contact angle of
near-zero.

Following removal of the specimen from the vacuum syastem, it was
substrate and wet the backeide of the ribbon. Thia is shown in
Figure 6-17. Subasequent studies revealed that the alloy had not
flowed through a favorsbly disposed seriea of pores in the graphite,
but rather had chemically attacked the graphite. Thia fact has
gignificance for wetting, for a metallic alloy cennot chemically
resct with materisl that it firet cannot wet. Thus, agaein it is
found that the Ni/B eutectic weta virgin carbon under a certain set
of conditiona. Auger characterization of the backaide flow and
crogs-gection of-this unuguel specimen follow.

Auger analysis of the backside wetting showed that the rim of the
flow contained boron carbide, while the interior contained pure alloy
corponente that were Ni-rich. Once again, wetting and
contaminant-free alloy appear to be connected. Thig is demonstrated
in Figures 6-18 to 6-19, which show the Auger compoaition of two
positionsa near the alloy/aubstrate boundary after the specimen had

been reintroduced into the vacuum ayatem. Poaition 1 at the alloy

boundary appears to be a complex ternary of B, Ni, and C, perhsaps
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IO()an

Figure €6-17. Wetting of the backside of the Ni/B (LANL) on C
(virgin) caused by flow through the ribbon. The contact angle is

near-zeroc. Second phase matarial has formed at the leading edge of
the flow.
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formad a&s the alloy moved ocut over the graphite. Although the
characteristic ahape change of the C peak due to the presence of
boron carbide could not be definitively established at thia position,
it is likely that boron carbide has been formed., This is reinforced
in Figure 6-19, which showa that gnalyaia of other pointa near the
alloy/asubatrate boundary are nearly 160x boron carbide. NiC
possesses unfavorable energeticse and is not expected to fornm.

In contraat, Auger analyaia of aseveral positiona in the interior
of the bsckside alloy show that the interior consists of pure alloy
components that are Ni-rich relative to the LANL stoichiometry. The
best explanation of thia behavior conaiatent with other data is that
the alloy is being robbed of B during formation of B4C. Thia is
supported by analyais of a crosa-section of the alloy, discuszed
below. Initislly, we thought that the Ni-rich interior pertially
explained why the B-fluxing step in the HRL wetting procedure
appeared to facilitate wetting. The reasoning went as followa. If
substantial amounta of boron carbide or a comaplex ternary of Ni, B,
and C fora at tge alloy/aubastrate boundary, then the B that
originally made up the eutectic has to be depleted in the procesas.
This reaulta in an elevated melting point for the alloy a= the alloy
cliabg the Ni-rich liquidus of the binary phaase diagram for Ni/B.
The result is that li{iquid flow ceases. However, if extra B is added
to the alloy, it could act to offset the lost B and conaerve the
alloy composaition. We have sgince ruled out this possibility after
the discovery of surface segregation in the alloya, although the

mechaniam could be operative for alloys where significant carbide
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formation occurs.

A hypothegis that formetion of boron carbide does aupport is the
decxrease 1In contact angle with time obaserved for thia alloy. There
are only two posaibilities to explain thia time dependence consistent
with present understandiqg of wetting: either something is forming
at the interface or sorething ia being depleted from the interface.
Either reaction acts to decrease the liquid-solid surface tension and
promote wetting. Evidence cited above showed that boron carbide is
formed at the asurface of a heated ribbon of boronized graphite, and
here we £ind it at the wetting front at aignificantly lower
tenperatures. This indicates that boron carbide can be formed at
temperatures near the melting point of the alloy, but alugaish
kinetics slow down the reaction. Thia behavior was suggested earlier
for prewetted alloys which initially consiasted of poorly-wetted
droplets which later were found to melt and spread with heat
treatment. The disappearance of large amounta of surface carbon fron
the droplete may be explained by the formation of boron carbide st
the interface. This will be elaborated further in a later asection.

¥Further evidence of boron carbide formation in this contact
system is seen in Figure 6-20, which provides a perapective of the
nassive extent of the alloy attack. The alloy has dissolved a large
portion of graphite, and the interior of the central alloy droplet is
laced with second phaae material. This 1a in contrast to the vast
najority of other alloy droplets we have sectioned, whose interiora
appear to be relatively free of such material. Auger surface

elementel compositions at several positions within the cross section
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Figure 6-20. Light sicrographa of the crosa-section of thea Ni/B
(LANL) on C alloy that passed through the ribbon. <(a) View ahowing
the continuur of alloy through the ribbon; (b) View of the
alloy/substrate interface beneath the central droplet of alloy.
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are shown in Figure 6-21. The photo of Fiéure 6-21 i8 deceptive in
that little of the graphite ribbon remaina, a result due, not to
allioy attack, but to uneven grinding during removal of the ribbon
from the plastic mold used during sectioning. The second phase
naterial (positions 3 and 3) sppears to be B4C; curiously, however,
the carbide Auger chemical ghift we have routinely observed in other
spectra was absent here. Position 2 within the alloy material is
Ni-rich, while a second position (poaition 6) is near stoichiometry,
Positions 1 and 4 in the graphite aubstrate show significant
concentrations of Ni. Previocus studies of graphite cross secticnsa
alao indicated that Ni (rather than B) 4{a the alloy component that
diffuses into the aubatrate, although to nowhere near the extent
found here.

Hence, this specimen depicts the metallurgical situation of a
liquid metal contact system containing boron and carbon after
excessive reaction between the substrate and the alloy. When the
carbon activity in the alloy ia excesszive, the reaction is
characterized by significent carbide formation within the bulk of the
paterial. In atudiea of previous apecimena, evidence of carbide
formation has been indicated, but only on the surface of the alloy
droplets. The interior of most droplets are characteristically free
of impurities. The resulta here are best viewed in termes of what
happens to boron-containing alloys during exceassive reaction with the
subetrate. During such severe attack, boron carbide iz able to form

within the alloy interior.
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3. The Influence of Carbon Ruboff

An extensive effort was mounted to isolate the gource of the high
surface concentrations of € and N in the molten alloya. One early
hypothesia advanced.by the 0OGC group to explain the large
concentrations in the molten alloys centered upon the properties of
the graphite asupplied by the Union 76 Corporation. Although later
work failed to asupport this theory, its effecta were obaserved
periodically throughout this work and are of sufficient importance to
discusa here.

Carbon ruboff refera to the idea that the surface of the graphite
congiste of loomely bonded grains which may be mechanically meparated
from the surface in the process of alloy wetting. Technical
information supplied by the wmanufacturer [2] indicates that the
graphite utilized as substretes in our wetting experimentsa haa been
“"specially processed (carbon impregnated) to virtually eliminate
particie ‘ruboff’. . .the proceas doea not affect machined tolerances
but does fill the pores and coat exposed surfacea with a film of
carbon raterial." In terms of wetting behavior, a liquid alloy with
strong affinity for the substrate would act to pick up carbon
particles during liquification and form the heavy layer of C detected
on the aurface of poorly-wetted droplets. The iasue reduces to 8
question of the relative importance of cohezive and adheasive forces
in the contect syatem. If the adhesive forcea between the molten

alloy and the graphite are greater than the coheaive forceas between
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the particles of graphite, then ruboff may occur. The reault iz a
nolten droplet covered with carbon and a guppreasion of wetting.

Experimenta to be deacribed below have shown that the hypothesis
of carbon ruboff is largely unneceasary. The most prominent
experimental observation it iz unable to explain is the existence of
excellent wetting‘of inpurity-free alioy. Recall from previous
discussion that numeroua cases exiast where the carbon shell on
poorly-wetted dropletes may be fractured, resulting in the effusion of
pure alloy material out onto the virgin carbon subatrate with
subsequent excellent wetting. The pertinent question is: Why does
not this material also suffer carbon ruboff and result in poor
wetting? The poetulate of carbon ruboff cannot respond to this
criticismr, as it predicts that carbon particles ahould be removed
from the asubstrete in every inatance of contact between alloy and
subatrate. As will be ahown later, the dilemma ia reasolved by the
aurface aegregation model of alloy behavior, which views the source
of the aurface carbon to be segregated impurities inherent to the
alloy.

An instance where carbon ruboff appeared to be real occurred
during an experiment designed to inveatigate the poasibility of
wvetting to a aecond graphite aubstrate which was inaerted into the
upper hemiaphere of a poorly-wetted droplet of alloy. The goal wasa
to determine if wetting would occur by penetration, and to
inveatigate the responae of the droplet to lateral forcea. It waa
found that the surface tension forces governing the shape of the

droplet were quite remarksble. The droplet would yield to lateral
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forcea exerted by the second graphite ribbon, and a strong thrust by
a pointed end of the graphite was necesaary to penetrate the asurface
tension shell. Upon so decing, the adheaive forcea between the second
graphite ribbon and the interior of the alloy were excellent, and the
alloy could have been pulled away from the original asubstrate. After
leaving the aystem in thila configuratijon for ; few minutes, houeQer.
a nateriallwith brightneas temperature identical to that of the
graphite was found along the line of penetration and persisted after
the second ribbon wasz pulled out of the molten alloy. This
obaservation confirms the existence of carbon dissolution and possible

ruboff in the alloy aystems a8t high temperature.

C. Studiea of Wetting {n Contact Systema Containing Pt/B Alloy,
1, Studies of Prewetted Pt/B on Re

The focus of investigation regarding Pt/B alloys centered upcn
critical assezasment of the extent of reaction between the alloy &nd
metallic substrates auch as rhenium. Rhenium ig an excellent choice
of substrate material in contact aystema containing boron due to its
demonatrated ability to reaiast attack by boron, which is extremely
corrosive to moat metala., Effort waes focused on the behavior of Pt/B
with Re due to the preliminary success of BRRL in achieving a 30-hour
source of B using these materials. Wetting studies of Pt/B to C
(virgin) yielded reaulta aimilgr to those reported above for wetting
of Ni/B to C (virgin). 1In both cases, a poorly-wetted droplet of
alloy was formed which was characterized by large surface

concentratione of C and N which appeared to prevent wetting.
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Figure 6-22 showa scanning electron microgrephs of a apecimen of
Pt/B alloy prewetted by the HRL group to a thin ribbon of Re. The
front of the ribbon is well-wetted, Wwhile no evidence of wetting to
the backside of the Re ia observed as yet. The interior of the alloy
showa evidence of wideapread inhomogeneity and foreign particles
" which Auger studies later verified to contaiﬁ the contaminants Ce,
Mg, N, O, and C. Such particles were found in a number of cases
during thle work, end «ere often obaerved to float atop the molten
alloy and follow the liquid turbulence created within the alloy
during heating. We have invariably found liquid metal alloya of
boron and arsenic to exhibit excellent wetting to metallic
substrates.

Auger analysis of four points of the "ss received" alloy surface
are shown in Figure 6-23. Major impurities are C and 0, with small
concentrations of N, Mg, Ca, and Cs. The Ca ig due to a previous,
unrelated use of the vacuuk chamber. It ia difficult in
Pt-containing alloya to poaitively eatabliah the exiatence of BN due
to the peak overlap of Pt and B near 180 eV. However, the B pesk
shape and energy are guite reminiscent of the boron nitride chemical
ghift dimcuased earlier.

During heating, alloy melting was found to occur at 1067 K (794
C), a temperature 4 degrees above the binary eutectic temperature for
this asyatem. That the melting point was so0 cloae to the aysten
eutectic in apite of the large arount of surface contanination lendsa
support to the notion that whet was observed was bulk melting and not
true surface melting. We had auspected this from the start of our

investigations,
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1000 m

Figure €6-22, 1Ixagea of the Pt/B on Re alloy in ita "as received”
condition at 300 K. (a) Overall view! (b) Viaw at the right

alloy/subetrate boundary.
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Figure 6-24 diaplays the alloy surfacelconposition vas position at

a temperature 35 degrees below the melting point. The alloy aurface
impurities are nonvanishing at this terperature, although the C
aignal is reduced relative to the gituation at 300 K. A firat
indication of the_reaction apeed for this contact ayatem was foungd
during an increase in temperature to 30 degrees above the melting
point. After 10 minutes at this temperature, the alloy had
resolidified. An Auger acan of the surface after reasolidification
revesled no unugual differencea in surface compoasition from the
s8jituation at atartup; in particular, no Re waa found. A further
increase in temperature to 60 degrees above the original melting
point waas necegsary to remelt the alloy, but then the surface
resolidified in about 15 minutes. Unuaual changez in alloy
brightneas were obaerved during this period, indicative of large
changea in substrate resistivity as the chemical reaction between
alloy and subatrate proceeded. During a further increase in
temperature to remelt the alloy, the brightness of the right aide of
the alloy increased by nearly 150 degrees, which was followed by a
roapid increase in the aystem pressure. The temperature at the time
of this unuaual behavior waa about 100 degrees above the original
melting point., Subsequent Auger analysisa (Figure 6-25) showed that
noat of the surface contaminanta found at lower temperatures had
vanished, leaving mostly alloy componenta and nitrogen. Temperature
cycling did not remove the bright reqion., The aurface had
reasoiidified again after about an bhour, 2o it was neceamary to

increase the temperature to remelt the alloy. This time, a
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temperature of 1400 K was necessary. A few ainutes at this
temperature resulted in catastrophic breakdown of the alloy as the
ribbon began to volatilize away. Several SEN photographs of the
resulting contact syatem are ahown in Figure 6-26. The behavior
displayed indicatea that chemical reactions between_alloy and
aubstrate are sufficiently intensaive £o destroy the source at high
temperatures.

Figure 6-27 shows the surface compoaition of the alloy at roonm
temperature after cataastrophic attack. The low concentrationa of
surface Re support the thesis that the alloy ie disasolving into the
aubatrate, In order to guslitatively meaaure the rate of
diaaplution, two positiona on the aurface were monitored by Auger
spectroscopy for & few hours easch to determine the degree of
interdiffusion of alloy and aubstrate, The results ere reported in
Figures 6-28 and 6-23. For both positions inveastigated, the B
concentration monotonically decreases which results in a similar
trend upward for the Pt concentration.

This view of the reaction mechanism for Pt/B on Re ia reinforced
by acanning Auger investigations of a fractured crosa-section of the
contact ayatem. The ribbon above waa fractured and mounted edgewise
facing the excitation beam. The perspective is revealed in Figure
6-30, which shows the cross-section and the positions of three
characteristic areas which were studied. A central region exiats
that is primarily Re and Pt, with no trace of B. Surrounding this on
both sides (it is important to note that the alloy had wet both asides

of the Re ribbon) is & second region which contains relatively
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Figure 6-26, Post-mortem views of the Pt/B on Re alloy after
catastrophic failure. (a) Overall view of the failure zone; (b) High

magnification view of the microstructure within the failure zone,
Notice that the wetting is excellent.
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smaller amounts of Pt and aignificant concentrations of B. The C ang
O aignals appear because because the ribbon waa not aputtered after
reintroduction into the vacuum environment.

Scanning Auger maps of the croass-section, diaplayed in Figure
6-31, show that Re appeara to be concentrated nesr the center of the
original ribbon rather than distributéd vniformly throughout the
cross-gsection, as would be the case for an unreacted atrip of metal.
The Pt signal ig strongest at the edges of the central Re
concentration, indicating that the Pt is preferentially ettacking the
Re. These regiona are relatjvely B-free. The boron concentretion
within the Re-rich center is probably apurious, aas the point analyaes
shown earlier indicate that no B exista ir this region. The
discrepancy occurs because of the overlap of B and Re peaks in the
energy window used to obtsin the map. The map of B is therefore more
accurately a map of B + Re. WUe have routinely subtracted out the
contribution of the Re overlap in the elemental compositions reported
in this study, but this cannot be done for Auger mapsa.

The uettiné-characteristics of this particular contact systenm
were irregular but excellent, probsbly due to & temperature gradient
acrosg the sample due to unequal electrical and thermal contacta in
the support mechaniam. In particular, the right side of the ribbon
wetted firaet, and appeared to be covered with a thin layer of alloy
raterial that was Pt-rich, probably corresponding to the loss of B to
Re reported above. The wetting behavior improved with rising
temperature, and eventually the &lloy spread from front to back of

the Re ribbon with a near-zero contact angle. At temperatures near
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Scanning Auger elemental maps of the Pt/B on Re

Figure 6-31.

see the photograph of Figure 6-30.

For orientation,

croasa-section.

(b) B (¢« Re) nmap,

.
»

(a) Re map
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the melting point of the Pt/B system and other low melting liquids,
the surface retaina significant srounta of undesorbed contaeminants
due to the low temperatures invelved. Aa shown above, significent
cleanup of the Pt/B alloy, for example, did not occur until
temperaturea near 100 degrees above the binary melting temperature.
It would be intereating to investigsate the behavior of these
contaminants in a working ion source, &addressing such questions as
whether the contsaminante sre field evaporated in the firat instant of
operation, and how their preaence affects the initisl turn-on

characteristics of the aource.

2. Wetting Studies of Pt/B (LANL) to Re

The success of the HRL group in producing a 30-hour source of
Pt/B on Re prompted further thermochemical studies of this contact
system. In particular, questions concerning the potential role of Re
impurities on the rate of chemical attack and the influence of
induced streins {n the material were conaidered aufficiently
important to warrant additional atudy.

Auger surface analysia of the Re used by HRL in their emitters
(Alfa, Lot #040583) showed that the Re was highly impure, even at
high temperatures. As shown in Figqure 6-32, aignificent surface
concentrations of S, Mg, and Si persisted st temperstures as high as
1400 K. At the highest temperature tested, well above the melting
point of Pt/B, the surface was only 63X pure.

The wetting of Pt/B (LANL: #273-54; Pt = .72, B = .28) to a thin



(%)

70 As Received Tz21414K T={782K
6239

60 |-

50 acse

ELEMENTAL COMPOSITION

405 8.9
145 14.814 6
42 - .8
0.0 0.0 0.0 'J 00 90 g 0o 0.0 f o0

Re C O N S NgSiMoCa ReC O N S MgSi MoCa ReC O N S MgSiMoCao

Figure 6-32. Auger surface elemental compositicn ve temperature for
the Re subatrate (HRL: Alfa, Lot # 040583), The Re is very impure.

6TZ



220
ribbon of this Re was excellent, with the alloy spreading ontc the
backaide of the ribbon with a near-zero contact angle. Thia atudy
was different from the analysieg described above {n that the wetting
wag performed at our laborastory unaing well-characterized materisls,
The first system was pre-wetted at HRL. Teste to reveal the
long-term effects of heating at the melting point of Pt/B are shown
in Figure 6-33. In this figure, the alloy surfece compoasition and
melting point ve time are plotted. The sample was observed closely
in order to record the changing melting point of the aystem and
therefore the positions monitored by the Auger beam are different
from spectrum to aspectrum. Nevertheless, a number of tendenciea
which correaspond favorably with the firat experiment are noteworthy.
Firat, the alloy melting point increamed by about 100 degrees in 7
houra. Second, the Pt aignal incressed with time, while the B signal
decreased. Third, Ca and O appeared to vanish asimultaneously with
rising melting point, suggesting that the Ca in the alloy exiated as
calcium oxide. _Fourth, C and N peraisted {n the slloy, even after
all O had vanished. We will find later that these are aurface
segregsted apecies which reside as low-level impurities in the alloy.

The contact system suffered cestastrophic failure between 11 and
20 hours of operation. Auger analysis of the failed surface is shown
in Figure 6-34, showing significant C and N concentrations in
addition to a srall amount of Ca. The BN chemical shift indicative
of BN formation in the alloy asurface is found at all sampled
locations, a likely result of the excesaive temperaturea csused by

the changing resigtivity of the Re ribbon during alloy attack. No Re
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is found at the surface. A micrograph of the system after fajilure is
provided in Figure 6-335. An excessive amount of reection has
occurred. The Re ribbon was strained before the addition of slloy to
age if attack occurred along the line of stress. No correlation
could be attached to this mechanisr of failure, in agreement with
extensive tests by A. Bell (3] with streassed Re.

The results of both studies of Pt/B indicate that only limited
success ma8y be expected from this choice of alloy and aubstrate. As
time progresses, both Pt and B are found to attack the Re, but since
the rate of B diassolution is faater than Pt diesolution, the surface
shows an enriched concentration of Pt. Concurrently, the melting
point of the alloy continually increases, forcing an increase in
heater current to retain the alloy in & molten state. This acts to
accelerate the rate of attack, and increesses the melting point
further. Once the cycle of temperature increases is entered, there
is no escape, and emitter lifetimea greater than 30 hours are the

exception rather than the rule.

3. Evidence from Mase Spectrometer Studies of Pt/B on Re

The results of a mass spectrometric study of a liquid metal ion
source of Pty5Brs eutectic on Re is consistent with the mechanisnm
of alloy behavior discuassed in the previous section. The details of
thia study will be reported in future publications of the OGC group.
Here, we concentrate on those parts of the inveatigation dealing with

the alloy thermochemistry.
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Figure 6-35. Views of the failed Pt/B (LANL: #273-5A; Pt=.72, B=.28)
on Re (HRL: Alfa, Lot #040583).
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The emitter asssembly with prewetted alloy was supplied by the HRL
group, and was studied by the Hitachi RMU-7 magnetic aector masag
epectrometer at OGC, which has an entrance alit of 2 =mr angle
measured at the emitter. Relative amounta of the variocuz massa
species as a function of total current were determined by measuring
the area under the reaspective mass peaks. No correction was made for
the mass dependence of the spectrometer sensitivity.

Figure 6-36 gives the relative abundance of the various species
observed in the Pt/B on Re LMI asource as a function of current after
geveral houra of operation., By asumming the contribution of the
varioua Pt and B speciea, a plot of the relative abundence of total B
and Pt va current is given in Figure 6-37. Surprisingly, the percent
of B in the range of normal operating source current is only 10%
whereas the originsl alloy contained 28% atomic weight of B. This
result was confirmed at different source opersating times and for two
different sources.

Auger studigs described above showed a decrease in B surface
composition with time when a Pt/B liquid film on Re was heated at the
melting point. Thig has been determined to be due to rapid diffusion
and/or dissolution of B into the Re asubstrate. We apeculate that
during source activation when the Pt/B liquid film flows along the
aenitter that the Pt/B ratio ircresses due to B take-up by the
subatrate. Significant cangee in the Pt/B ratio will force a higher
temperature to maintaein operation in the liquidua range of the phase
diagram. Thias corresponds favorably with the experience reported

from earlier Pt/B on Re ribbon studies. Interestingly, the measured
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initial) turn-on temperature of the LMIS was within experimental errcor

of the eutectic melting point for Pty,Bsa.

4, The Formation of Rhenium Oxides on Emitter Structures

Emitter structures of Pt/B on Re Aanufnctured by BRL were
frequently found to possess precipitated second phase material, shown
in Figure 6-38. These precipitates were usually found after & few
hours of source operation, and occurred predominantly on the wetted
Re gsupport which held the alloy charge. In view of the importance of
underatanding the thermochemiatry of this contact aystem, an attempt
waa made to identify these precipitatea.

Figure 6-33 reports the reasultas of a high resolution Auger
analyaia of aeveral positions on the cryatalline material and
underlying wetted substrate. The perspective is shown in photo (b)
of Figure 6-38. It appears that the cryatalline msterial im a
precipiteted phase of rhenium oxide. The most atable rhenium oxide
is ReOjp, which decomposea at ™ 1000 C. The underlying subsurfsce,
by contrest, is composed of Pt-rich material with nec indication of B.

The existence of precipitated second phaae material on the
emitter structure of Pt/B on Re uncovers another potential aource of
failure for this contact system, and reinforces the extent of
chemical interaction between alloy end substrate discussed above. We
saw earlier that the Pt/B on Re failed due to excesgive reaction
between B and Re, which aubseguently enriched the surface with Pt.

Apparently, the resction has proceeded to such an extent here that no



Figure 6-38. Views of the Pt/B on Re emitter structure with second
phase material evident. (a) Overall view; (b} Closeup of the wetted
laft-hand holder, showing the cryatelline precipitates.
refer to analysis positions diacusased ashead.
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Figure 6-39. Auger asurface elemental composition va position for the
failed Pt/B on Re (HRL: PWS-14) alloy containing precipltated second
phase material. The temperature is 300 K. The precipitated
structures appear to be rhenium oxide.

0EZ



231
B at al)l remains at the surface. Where then does the oxygen
originate? A number of possi:-.lities exiast. Results reported above
show thst st the low melting temperature of the Pt/B alloy,
aignificant aurface contaminetion atill exists becsuse the
temperature is simply not high enough to effectively clean the alloy
surface. In particular, oxygen is guite abundant. Second, the
oxygen may arise as a result of poor vacuum conditions during
wetting. It ia2 unclear what vacuum exiated in the HRL apparatusa.
Third, the oxygen may originate from impura starting raterials. 1In
any case, formation of rhenium oxidea f{s not unexpected, as Table
VIII shows that the Gibbs frec energies of formation of nesrly &ll

existing oxides of rhenium are thermodynamicslly favorable.

TABLE VIII

GIBBS FREE ENERGY OF FORMATION OF RHENIUM OXIDE COMPOUNDS

Corpound T (KD G (kcal/mole) Reference
Re»05 1100 -167.5 Wicks (4]
ReO3 1100 -85.5 "
Re,0g 600 -209.0 ‘!
ReD»> 300 -88.0 Lange [5)
ReO3 300 -127.9 ‘!

Formation of cealcium oxide phases were indicated to form in the
alloy in previous work, and are also not unexpected because Ca0 has e
very high affinity for oxygen (see Figure 6-40). A possible solution

in de&ling with these oxide phases ia to flash the emitter to a
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temperature of about 10C degrees above the‘nelting point of Pt/B for
a couple of seconda after wetting. Earlier results showed thet

little residual contamination exiated on the Pt/B wolten asurface

after heating to this temperature.
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Table 2 Oxygen Affinity of Metals

Oxige pO* Oxide pO”
Au,0, -85 Ra0 46.3
Ag,03 -3.3 ALO, 47.2
PO -1.3  2r0, 47.2
Pao -1 Hi0, 48.1
Air 0.7  Li,0 48.5
1rQ, 0.2 BaO . 48.6
Rh,0 A2 S¢,0, 50.3
TeQ, 7.2 sr0 51.2
Cu,0 9.6 BeOD 52.0
BiO 1.4 Mg0 52.0
PbO 127 Y,0,4 520
TcO, 13.8  (REY,0, ~53.0
ReO, 136 Tho, 55.5
H,-H,O (F =10%) 136 Cad 55.5
CC-CO, (F =103 146 Ac,04 56.4
2;203 :Zz *p0 = —log f:so1 for oxygen in equilibrium

NIO 162 3! 1000°K.

Ca0 16.8

GeO, 18.4

SnQ, 19.7

Hy,-H,O (F=1) 20.1

MoO, 20.1

FeO 20.6

CO-CO; (F=1) 20.6

WO, 1.2

X,0 23.2

in, Oy 24.1

Zn0 25.8

H,-H,0 (F = 1073) 26.0

Ga,0, 26.2

CO-CO, (F =1073) 26.8

Na,0 28.9

P,04 29.7

Cr 0, 30

MnO 32.6

TaZOS 33.2

NBO 33.7

VO 34.5

B,0, 35.4

Sio, 36.3

TiO 44,2

Figure 6-40. The Oxygen Affinity of Metala. From T. B. Reed, Free

p. 67.
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CHAPTER 7
THE SURFACE SEGREGATION MODEL OF WETTING BEHAVIOR AND THE TRUE

NATURE OF BORONIZATICN

A. A Summary of Results to Date

The outlook for development of a long-lived ion source of boron
looked extremely pesaimiastic when viewed against the failure of
several liquid metal alloys of boron to wet graphite. A no-win
situation appeared to exiat where the mutually exclusive requirements
of minimal chemicel reactivity and gocd wetting offered little hope
for succesa. On the one hand, the lowest melting boron alloy (Pt/B)
exhibited unacceptable levels of chemical reactivity with the
metallic substrate (Re) best known to offer resistance to boron
attack. On the other hand, poor chemical affinity of the boron
alloys to one of the most chemically inert aurfaces known (C)
resulted in unacceptably poor wetting characteristics. The statua of
the experimental effort at this point may be summarized in five
obgervationa: (1) Pure Ni/B and Pt/B alloys wet and spread over
virgin amorphous graphite; (2) Ni/B and Pt/B alloya containing high
concentrations of C and/or N wet virgin amorphous graphite
reluctantly or not at all; (3) Boronization of amorphousa graphite

facilitates wetting of Ni/B and Pt/B alloya to carbon:; (4) Ni/B and
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Pt/B alloys wet metallic aurfaces asuch as Re, Z2r, and W, but with
exceasive, lifetime limiting reactivity; and (5) Although Ni/B and
Pt/B alloys are expected to wet substrateas auch as graphite, it isa
prevented in nearly all casea atudied.

The expectation that Ni/B should wet graéhite is basged upen
reported evidence [1] that metallic Ni by itaelf wets graphite with a
contact angle of 45 deqrees. Further, B is often used as an additive
to metals to promote wetting on graphite. For example, pure Cu has a
contact angle of 140 degrees on graphite, but Cu with 5% B added hss
a contact sngle of 36 degrees (2). Since the Ni/B eutectic is lower
melting than pure Ni, it is leas stable than pure Ni, and in addition
has B for ita second component. One therefore anticipitates that
Ni/B should wet graphite. Reaaona for the fregquent failure of N1/B

to wet graphite are provided below.

B. The Problem: Surface Segregation of Low-Level Impurities in the

Alloys

The wettability of solids by liquid metel alloys is governed by
aurface segregation of low-level C and N impurities in the molten
alloys. Segregation of thege elements to the surface of the molten
droplet haa been found in every alloy syatem we have astudied, and
allowa an inteqration of the diverse results into a coherent model.
Further, the influence of surface segregation on wetting caatz doubt
on many previous atudies of this phenomena, as the existence of ppm

impurities in the wetting materials can radicsally affect the
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reaulta. The evidence for segregation is extensive. 1In support of

thiag idea, we offer five key examples,.

1. Wetting Studies of Ni/B (QGC) to Aluminum Oxide

Pérhaps the key experimental result of this study concerned
wetting of Ni/B to aluminum oxide. Wetting of Ni/B to Al,03 was
attempted due to evidence from Lugscheider [3) which indicated thsat
certain nickel boride alloys were found to wet alurinum oxide, In
addition, uase of this aubstrate served to isolate the alloy from
outeide sources of carbon. Locating the origin of C in the alloys
proved to be a pivotal issue, as previous studiea of this question
were unable to determine whether carbon signals in the alloys
originated from dissolution of the aubstrate or impure materials.

Figure 7-1 shows the wetting behavior of Ni/B to eluminum oxide.
A solid specimen of Ni/B (DGC) waa laid atop a ribbon of aluminun
oxide made by filling en appropriately shaped mold with Aremco 552
high-temperatura adhesive. The conposition of thia material waa
verified by Auger analyais to consiat primarily of Al and 0. The
ribbon was laid atop a second ribbon of W, and the combination was
loaded into the vacuumr chamber and resistively heated until the alloy
melted. The wetting was poor, and conzisted of a contact angle of
eabout 130 degrees, Nore significantly, however, were the large
concentrationa of C and N ot the surface of the poorly-wetted

droplet. Theese elementa could only ariae from the droplet itself, as
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the alloy is completely isolated from carbon and the droplet ahows
little or no oxygen, which rulea out the contribution from adaorbed
CO. Surface gegregation of € and N «hich occurs coincident with

melting la indicated as the source of the contaminants.

2. Wetting Studies of Pt/B (LANL) to Re

We have alresdy discussed the behavior of thia contact systen.
Here, the attention La focused on the character of the Pt/B alloy
surface during a 20-hour study of surface composition. Recall from
Figure 6-33 that the surface of the alloy was found to contain about
30x% C throughout the experiment, even after all oxygen had vanished.
The esituation after catastrophic breakdown of the contact ayatem ia
shown again in Figure 7-2. Strong C and N aignala are found at all
monitored locations. Since there is no carbon anywhere in this
asystem except for the low level of bulk impurities in the slloy (the
Re is C-free at the melting temperature of Pt/B--see Figure 6-32), we
deduce that the € and N originseste from surface segregetion during
alloy melting. Hence, both OGC and LANL alloys display aimilar

behavior regarding segregation of low-level alloy impurities.

3. A Calculation of C Segregation in Ni/B Alloys

A theoretical celculation of surface enrichment was made to
determine whether the low levels of C impurity found in the 0GC alloy
could be responaible for the high concentrations of this element

found at the surface of Ni/B and Pt/B salloys. In particular,
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emission spectroscopic analysis of Ni/B (0OGC) showed the OGC material
to contain 0.013 wx C. Assuming the entire weight percent of C to
segregate to the surface of & spherical droplet of alloy 0.5 mm in
radius, the thicknesa T of the C layer formed is calculated to be:

T = 3.17 X 107% D(Ni/B)/D(C) cn
where D(Ni/B) and D(C) are the dengities of Ni/B and C respectively.
Assuming the density of graphite to be 2.0 gm/cma, and calculating
the denaity of Ni/B (7.2 gn/cm3) from valuea given in the
literature [4,3) produces a value for t of 1140 A. Since the Auger
bean probes the top S - 20 A of a surface, it i{s reasonable that the
high concentrationas of C observed at the surface of poorly-wetted
dropleta is due to surface segregation of C impurities within the
ailoy. The impurities are characteristic of the bulk concentration
since the alloy fragments used in wetting are fractured from the

interior of the original melt.

4. Crosg-~sectional Examinations of Poorly-wetted Droplets

further evidence for surface aegregation is given by analysis of
crosg-sectional slices of poorly-wetted droplets. Figure 7-3 ghowa
one example of many we have examined. In this experiment, an attempt
was made to wet N{/B (LANL: #273-7A: Ni = .62, B = ,38) on a aurface
of amorphous graphite with added Zr. The wetting wes poor, with a
contact sngle of about 140 degrees. Auger analysis of the droplet
whiile molten showed high amounts of surface €. The view at room

temperature, sheown in the left photo of the figure, ahows that the
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droplet surface is covered with recrystallized precipitateas of
hexagonal materiel that later analysis proved to be graphite.
Micrographic exanmination of several cross-gectionsa through the
droplet show evidence of aecond phase material at the droplet
surface. By contrast, the interior of the droplet is smooth and
uniform, characteriatic of pure alloy material.

4 second examrple is provided in Figure 7-4. 1In this case, Ni/B
(0GC) was heated atop virgin amorphous graphite and formed the usual
poorly-wetted droplet. A second graphite ribbon at the aanme
temperature was then brought into contect with the top hemisphere of
the droplet to investigate whether the alloy would wet thie ribbon.
The reaults have been detailed above during the discussion of carbon
ruboff. In brief, the alloy droplet wazs found to yield to thruats
from the mecond ribbon. When the second ribbon was positioned to
lightly touch the alloy droplet, formation of a bright zone along the
contact developed that remained when the ribbon was pulled away fron
the droplet. This is direct evidence that the alloy dissoclves
carbon. Figure 7-4 ahows the droplet prcfile at roor temperature
after a series of such experimentg. The droplet surface shows large
areas of carbon-containing material origlnating from segregation and
the extreme treatment described sbove. The interior of the droplet

is relatively uniform, consisting primarily of alloy components.

5. The Compoasition of Alloy Material Flowing from the Interior

of the Earliest Poorly-Wetted Dropleta
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450pm

Figure 7-4.

second graphite ribbon. The interior of the alloy is remarkably
clean, given the appearance of the droplet surface in (a).
Photograph (b) ahows a cross-aectional elice through the alloy.

The Ni/B (OGC) on C (virgin) alloy after puncture by a
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It was reported above that most of the earliest, prewetted
contect eystems contained poorly-wetted dropleta from which pure
alioy could be mede to flow by heat treatment. The pure alloy
material flowed from the inside of the droplets and wetted the virgin
graphite. Auger analysis showed the surfacesd of the poorly-wetted
droplets to invariably consist of high concentrations of C and N,
which remained behind in inert form sfter the fracture of the surface
akin. For prewetted aystems that were well-wetted, little evidence
of such asurface C was found. Thias is further support for the
existence of aegregated material thet arises during the wetting

process as the alloy is melted.

6. The Theory of Surface Segregation

Segregation refers to the redistribution of elemental components
from the bulk of an alloy te a free gurface or graln boundary. That
is, the equilibrium concentration aof an alloy aurface is not
necessarily ideﬁtical to ite bulk composition. Since there are no
grain boundaries in molten liguids, segregation occurs entirely at
the interface between contacting phases. The first rigorous
theoretical description of surface segregation waaz formulated by
Gibbs [6]1. In this formalism, Gibbs argued that the driving force
for segregstion ia the decreaase in the total free energy of the
contact ayatem when segregation occura. In terms of the Gibba
adsorption isotherm, the exceas aurface concentraticn of one

component of an alloy over ita bulk concentration, E, is related to
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the compositional dependence of the surface tension d@/du by:
E(2) = - d&/du(2)
where ® is the surface tension of the solution, u(2) is the chenmical
potential of the aoclute, and E(2) ja the surface excess of the solute
with respect to the Gibbs equimolar dividing surface for the
solvent. If the dependence of the chemical potential on the
composition obeys Henry’s law (i.e., the system is a dilute binary
ayatem), this equation may be rewritten es (7):
E(2) = -(X(2)/kT) dB/8X(2)

where X(2) is the concentration of the =solute. This means that one
component of the alloy ashould segregate to ita surface if the surface
tengion decreases with increasing concentration of that component.
In addition, the aurface will become depleted of solute that raiases
the aurface tensicn. The problem in applying thié equation to
surface segregation is that, experimentally, little is known ebout
the dependence of surface tension on chemical potential or
composition. Therefore, a number of slternate approaches have been
cast to alter the Gibbs adsorption isotherm in such a way that
experimentally accessible quantities may be correlated. Although the
approaches contain a number of simplifying essumpticns not
necessarily applicable to the compliceted aystema atudied here, it ia
useful to discuss briefly two of the more well-established resulta in
light of the physical principles involved.

Aaguming that the surface consists of only the topmost atomic
layer (the monalayer assumption), Scmorjal (8) and Defay and

Prigogine [8]) derived an equation relating the surface composition of
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an ideal binary solution to the bulk composition:

X(5,1)/X%{(5,2) = (X(B,1)/X(B,2)) exp (a(B(2) - 8(1))/kT]
where X{(S,1), X(5,2), and X(B,1), X(B,2) are the surface and bulk
atom fractions, respectively, for the two components 1 and 2 of the
alloy, @¢(1) and 8(2) are the surface tensiong_of the pure components,
a is the average surface area accupied per atom, and the other
symbols have their usuel meaningas. According to this equation, the
surface will be enriched by the compcnent which has the smaller
surface tenaion. This is senaible, because the lower the surface
tenaion, the easier 1t ias for that component to form new surface.

The exponential dependence of the ratio of surface-to-bulk
composition can result in impressive enrichment factora. For
example, for a surface tension difference of only 0.05 N/m (30
dyn/cm), the enrichment factor at 1000 K and & = 10719 n2/atom is
1.44. As the temperature is lowered, the excess increases. The
surface tensions of the alloy components we have studied are not
fully documented at all temperatures. There are such large
differences between the aurface tension of metala and nonretsls,
however, that segregation of the nonmetsllic component of the alloy
(or nonmetallic impurities) is virtuelly assured (e.g., at the
relting point, the surface tensions of our alloy components ere: Ni =
1750 dyn/cm, Pt = 1860 dyn/cm, Pd = 1480 dyn/cm, and B = 1060
dyn/cm). The surface tenasion of graphite could not be found, but ie
likely to be near 1000 dyn/cm. The magnitudea of surface enrichment
we have seen In our atudiea here are therefore not unexpected. In

fact, enrichasent factors of 100-10000 have bean reported {1CJ.
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A second and very successful semiemrpirical theory of surface
segregation has been developed by Hiedema [11}. Miedema argued that
the Somorjai expression fails to account for the effecta of elastic
size miasmatch energy in cases where the atoms of the alloy are of
different size, and in addition, that Somorjai neglects the heat of
solution of component 1 in 2. To extend the monolayer expression,
Miedema postulates that three terms are necesssry to explsin the
phenamenon of surface segregetion. The firet is the difference in
aurface tensions of the alloy components, the second is the size
miamatch energy, and the third is the heat of solution.

The size mismatch energy is necessary beceuse the inclusion of a
large atom of one component amidst & regular &rray of atoms of the
other component produces an elastic stress energy which may be
lowered by segregation to e free surface or grain boundary. The heat
of solution is necesasary because aa the heat of solution of a ayaten
of solvent and solute increases, the solute tends to come out of
solution and seqregate. The dominant contribution in alloys of two
trangition metais ia the surface tension term. In alloys consisting
of a metallic and nonmetallic component, the difference in surface
tenajons is ao large that the other two terms can be treated as
second order effects or ignored completely.

The formula auggeated by Miedema 13 [12):

C(5,1)/C(B,1) = exp (fdH - gLJ(1) - J(2>1V-66/3RT)
where C(5,1)/C(B,1) representa the ratio of the concentration of the
golute atoms in the first atoric layer to that in the bulk, dH is the

partial molar heat of solution of metal 1 in metal 2, V is the molar
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volume of the aolute, J(1) and J(2) are surface enthalpies, f and g
are constants, and the other parameters have their usual mesnings.
Chelikowsky [13), in discusaing the ability of this formsllarm to
predict ohich component will segregate in systems of dilute

transition metala, believes the theory ia accurate to 30X cr better.

C. The Solution: Boronization and Siliconizsation

Boronization refers to the process of forming a boron layer on a
virgin graphite ribbon. Thia was carried out by depositing & slurry
of B powder and acetone on graphite, and then flash heating the
conbination to temperaturea above the melting point of B (2300 K).
Previoua atudies of prewetted KRL contact syatemrs has ashown that the
surface resulting from thie process, although difficult to reproduce,
promotes wetting of B-containing alloys to graphite. To clarify thie
issue, and to integrate the results with the fact that impurity-free
alloy appears to wet virgin graphite, & detailed series of
experiments 1involving boron films was performed which are discussed

in this section.

1. Wetting of 3% B-Fluxed Ni/B Alloy on Flashed and Unflashed

Boronized Subaetrates

The firat study in the series addressed the effect of high
temperature flashing in the boronization proceasz. Figure 7-5
displeys the Auger surface elemental composition of a aglurry of 325

mesh red B (Alfa) and acetone before and after high temperature
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flsahing (HTF). The HTF was performed by setting the ribbon heating
supply (a variac) to full power with the switch off, and then
switching the supply on for a couple of aseconda. The experiment was
performed in the UHV chamber. Before fIashlng; the surface consisted
rostly of B with arall amounte of C, N, and Ni. After the HTF, ashown
in the “after" histogramas, the aurface has reduced erounts of B and
the red boron has turned dull grey in color. Experiments performed
later to determine the maximum graphite temperature atteined during
the HTF showed this temperature to be well below the melting point of
B, at mo=st about 2000 K.

Subseguent wetting of 3% B-fluxed Ni/B powder (HRL) to this
boronized surface was excellent, as demonatrated in Fiqure 7-6. The
contact angle ia neaar-zero, and the alloy hsa wet and apread to the
nonboronized backside of the graphite ribben. Auger compoaitions of
the Ni/B surface at wetting show reduced C concentrations (and
increased N concentrations) compared to the situation immediately
prior to wetting. This behavior was obaerved throughout the seriea
of experiments in this mection, and indicate that C is depleted from
the surface in the proceas of wetting. This result will be discussed
further in a moment.

An identical experiment was prepared using the aame materials and
boronization technique. Rather than flashing the substrste, however,
the temperature of the boronized ribbon wes increased to only 1400 K
during the experiment. An Auger spectrur of the borenized layer was
then recorded, which 1s displayed in Figure 7-7. Again, the

boronized asurface is primarily composed of B powder which has turned
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grey in ceclor. Wetting of 3% B-fluxed Ni/B powder (HRL) to this
surface produced resulta identical to the flashed surface, consisting
of a near-zero contact angle and wetting and apreading to the
nonboronized backaside of the grephite ribbon. Similar behavior wasa
found for the C and .N concentrationa of the alloy aurface at
wetting--the C signal decreased and the N signal increased. These
resulta show that a HTF is not required to produce & well-wetted
surface. Indeed, as shown below, flashing can readily produce e
poorly-wetted surfsce corresponding to the extent to which the boron
is flashed sway. It is not the flashing that is important in the
wetting process, but rather the presence of a uniform layer of
boron. Further studiea to deduce whether hesting the boronized layer
wag necesssary showed that better wetting behavior resulted after
heating the graphite to a temperature of aebout 1300 K where the red
to grey color transition occurred. We believe that heating enhances
the adhesion of the boron powder to the graphite, but does little

elae by way of improved wetting.

2. Surface Composition va Temperature for 325 Mesh Red Boron

and OGC Boron on Virgin Graphite

The previous experiment showed that it is possible to retain
boron on the surface of & flashed substrate if the tempersture
reached during the flash is well belocw the melting point of boron.

To further charscterize the temperature behavior of boronized

graphite, surface composition ve temperature was studied for ribbons
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boronized with two different sources of boron. The goal of thia
exercise waa to determine the temperature at which moat boron has
volatilized from the surface. Previous results uwsing a thin covering
of B showed that nearly sll B hsad vanished at & temperature of 1660
K.

Figure 7-8 18 a plot of Auger aurface elemental composition vs
temperasture for a slurry of 325 mesh red boron (Alfa) on virgin
graphite. Data was taken at & single point on the boronized
auyrface. Boron is found to persiat at this position up to a
temperature of about 2200 K before being rapidly volatilized. The
true situation is more complicated than this, however, as shown in
Figure 7-3. 1In this figure, a plot of composition vas position for
the boronized surface after heating to 2300 K ia shown. It is found
that the volatilization of B has been highly nonuniform, with
portiong of the surface containing large concentrationa of B snd
other portions containing almoat no B.

Repeating the experiment using a thick layer of red boron
obtained at OGC whose origin ie unknown regsulted in similar
behavior. At the position monitored, the B begins to rapidly
volatilize at a temperature of about 2000 K, well below the melting
point of B. Thia is plotted in Figure 7-10. Admixturea of B-rich
and C-rich regions are found on the ribbon after heating to 2100 K,
and the surface is highly nonuniform compositionally.

The important concluasion to be drawn from thias work ia that high
temperatures produce an irreproducible and inhomogeneous wetting

layer when the starting slurry of red boron 1s relatively thick. For
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thin cosatings, the boron may be flashed off completely. This
provides an explanation for the differing degrees of wetting asucceas
found in the earlier work. The wetting ia poor when the alloy aeeas 8
predominantly C aubstrate, and improves as lesa B is flashed away.

I+ has been difficglt to reproduce '"idesl" boronization with a HTF

because one cannct reproduce such a surface by flashing. Only by
maintaining low temperatures during the heating of a boronized

surface can the integrity of the boron layer be preserved.

3. Wetting Studies of Fluwed and Nonfluxed Ni/B to Virgin

Graphite

Early work by the Hughea group asuagested that the beat wetting of
B-containing alloya occurred when the subatrate was "{deally”
boronized and 3% additionel B powder was mechanically mixed with the
alloy. In order to verify this assertion, fluxed and nonfluxed
powdered alloye were applied to both virgin and boronized grephite.
This section details the wetting behavior on virgin graphite.

The wetting of nonfluxed Ni/B powder to virgin graphite has been
attempted aeveral times in the courae of our investigationa, and was
discussed earlier. Inveriably, the wetting behavior has been poor,
with the contact angle well over 90 degrees. In these experiments,
the attraction of the alloy for itself is much greater than the
attraction of the alloy for the graphite. A &lurry of nonfluxed Ni/B
powder apread over a large area of graphite will be drawn into the

rapidly forming droplet of poorly-wetted material before sticking to
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the graphite. A number of photographs of the resulting droplets may
be found thoughout this repert.

In contrast, wetting of 3% B-fluxed Ni/B powder to virgin
graphite is better than wetting of nonfluxed material to virgin
graphite, but atill leaves much to be desired. Figure 7-11 provides
photographs and Auger compositicns of the surface after wetting. The
wetting is characterized by an irreqular mixture of contact angles
end the surface isg rich in carbon. High megnification views of the
resolidified alloy dropleta on the aurface ahow the presence of dark
hexagonal structures that previous analysis has shown to be
precipitated graphite. An explanation for the difference in wetting

of fluxed and nonfluxed is offered below.

4. Wetting Studies of Fluxed and Nonfluxed Ni/B on

Identically Boronized Graphite

In contraat to the difference in wetting of fluxed a&nd nonfluxed
Ni/B tec virgin graphite, we could find no eignificant differences in
wetting of the sare materiasls to boronized graphite. Wetting of 3%
B-fluxed Ni/B powder to boronized graphite is shown in Figqure 7-12.
The alloy waes found to wet and spread over both boronized ang
nonboronized sides of the ribbon with a contact angle of near-zero.
The elementa]l composition of the alloy surface at wetting behaves in
a manner aimilar to thet described above, with low percentages of C.
Figure 7-13 depicta the wetting of the nonfluxed Ni/B powder to

boronized grephite., Little difference is noted in wetting behavior
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or surface composition. The results suggest that fluxing helps the
wetting of Ni/B to virgin graphite, but doea little if anything to

improve the wetting on boronized graphite.

5. Wetting Studies of Ni/B to Crysatelline Boron

The surface of boronized graphite was determined above to conszist
largely of boron. It is therefore natural tec presume that Ni/B wculd
wet a pure boron surface. To verify this assertion experimentally, a
aclid specimen of Ni/B (0GC) waa rounted above a disk of pure,
aingle-crystal B rod (99.999% zone refined) which in turn was mounted
above a grsphite ribbon. The combination was then heated resistively
by passgsing current through the graphite until the alloy melted. The
wetting was excellent, consisting of a near-zeroc contact angle with
gpreading over the side and bottom of the boron disk (see Figure
7-14). Given the results above, this behavior is not unexpected, but

nonetheless required verification.

6. Wetting Studies of Ni/B to B4C and BgC

This series of experiments were performed to determine whether a
boronized surface could be simulated by a surface consisting of a
B-rich compound. Three wetting subatrates were investigeated:
single-crystal ByC, CVD deposited B4C, and single-crystal BsC.

Wetting of Ni/B (LANL #273-7B; Ni = ,55, B = .43) to
aingle-crystal boron cerbide resulted in a poorly-wetted droplet of

alloy containing large islands of bright material in the upper
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Figure 7-14. Wetting of Ni/B (OGC) to a diak of single-crystal B.
(8) Alloy surrounding the boron disk, ahown at center: (b) The
alloy-filled boundary between the boron and the graphite ribbon.
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hemiaphere. A line of brightness contrast separating upper and lower
hemiapherea of the droplet alao developed. SEM photographa of the
situation are provided in Figure 7-135; the slloy droplet had broken
away from the substrate during removal from the vacuum chamber.

Auger analysis of the droplet while molten are given in Figure 7-16.
The exact analyais locations could no£ be determined, and positions
shown are indicative only. The outstanding feature is the large
anount of N present in the spectre at all sampled locations.
Further, there is evidence of competing chemical shifts due to
formation of BN and B4C in the alloy surface. Although the boron
carbide surface was found to contain a amsll, nonvanisghing
concentration of N, there isg little likelihood that the large
concentrationa of N found at the alloy surface originate from
diffusion from the substrate. This is because for N to exist at high
temperatures on the substrate, it must be bound as BN. Few other
options exist for the origin of boron carbide and nitride in the
alloy. These materials have been formed either during alloy
synthesis or du;ing the wetting process as a result of the
complicated segregation forces that exist during alloy melting.
Wetting of Ni/B (0GC) to the surface of a boron carbide layer
(LANL:"M") formed by chemical vapor deposition (CVD) onto a substrsate
of graphite showed little improvement (gsee Figure 7-17). Auger
analysia of the molten droplet surface revealed high concentrations
of C at all sampled positions, and a N signal that increased as the
bottom of the droplet was approached. The bright/dark boundary was

again obaerved, which may be formed by the presence of BN in this
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Figure 7-15. Ni/B (LANL) after wetting to B4C (virgin). (a)
Overall view of the poorly-wetted droplet; (b) An enlargement of the
boxed area of photo (a).
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Figure 7-15 (continued). (c) A close-up of the upper half of photo
(b); (d) A close-up of the lower half of photo (b).
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case. Scanning electron micrographs of the droplet before and sfter
sectioning are ahown in Figure 7-18, Photos (¢) and (d) are cloaeups
of the microstructure, showing the preasence of fractured blocks of
material that appear to have formed during cooling.

Wetting of Ni/B (0OGC) to single-cryatal BgC resulted initially
in the egtablishment of a poorly-wetted droplet of alloy. The
surface of the aslaeb-shaped substrate before wetting ia characterized
in Figure 7-19. A poeition typical of the surface was probed by
Auger Bpectroscopy as the temperature was increased. As more heat
wae applied, the surface approached the atoichiometric ratios, but
nowhere wasg the ratio near 5 to 1. At approximately the melting
point of Ni/B, the alloy sees a surface with near equal ratipca of B
and C. Chemical effects characteristic of carbide formation appear
in the Auger spectra. Anslysia of the molten alloy droplet (Figure
7-20> show large C concentrations over the entire surface of the
droplet, accompanied by amall amounts of N and Ca. Chemical ahifts
indicetive of carbide fermastion are found at positionzs 2 and 3. The
bright/dark boundary was observed. Thia situstion remained for sbout
2 hours at the melting point.

At the end of this time, a audden reduction in contact angle
occurred, decreasing from about 130 degrees to 45 degrees. This ia
shown in Figure 7-21. A surface probe of the top hemisphere of the
collapsing droplet showed nearly pure alloy componenta, while the
lower half of the droplet e2till contained large concentrations of €

with accompanying chemical ahift. Once agailn it ias found that
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Figure 7-18, Wetting of Ni/B (0OGC) to CVD B4C (LANL: “M™). (a)
Side view of wetting profile; (b) Cross-aectional slice through the
droplet.
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Figure 7-18 (continued). (c) View at the side of the poorly-wetted
droplet; (d) High-magnification view of the fractured atructure aeen
in (¢).
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depletion of C from the droplet surface and wetting appear to be
connected.

A final piece of information from this experiment concerns alloy
wetting to the backside of the BgC ribbon. On thia surface had
been painted s alurry of nonfluxed Ni/B powder in order to compare
the uettigg of a s0lid specimen of alloy (on the frontside) to =
powdered specimen of alloy (on the backside). Scanning electron
sicrographa of the reasults are ahown in Figure 7-22, 1In like faashion
to the frontside wetting, the initial wetting behavior of the
powdered alloy waa poor, Aa time progresgaed, however, the powdere
displayed increasing adhesion to the substrate and the wetting was
qualitatively better than that displayed by the solid epecimen of
alloy. Perhaps a higher temperature during the initial wetting would
have facilitated faater resaults.

In summary, the results of these experiments are generally mixed
with respect to uaing compounda of boron as a viable wetting
surface. Wetting ia aubatantially better on BgC than on B4C, but
not as good asa ;étting on the single-cryatal of B nor on the
boronized graphite surface of nearly 100% B. Further, it i=s
difficult to envision a feaaible method for machining BgC into
usable emitter shapes, aa this material {s extremely hard and nearly
irpossible to grind wsing cenventionel techniquegs. We show below
that, for wetting to occur, it is neceassry that subatratea contsain
free boron in order to tie up the asegregated carbon. Boron which is
chemically bound, such as exlats in the case of carbides of boron,

requires additional energy to dissociate and reform bonds with the
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Figure 7-22. Wetting of Ni/B (0GC) to BgC. (a) Wetting of Ki/B
(fragaent) to the topaide; (b) Wetting of Ni/B (powder) to the
backside.
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segregated carbon, B4C, and BN. Wetting ias facilitated in contact

aystems where thia additional expenditure of energy is not required.

7. Wetting of Pd/B to a Siliconized Graphite Emitter

Experiments using a thin coating of silicon rather than boron
were performed to determine whether the improvement in wetting by way
of a coating of boron is specific to boron alone. In other words,
nay another element with gimilar thermochemical properties be
utilized to facilitate wetting of liquid metal alloys with segregated
surfaces of carbon, BN, and B4C? This queation is more than
casuvally interesting, as identification of such a material would
provide an optional method by which to facilitate wetting of
boron-centaining alloys to graphite-based substrates. Furtbher,
Ishitsni (14) has reported preliminary measuremente of the enmission
characteriatica of a LMI aource of B using a ternary alloy of Ni, B,
and Si.

Figure 7-23 ;hows several SEM micrographs of a carbon emitter
wetted with a Pdy5Bog (LANL: #273-24) alloy. The photos were
taken after 100 hours of heating at a tempersture of 30 degrees above
the alloy melting point. The wetting procedure consisted of coating
8 graphite emitter with a slurry of powdered Si and propsnol, which
was then heated to the melting point of Si. At melting, the Si wets
and apreada superbly over the graphite aubstrate, forming a thick
layer that Auger spectroacopy demonstrated to be predominantly 51.

The interfacial compound which forma during wetting iz SiC, which was
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Figure 7-23. The wetting of a giliconized graphite emittaer with
PdyoBog (LANL: #273-24) after 100 hours of heating at a
tesperature of T = Ty, ¢« 30° = 1200 K.
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verified by flashing off the free Si. The wetting surface therefore
consista of an interfacisl compound of SiC covered by a thick layer
of free Si. At this point, the Pd/B alloy was added in powdered fornm
with propanol, and then electron bombarded until the alloy melted.
Frequently, this lstter step was repeated to elicit best wetting.
.Electron bombardment heating yields sﬁperior results to resiative
heating, probably because the side of the alloy away from the
substrate melts first.

The melting point of Pd/B on Si proved to be sbout 150 degrees
lower (1165 K) than the relting point of Pd/B alone (1310 X).
Apparently, the diszsolution of eilicon in the binsry results in
formation of a lower-melting ternary compoaition. As may be seen in
Figures 7-24, the wetting characteristics of this solution are
excellent on the siliconized graphite, consisting of & uniform
coverage over the wetted tip. Although the alloy does not appesar to
have apresd beyond the location of the siliconized layer, we have
found thie to be true for other ceages we have studied.

Figure 7-25 showa the reasulta of an experiment designed to
inveatigate the alloy aurface as a function of temperature. The
alloy surface elemental composition waa monitored by Auger
apectroacopy a&a the temperature of the alloy was firat increased,
then decreased. Numerous observations may be noted. First, the Si
concentration at the surface ia surprisingly low, considering the
reduction in melting point. That larger amountz of Si are present in
the bulk ia verified by maas apectrometer atudies of the emisaion

characteriastics of this contact system, which reflect the bulk
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stoichiometry. Significent amounts of Si are found (see Table IX).
Second, the boron aurface concentration is significantly enriched
relative to the stoichiometric ratios for this alloy. Thias arises
from surface segregation of boron, which is expected beceuse boron is
a nonmetal and has a much lower surface tension than palladium:
Third, no esignificent changes occur in the surface composition as the
melting point of the alloy is crossed, and the composition is highly
reveraible, Fourth, the C and N esurfece concentrations are
subatantially lower thsen the concentrstions which result when Pd/B ia
wetted to virgin graphite. This meana that the Si is tying up the
segregated C at the liquid-aolid interface in ruch the same way that
the free B in boronized layers ties up C. This is not unexpected,
since boron carbide and silicon carbide have nesrly identical Gibbs
free energies of formation at these temperatures. Hence, silicon
appears to react with segregated C in a way similar to boron in the

contact ayetema,



283

TABLE IX

RELATIVE AMOUNTS OF VARIOUS ELEMENTS IN THE ION BEAM OF

PD75Bog 4T 20 KICROAMPS TOTAL CURRENT AND 1165 K

Species %_of Total EWHH _(eV)
pd* 66.9 32.8
PdB* 16.2
pPd** 6.39 20.16
B* 3.74 3.68
Sit* 3.74 14.0
PdpSi* 1.67
Sit 1.20 15.4
Pd,B* 0.279
BO* 0.223
pdsi* 0.197
Sip* 0.167 20.12
pPdsig*” 0.0149
B** 0.0055 6.98
SiB* 0.0054 32.7
Peaks identified, but not measured: B,*, PdSi‘,
Pd>*, Pdg*

Totsl Pd = 77.4: Totel B = 16.3; Total S5i = 6.0

Long-term heating of the emitter at a temperature of 50 degrees
above the melting temperature of the alloy shows little change in
aurface compogition ve time (gee Figure 7-26). 1In particulear, no
evidence of substrate asttack or variation of heating power
requirements were obaerved.

In addition, little diesolution of the

alloy into the graphite ia indicated. Thia contact syatem therefore
possesses low chemical reactivity and good wetting behavior and
offera a potentially long-lived aource of B. An added advantage is

that the addition of the zilicon layer lowers the mrelting point of
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the alloy. Whether the fon emiaaion containa gdeguate amounta of
B* and B** apecies for most implantation applicatione remains to
be anawered. Preliminary mass spectrometer reasults indicate that a

significant fraction of the B is tied up as PdB™.

D. The Reason: An Explanation of Boronization and Siliconization

and its Effect on Wetting

Enough information presently exists to enable substantial
progress to be attained by way of underatanding the complex
thermechemistry governing the wetting of solid aubstrates by liquid
metal alioys. The formidable variety of diverse phenomena observed
throughout thia atudy may now be elucidated through proper
understanding of the roles of boron and surface segregetion. The
regsultant model of aurface behavior elucidates the mechaniam of
poronization, and explaina the various cleasea of wetting behavior
found in the early work. The reaults and model details are
gummarized in the anaweras to a series of pertinent questions. In

short, the existence of aurface asegregation explains nearly all of

the wetting phenomena observed throughout this atudy.

1. Question #1: Whet Prevents B-Containing Alloys from Wetting

Virgin Amorphous Graphite?

Surface segregaticn of carbon and nitrogen in the form of C,
B4C, and BN is the primary csuse for wetting fatlure in contact

ayatema compoased of liquid metal alloys and graphite. We may that
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nitrogen in the form of BN segregates because it is unlikely that N
exigts in the alloys in its elemental form. When the melting
temperature of the alloy is reached during the initial wetting
proceas, carbon and nitrogen present as low-level alloy impurities
immediately segregate to the surface. The rgsulting aurface layar of
carbon, boron nitride, and boron carbide inhibita interaction between
the alloy componenta and the substrate, and results in an unfavorable
conbination of aurfece tensions. Wetting is subseguently
prohibited. We saw easrlier that the small amount of C impurity
present in the OGC alloy materiasl is enough to create a surfsce layer
of aver 1000 A around an alloy droplet of typical dimensiona if it
all segregated. The experimental evidence aupports this view, as
rany of the poorly-wetted =zlloy droplets were found to contain a
aurface film of C aurrounding the relatively pure alloy msterial.
Carbon which entere the alloy due to dissolution from an outside
source such as the substrate also appears to segregate, as numerocus
instances exist which ghow that moat of the dissolved C ends up at
the surface of ﬁoorly-wetted droplets in contact systems which have
been heated to high temperatures. In only one case have we found
aignificant boron carbide formstion within the bulk of the alloy, and
in that caese, a large fraction of the graphite aubstrate had been
dissolved by the alloy.

Boron nitride and boron carbide posseas favorable Gibbas free
energies of formation and may be expected to form during the arc
melting process and at temperatures nesr the melting pointa of Pt/B

and Ni/B (see Chapter 9). Once formed, these materials segregate as
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the alloy is liquified. This is the primary reason why many of the
alloy droplets in the early HRL work were covered with herd ahella of
boron nitride and carbide. Surface segregation of low-level C and N
impurities further explains why the interior of most of the
poorly-wetted droplets of alloy contgined alloy material of high
purity which waa found to wet virgin graphite ae the droplet film was
penetrated by pure alloy after prolonged heat treatment. This is
becauge carbon and nitrogen were tied up in the aurface shell and not
in the bulk of the alloy. When the alloy is rid of theae materials,
it wetg virgin graphite.

A second possible mechanism contributing to wetting failure is
mechanical "ruboff' of carbon, described earlier. This hypothesis
wae originally propecsed to explein the discontinuity in brightness
temperature found in many poorly-wetted alloy dropletas, which weare
often found to contain larger concentrations of C in the bottonm
(bright) regions of the droplets than in the top (dark) regions.
Leter work, however, showed that linea of brightness diascontinuity
exiat in droplets having uniform diastributiona of C, and in alloya
auch as Pt/B on vitreous carbon which display so little affinity for
the substrste that it is difficult to believe that subatrate carbon
is mechanically pulled up into the alloy droplet. Further, carbon
ruboff{ is unable to explain why alloys thast wet virgin graphite do
not slso suffer carbon ruboff. The postulate of mechenical ruboff is
therefore an unlikely explanation for the behavior of moat coentact
ayaterma. From the present perapective, the mechaniam of surface

segregation is adequate to explain nearly all of the obaerved
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phenomena found in the elloy systems.

2. Question #2:. How do Boronization and Siliconization

Facilitate Wetting?

Free boron and silicon act in similar ways to facilitate wetting
of liguid metal alloys of boron to graphite. We use boron as the
example for the explenation. When a uniform layer of boron isg
applied to a graphite substrate, the effect is to replace the
graphite substrate with a more chemicelly reactive boron substrate at
the point of wetting. This scts to tie up slloy carbon (and, to a
lesser extent, nitrogen) which would otherwise segregate, by
formation of interfacial boron carbide and nitride. The resultant
chemical reaction is precisely what is necessary for wetting. It has
been shown above that during wetting on & boronized layer, the C
Auger signel from the alloy surface charecteristically drops to
near-zero in comparison to the situstion on unboronized graphite,
where the surface of the alloy is typically covered with a thick
layer of segregated carbon. Further, Auger analysis of the interior
of a number of alloy apecimens after heating shows thet the interior
of the allcys are nearly impurity-free. If the low level of carbon
inherent in the alloy 12 not at the surface nor in the bulk of the
slloy, the only other place for it to exist is at the interface
between alloy and subastrate. Boronization therefore works because
the alloy chemicelly reacts with the boron surface. A C-C

nonreaction is replaced by a C-B or C-5Si reaction. That the process
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ia not specific to boron is further euppor£ of this view,

Thermodynamically, the energetics for auch a mechanism are
favarable. The Gibbs free energies of formation for boron carbide,
boron nitride, end ailicon carbide are all favorable at the melting
point of B-containing alloys. Further, asauping the following
reaétion mechanisr, &n increase in the boron activity at the
interface will shift the reaction to the right, which reduces the
disgolved and precipitated carbon in the alloy:

C" + 4B’ = ByC" K = K(B4C")/K(C"™) = 1/A¢B" )4
where single primes refer to “in solution"” and double primes refer to
the esolid phase, A is the activity, and K ia the equilibriunm
conatant. The carbon that has been shown to surface segregate on an
unboronized subatrate is instead tied up at the interface to form
boron carbide or silicon carbide. Together, these mechaniams act to
promote wetting.

This theory of the role of surface segregation on wetting has
been criticized by Storma [135] of the Los Alemos group, who suggested
that it may be the presence of small impurities in the boronized
layer that promotes the wetting, not the interaction of C at the
interface to form boron carbide. In response, we cite three
observations which support our position: (1) No evidence has been
found to indicate the existence of such contaminants in Auger spectra
of the boron used to form the boronized layer; (2} The wetting
action 1ia independent of the source of boron. It ia unlikely that
the same contaminants exist in the four different sourcea of boron we

have teated in our experimente; (3) The wetting action ia not
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apecific to boron. Other elements such ss silicon with similar
thermochemical properties can be subatiftuted which result in similar
wetting behavior. A weakness of our position has been the inability
to characterize the interfece between alloy and substrate
experimentally. We have been unable to effe;tively analyze the
complex structure of the interlayer due to the roughneass of the
boronized layer and the resolution limitations of accessible

inatrumentation.

3. . Question #3: Why does the Alloy Subsegquently Wet and Spread

Cver Virgin Amorphous Graphite?

Numercus instances exist where the &slloy has been found to spread
far past the boronized layer and onto virgin material with no change
in wetting behavior. 1In other words, the slloy needs a boronized
surface during the initial stageas of wetting, but then {3 able to wet
an unboronized surface. This peculier behasvior may be explained by
the action of the segregated carbon with the boron layer. In
essence, the presence of free boron at the interface provides a
gettering action for the segregated surfece carbon which develops at
melting. We have seen above that the thermochemistry is favorable
for reaction of carbop with boron and silicon to form stable
compounds at the interface., This mechanism acts to purify the alloy
and tie up the carbon shell that would otherwise prevent wetting.
When the alloy {8 pure, it weta virgin graphite because there is no

more segregated material tc contend with and direct interaction of
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the alloy components and the substrate is possible. Further, at
temperatures near the melting point of the alloy systems, there is
little disasclution cf C from the substrate. We showed above that the
wetting of metallic salloys of Ni and B is ewpected both from the
point of view of exiating experimentasl evidence and prezent theoriea

of wetting.

4. Question R#4: What Prevents B-Containing Alloys from Wetting

Subatrates that they "Should"?

We can now provide ressons for wetting feilure of alloy/substrate
systems which both theory and experiment predict ahould poassess low
contact angles. The anawer jia that aurface gegregation of low-level
impurities in the alloy inhlbita the reaction between slloy and
subastrate and creates an unfavorable combination of surface
tensions. Recell that in the chemical wetting process, a chemical
reaction is required to occur which forms chemical bonda between one
or more compongnts of the &lloy and substrate. If a segregated layer
of carbon forms at the interfsce, these reactions are inhibited, and
the slloy does not wet at the melting point. Only by increaasing the
tenperature can the reaction eventually succeed, but then the rate of
carbon dissclution in the alloy increases. The addition of boron, on
the other hand, acte to tie up the carbon that would otherwise
segregate. Examples of substrates which are expected to poasess
favorable contact angles with alloys of Ni and B are chromiunm

carbide, zirconium carbide, graphite, aluminum oxide, and othera (zee
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the Appendix). Our work with theese materials has shown that the
sygtens pogsess poor wetting characteristics with droplets of
naterial covered with carbon and nitrogen. In short, the phenomenon
of surface seqgregation is the dominant mechaniem affecting the

wettability of solid substrates by liquid metal melts.

5. Queation #5: Why do the Alloya Begin to Wet, but then

Forr Poorly-Wetted Dropleta?

The behavior referred to here concerns the action of solid
specimena of alloy at the point of wetting. At the melting point,
the alley typically acts as though it intends to wet the zubatrate.
It begina to collapae toward the subatrate, but then immediately
pulla back into itself and forms a poorly-wetted droplet, The entire
process ias extremely rapid, occurring in & apan of time of the order
of a mecond. Thisg behavior may be explained by the aspeed of asurface
saegregation in the liquid alloya. During the first instant that the
alloy is molten, segregation is incomplete and the chemical reaction
between the alloy components and the substrate begina to occur. The
regult ia that the alloy atarts to wet the substrate. During the
naxt inastant of time, however, the segregated apecies are
sufficiently concentrated and alter the aurface tenaion of the
aystem. The alloy then draws back into {taself. If, rather then
surface segregation of carbon, dissclution of carbon from the
aubstrate is the dominant thermodynamical mechanigm at the melting

point of the alloy, then a similar result is expected. It was shown
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earlier that during dissolution of the substrate in the alloy, the
liquid-a0lid surface tenaion firat decregaeas and then increa=es; thia

could also explain the obzerved results.

6. Question #6: Why does Boron Fluxing Appear to Facilitate

Wetting?

Our results indicate that mechanical addition of 3% B to the

{nonideal boronization), however, 3% B~fluxing does appear to cause a
glight improvement in the wetting. Thia may be explained in a
fashion similar to that deacribed above. During aurfece segregation
of carbon in the alloy, the exceas boron reacta with the carbon
impurities and improves the wetting by reducing the segregated
carbon. We have shown that both LeChatelier‘s principle and the free
energies of formation of B4C and BN are consistent with this
interpretation.. When the carbon content of the alloy is lowered,
wetting improves. This has been observed experimentally on several
occasions, A related queation concerng the espstial distribution of
the added boron in the contact system. We have seen above that the
addition of boron to the bulk of the alloy provides a small
improvement in wetting on carbon, but a thick layer at the interface
dramatically improves the wetting. Why doeag it matter where the
boron is placed? In anawer, the location of boron ia important

because wetting i2 an interfacial phenomenen. When added to the
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interface between alloy and substrate, boron ia located precisaely
where chemical reactione are required for wetting and apreading.

When boron is added to the bulk of the slloy, a amall improvement is
geen because of its gettering effects with segregated carbon, but
reaction at the interface i3 what is needed for large improvements in

wetting.

7. Queation #7: What is the Cause of the Differing Degreea of

Wetting Success Found in the Early HRL Work?

Our evidence suggests that the various degrees of wetting found
in the early experimenta correspond to how closely the RTF technigue
came to producing a uniform B layer, It has been demonstrated sbove
that flashing to high temperatures produces a type of boronized layer
that ia not only unneceszary, but elasoc imposasible to reproduce. It
ia not necessary to melt the boron to promote the wetting, nor la
high temperature processing required. A uniformly distributed boron
layer is the key expedient, Flashing merely increases the risk that
most of the boron will be evaporeted during the process, creating the
uncontrolleble wetting observed in the early work. '"Ideally"
boronized substrates correspond to surfaces where little B was
evaporated. 'Non-ideally" boronized subastrates correspond to
aurfaces with mixturea of C and B which were created by
irreproducible factors inherent in the flashing proceasas. These
factora include the thickneasa of the boronized layer, the dwell time

and temperature of the HTF, the degree of beron vaporization, and the
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uniformity of the resulting layer. Not one of these factors was

eagily controllable in the HRL procedure.

8. Question #8: Why do Alloy Powdera Wet Better than Solid

Alloy Specimens?

The behavior here refere to the ability of powdered specimens of
alloy to wet better than single alloy fragment on identical
aurfaces. Several contact systems showed improved wetting when the
alloy was first ground into fine powder in a mortar and pestle before
application to the aubatrate. The beat evidence ia provided by
wetting of Ni/B alloy to BgC, described above. 1In this experiment,

a single alloy fragment wsa applied to the top of the aubatrate,
while powdered alloy waa painted on the backaide. Although wetting
was reluctant for thias system, the powdered alloy possessed the more
favorable contact angle. On the microacopic acale, this behavior is
easy to understand, becauae powders possese a larger surfsce area in
contact with the subatrate. A larger surface area providea & larger
catalytic potential for interaction, and promotes reaction between
alloy and subsatrate.

On the other hand, the impurity segregation to the surface of an
alloy fragment dependsg upon the volume to surface ratio of the
fragment. Assuming spherical fragments, this ratio is proportional
to the radius of the fragment, mesning that the smaller the fragment,
the amaller the coverage of contaminant on the surface. MHore of the

pure slloy is then exposed to the substrate, and better wetting

results.
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9. Question #3: Why are Surfaces of EFree B and Si Neceasary to

Promote Wetting?

It haa been shown that auvrfaces with uniform coatings of free B
and Si are necesaary to facilitate wetting. Surfaces where thease
elementa are largely flashed away, or aurfacés consisting of carbides
of B or Si result in poor wetting. Experiments documenting this
behavior have been reported above. Wetting of Ni/B to surfaces of
B4C and BgC resulted in formation of poorly-wetted droplets of
alloy. 1In contrast, when wetting Ni/B to surfaces of cryatalline
boron and boronized carbon, excellent wetting was obaerved. Similar
behavior waas found for wetting to an interface of SiC and ailiconized
carbon. The explanation of thia behavior lies in the energetics of
the two situations. Recall that wetting is dependent upon the
relative magnitudes of cohesion and adhesion in the contact system.
In particular, good wetting results when the adhesion between
substrate and alloy is greater than the cohesion of either material,
This means that the wetting of B4C and SiC substrates cannot occur
eince no {free boron or gilicon is available to react with carbon

impurities.
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10. Question #10: What is the Relative Importance of €

Segregation and C Dismaolution on Wetting Behavior?

A definitive answer cannot be given, but the end result of both
gubstrate diasolution and bulk impurity segregation appears to be the
same. Experimentas indicate that whether carbﬁn originates from the
alloy or from disgolution of the substrate, it segregates to the
surface. In one case, as a result of high temperature heating, it
was found that the alloy dissclived a srall portion of the graphite
subatrate. Subsequent examination of the alloy ahowed that an
enormous ‘'icecap' of C had formed at the top surfece of the material,
but that the interior of the droplet waz remarkably free of carbon.
In a aecond case, where the alloy had dizsseclved a substantial portion
of graphite, a significant amount of B4C formed throughout the
interior of the alloy. These reaults suggest that the mechanianm of
gurface segregation predominates at low carbon activities, but in
light of the complex nature of binary end ternary alloys, the isaue

requirea further astudy before a positive answer may be given.
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A number of key questions concerning the behavior of the alloy
gystems have therefore been answered by the model of surface
segregation of low-level impurities in the alloya. One highly
viaible type of bebavior of the slloya, however, has resiated
explanation. Thia behavior is the formation of the light-dark
boundary observed in numerousa cases of poorly?wetted droplets of
alloy. The bright-dark boundary nearly alwaya forma during wetting
of Ni/B to virgin graphite, and may be assoclated tbere with C ruboff
or dissolution. An indication of this was seen when a second
graphite ribbon was inserted into the side of a poorly-wetted
droplet. After removing the ribbon, a bright region exiated alcng
the puncture zone. There also ie evidence that the boundary is
associsted with BN formation in the alloya. A third piece of
evidence suggeste that it may be associated with aegregation {tself.
During the wetting process, it waz found that the boundary often
occurred concidently with formation of poorly-wetted droplets, but as
wetting proceeded, the boundary collepsed toward the substrate and
diseppeared. Whatever its origin, the collapse of the boundary aeems
to be associated with the onset of wetting in initially pooriy-wetted
droplets. It appears to be localized at the droplet surface, as
fractured crosa-aections of poorly-wetted dropleta which contained
the boundary ahow no evidence of it in the droplet interior. The
best explanation one can give at preasent {a that the bright-dark
boundary is probably due to a combination of several factors,
including reflection of the heated substrate from the lower half of

the alloy droplets.
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CHAPTER 8

WETTING AND SURFACE STUDIES OF LIQUID METAL ALLOYS OF ARSENIC

4. The Challenge Presented

The major problem to be faced in the deveiopment Af a liquid
netal fon source of As ia to eatablish an alloy combination
poaseasging a favorable vapor preasure. The problem can beat be
illustrated by reference to Table X, which shows the temperature at

which elemental arsenic has the indicated vapor pressure.

TABLE X

VAPOR PRESSURE OF ARSENIC

Terperature (C) Vapor Pressure (torr)
380 1
440 10
510 100
580 400
610 760
808 (MP, 28 atm) > 104

It is seen that the vapor pressure of pure As at the relatively
low temperature of 600 C is nearly 1 atmoephere. Since a auccessful
ion source reguires vapor pressuvres of near 1077 torr or lower,
thia is clearly an unacceptably high volstility. The challenge is

therefore to identify meterials which lower the As vapor pressure by
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over ten orders of magnitude. This is not an eaay task, particularly
when set againat the additional requirements of good wettability and
low ratea of chemical reaction. Nonetheless, the experience gained
through atudy of boron alloys allowed the choice of a succesaful
combination of materials in a relatively short period of time.

In general, there are three ways to lower-the vapor pressure of a
liquid. The first is to choose & sirple, deep eutectic of As with as
low a melting point as possible. This lowers the As pressure by
saimple reduction in opersting temperature. It i1a doubtful that
appropriate materiala could be identified to bring about the needed
reduction of ten orders of magnitude in vapor pressure. The second
way ia by formation of an ideel solution of As with & second
component M, which results in a vapor pressure lower than that for
elemental As by a factor equsal to the mole fraction of As in the
liquid solution., There is little to gained by this measure, however,
aince even extreme cases (e.q., M = 99% and As = 1%) produce too
small & reduction to significantly lower the vapor presaure of As.
The third way to reduce the the vapor pressure of a volatile apecies
is to select a compound with a low (i.e., high negative) Gibba free
enerqy of formation. For example, for a given arsenic compound auch
as AsX,, where X is a low volatility element, the equilibrium
condition between vapor and liquid is:

AsX, (1) = n X(g) + As(g)
The equilibrium conatant for this reaction isa
K(p) = P(As) PN(X)

and the Gibbs free energy is



304
dG = - R T 1n K(p)

Hence, if dG has a large negative value, K(p) and P(Aa) will
typically be smaller than the caae of an ideal solution (no compound
formation) of the same elemental conatitutents, This is true because
nonideal (coapound) sclutions are more stable-than ideal solutions
due to the existence of chemical bonding forces between the chemical
species. In the case of ideal soluytionz, interactions are assumed to

be negligible.

B. The Palladium-Arsenic Binary System

Based upon the familierity of Storms with the phase disgram of
Pd/As and subseguent analysis by members of the ion aource project,
the determination of & number of favorable peslladium araenide
compounds was made. The compound PdpAs appesred to offer the most
promige, as & SOLGASHMIX [1) calculation by Santandrea (2] indicated
that it was congruently veporizing. Several palladium arsenide
conpounds were ranufactured by Behrens [3) of the Les Alamos group by
the combustion synthesis technigue and diatributed to the OGC group
for surface studies. These atudies are discusaed below.

There have been few investigationa of the Pd/Aas binary aystenm.
The most authoritative work is the 15964 study of Saini, Calvert, and
Heyding [4), who remarked that they were aware of only four previous
atudies of the palladium arsenides. An independent study was

performed {n 1863 by Raub and Webb [S]. Both sources provide phase
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diasgrams, with Shunk (6) deriving a composite of both studies which
ia reproduced in Figure 8-1,

A number of eutectice and several congruently melting compounds
appear in the phase diagram. Seven intermediate phases exist:
PdsAs, Pd3Aa, Pd, ¢<As, Pd5A52, a—szAs, b-PdoAs
(<435 C), and PdAsy. The compound PdAs does not exist. While
Saini asasigned a asingular astoichiometry to PdAs;, Raub and Webb
found evidence for a range of homcgeneity which is reflected in the
phase diagram of Figure 8-1. Crystal structures for the solid pheses

of each of these compounds are discuased in the references.

C. Wetting and Surface Studies of PdpAs on W

Tungsten was gelected as an appropriate first choice for wetting
studies due to its eaase of use and proven capabilitiea with elemental
low-melting liquid metals such as Ga. A solid specimen of PdjAs
was mounted atop a thin ribbon of W within the vacuum chamber and
resistively heated until melting occurred. The experimental melting
point of this compound was determined to be 1075 K by comparison to

W, whose temperature-brightness characteristics are well-documented.
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Initially, the wetting was poor. At the melting point, a
poorly-wetted droplet of alloy formed with contact angle of about 130
degrees. The asurface of the droplet was covered by large masses of
material whose brightness was considersbly less than that of the
interior of the droplet. Later analysia ahowgd that the dark masaes
were carbon. The interior of the droplet was visible through
“cracks' between the large masses.

Heating to a temperature of nearly 300 degrees above the melting
point waa necessary to cauae subatantial changea in wetting. At thie
temperature, the dark shell surrounding the droplet fractured and a
rapid effusion of alloy materiasl from the droplet interior occurred
which wetted the W ribbon with a near-zero contact angle. The
fracturad shell was left behind as an inert mass of material which
floated atop the ligquid alloy surface. At this point, the system was
vented and the specimen remounted to enable study by the Auger bean.

The elemental compoaition of the alloy avrface at 300 K after
reinsertion into the vacuum chamber is ahown in Figure 8-2. The
shell remnant was located at T = 300 K on the left side of the alloy
surface. A large amount of cerbon is indicated. The right side of
the alloy consisted of material which formerly occupied the interior
of the initially poorly-wetted droplet, It is primerily composed of
alloy components with a asmall amount of contaminating species. Auger
analyais of the unwetted aubatrate, shown in Figure 8-3, showa that
the surface is only 50X W at temperstures near the melting point of
PdoAs. Significant amounts of oxygen and calcium &re also present,

but no sign of carbon is found.
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The alloy aurface compoaltion was found to be eas=entially
unchanged after heating the alloy to a temperature above the melting
point. This is aeen in Figure 8-4. However, as the surface becane
rolten, the ahell remnent floated stop the molten alloy and moved to
the other side of the W ribbon. Again it waz found that the
underlying alloy was quite pure and consistea prodominantly of &lloy
conponents, while the shell was mostly carbon. The wetting of
arsenic alloys appeara to be governed by the same mechanism as was
discovered in the case of boron alloys. The wetting is controlled by
surface Begregation of low-level carbon impurities inherent to the
alloy. Surface segregation of cerbon ie indicated because there is
no carbon anywhere in the contacting materials and the experiment was
performed under good vacuum c—onditions. Similar results were found
in previoua experiments with boron alloya. The important conclusion
is that the mechaniam preventing the wetting of liguid metal alloys
to sclid substrates appears to be alloy and process independent. It
is difficult to find alloy systema which are more materially
different than the boron and arsenic alloys investigated here.
Further, the alloys are manufactured by two entirely different
processes. Nonetheleas, segregated carbon has proved to be present
in both cases.

Long-term heating of the PdoAs on W contact system showed
little change in surface composition after 150 houra at a temperature
of 50 degrees above the melting point. In particular, no evidence of
W ia&a found in the alloy aurface, in apite of the fact that

temperatures in excess of T, + 300° were required to produce
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watting. This is seen in Figure 8-5. The elerental compositions of
P2 and Aas remain conatant throughout the experiment, and no
indication of excesaive attack of the W aubstrate ias found. More
gignificently, little change in the system pressure was observed
during heating this alloy to temperatures far in excess of those
required to volatf{lize elemental arsenic. Thé alloy posseases
stability sufficient to lower the vapor pressure of arsenic to low
values at the melting point of the alloy. This is a remsesrkable
achievement, and s testimony to the ability of thermodynamic

functions to predict the behavior of complex materiasl systens.

D. Wetting and Surface Studies of PdgpBogAsyg on Re

In view of the dramatic asucceag of PdyAs on W, a firaet atep
toward development of a LKI source containing both B and As is to use
an alloy containing Pd, As, and B. Such an alloy has been
synthesized, and the resulte are discussed in this section.

Surface studies of PdgpByshs,g on Re revealed excessively
high levels of chemicel reaction occurring betwsen slloy and
substrate. The &lloy waa manufactured by the combustion syntheais
method et Loa Alamos, and supplied to OGC as a solid fragment of
raterial broken from the original melt. The alloy was dull grey in
color with no metallic sheen, in contrast to the PdoAs alloy which
exhibited a shiny, smooth appearance typical of most metallic
allioys. Examination in an optical microscope revealed evidence of

multiphase structure, which was later verified by microprobes and
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retallography astudies.

The alloy wss mounted on a Re aubstrste and wetted in the usual
fashion. Re was gselected as the substrate becsuse of its documented
ability to resist boron diffusjon at high temperatures. The melting
point of the Pd/B/As alloy was difficult to determine with certainty
because the melting behavior of .this material was highly nonunifora.
A large mound of alloy near the center of the Re ribbon tock nearly
30 minuteg to fully melt. We estimaste the melting point to be about
1050 K by observation of significant ligquid flow over the substrate.

The wetting behavior of this contact system was excellent once
the liquid phase was predominant. The contact angle was near-zero,
and some of the alloy spread to the backside of the Re. The Auger
surface elemental composition of the liquid surface at melting is
given in Figure 8-6. The main feature of the analysis is the large
concentretion of carbon. As we showed above in the cese of PdsAs,
this carbon can only originate from within the alloy because there
are no other sources for it in this contact system. It ariseg from
surface segregation of low-level impurities in the alloy.

The PdggBpsAsos on Re system failed after 16 hours at a
temperature of 50 degrees above the melting point. The mutuel attack
of the alloy and ribbon were excessive. Figure 8-7 ahows the asurface
composition of the ellocy just prior to cataatrophic breakdown. The
alloy surface contains large concentrations of Re at all monitored
positions, and the Re has warped considerably at the center (hottest)
part of the ribbon. This behavior wes observed to begin during the

firat 0.5 hour of operation.
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Scanning electron ricrographs of the surface after breakdown are
shown in Figure 8-8, The distortion of the contact system la readily
viaible in the upper photo, while the bottom view shows & blowup of
the central part of the ribbon where the attack is greatest. It
appeara az though the chemical attack may be qccurring ealong grsin
boundaries. In any caese, the morphological structure of the centrsl,
distorted region of the contact is radically different from the view
in an area far away from the attack zone. In summation, the
potential of this contact syatem for use as a LMI source of B and As
ie doubtful. A nonmetallic substrate may be preferable, as would an
alloy with more uniform melting characteriatica, Preasent evidence
suggeats that lowering the stoichiometric fraction of B has a
beneficial effect on wetting to metallic asubstraetes. This {a not
unexpected, as lowering the B and incressing the Pd content reduces
the risk of excessive reactivity. It remains to be seen, however,
whether such a source can generate sufficient amounts of B and As in

the bean.
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The view in photo (b) its near the center of

Viaws of the PdspBo5As35 on Re alloy

Figqure 8-8.

catastrophic breakdown.

the ribbon shown in (a).
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CHAPTER S

MISCELLANEOUS WETTING STUDIES

A. The Formation of High-Melting Carbides and Nitrides and

Diassolution of C by Ni/B at High Temperatures

There have beén several inatances of asurface carbide and nitride
formation in our studies. Further, a number of cases exist where
high temperaturea have produced aignificant disaolution of carbon
into the alloya., Thia msection summarizes the important concluvsions
of these studies, with emphasis on the importance of temperature
control in the atudy of liquid metal contact ayatems.

The first key experiment concerng the wetting of Ni/B to a
boronized graphite subsgtrate. The wetting of this substrate was
excellent, as described previously (gee Figure 7-13 and accompanying
text). However, during a temperature increase from T, + 50° to
T * 150°, boron carbide was formed at the alloy surface. That
boron carbide haa formed is shown in Figure $-1 by the amall
oacillation on the low energy aide of the C (272 eV) peak.

A second example concerns Pt/B on Re, described in detail above
(Chapter 6, Section C), After 10 hours of operation, the alloy
aurface was found to contain large amounts of BN. It is difficult to

unambiguously determine when this material formed, becausa the
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temperature was raised by nearly 100 degrees during the experiment to
keep the alloy molten. Sudden changes in substrate reasistivity
resuiting from alloy attack may also have occurred, creating audden
increases ip temperature. In &ny case, it is the combination of
excegaive temperature and aurface aegregation of C and N that creates
the problem of formation of high-melting carb;des and niirides in the
alloy surface.

The final evidence for the effect of high temperatures on
formation of BN and B4C is given by the totality of poorly-wetted
dropleta found in the HRL prewetted material. Nearly every
poorly-wetted droplet contained these compounda, resulting from the
high temperetures utilized during the wetting process,

A dramatic instence underscoring the effects of high temperatures
on carbon dissolution is shown in Figure 38-2. Here, an sttempt wes
made to wet Ni/B (0GC) to a surface of C with an overlayer of Cr.

The wetting waas poor. Subsequently, the temperature of the system
was increased to Ty + 300°. A large masa of pure C developed in

the upper hemieﬁhere of the droplet. Notice also that the wetting
characteriatics of the droplet improved little as & result of this
procedure. A cross-sectional slice through the droplet after the
experiment showed that the C originated from dissolution of the
aubatrate. The alloy has attacked the graphite and nearly penetrated
it. That the C ia concentrated at the top hemisphere of the alloy
droplet indicates that C segregates to the surface regardless of how
it is introduced into the alloy. Other samplea we have snalyzad have

diasplayed similar behavior.
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Watting of Ni/B (OGC) to graphite with a Cr overlayer.

Figure 9-2.

The mound

Photo (b) is &
Attack of the graphite {a

1600 K.

+ 300°

n
on the top of the droplet in (a) is 100x C

The alloy had been heated to T = T

crogss-sectional alice through the droplet.

obsarved.



324

B. The Wetting of B-Containing Alloy to Vitreous Carbon
1. Auger and Resistive Heating Study of Vitreous Carbon

Vitreoua carbon 18 a glassy form of carbon that is leas
thermodynamically stable than polycrystalline graphite., As & result,
it ie expected that wetting will be better oﬁ this meterial than on
the polycrystelline surfaces of carbon we have investigated up to
this point. A number of samples of vitreous carbon were manufactured
by the OGC and LANL groups for use in wetting studies. This
subsection reports on the heating charecteristics and surface
composition of vitreous carbon.

Scanning electron micrographse of the LANL materiel before and
after annealing are shown in Figure 9-3. The sBurface consiats of a
smooth glassy layer of carbon with evidence of localized patches of
contamination. Little change in morphology is observed after
annealing to 1300 K. The elemental composition of the surface “asg
received” and during heating &t 1100 K is reported in Figure S-4.

The asurface is quite pure, with a amall amount of S, 0, and N
contamination.

The electrical power required to heat vitreous carbon ribbon, as
a function of time, is shown in Figures 9-5 to 3-6. 1In this
experiment, the vitreous ribbon was resistively hested by a constant
current D.C. power supply while the voltage across the ribbon was
monitored for 5 hours. The power consumption monotonically decreased
during this period, aa the brightness temperature of the ribbon

dropped by about 20 degrees. Repeating the experiment at a higher
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Figure 9-3. Viaws of the vitreous carbon (LANL) surface. (a) The
"as received” surface; (b) After annealing to 1300 K. Little change
in surface morphology is evident.
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Etarting temperature (1300 K) revealed a faster power dropoff sand
temperature decrease (see Figure 8-6). Returning to the lower
temperature (1100 K), no change in power consumption was observed
over & 5 hour period. These results indicate that the resistivity of
vitreous carbon changes during initial heating &t 1300 K, but then is
stable at 1100 K. Thus, vitreous carbon possesses sufficient
electrical stability for use as & contact mraterial for liquid metal

alloys of B and As.

2. Wetting Studies of Ni/B to Vitreous Carbon

Wetting of Ni/B alloy to both LANL and OGC vitreous carbon
ribbons waa studied. We first discuss the results on LANL
specimens. Wetting of Ni/B (OGC) to vitreous carbon (LANL) resulted
in the establighment of & poorly-wetted droplet of allcy with a
contact angle of about 120 degrees. Auger analysis of the molten
droplet at T = Tp + 50° is shown in Figure 9-7. Large amounts of
surface carbon are readily apparent, in addition to lower
concentrationas of N, Ca, and S. After leaving the ayatem at this
temperature for a couple of hours, it was found that pert of the
alloy had wet and spread over a subatantial portion of the
substrate. As shown in Figure 9-8, it is clear thet the wetted
portion of alloy has attacked the vitreous ribbon and penetrated to
the backside, forming a mirror-image of the frontside wetting. Side
and cross-sectional views of the poorly-wetted droplet are given in

Figure 9-9. It appears that the right side of the droplet has
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1000 m

Figure 9-8. Wetting of Ni/B (0GC) to vitreous carbon (LARLY. (a)
Top view of the wetting, showing a well-wetted alloy front proceeding
from the side of the poorly-wetted droplet; (b) View of the backaide
wetting.
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Ni/B (OGC) to vitreous carbon (LANL)

Wetting of
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collapsed during supply of the elloy to the ribbon. The results of
thie experiment are therefore discouraging regarding the use of
vitreous carbon as a viable substrate for the nickel boride alloy.

Wetting of Ni/B (LANL: #273-7B; Ni=.55, B=.45) to the OGC sample
of vitreous carbon wasa better than wetting to the vitreoua LANL
aample, but not sighificantly 80. At'neltiné, the alloy formed a
droplet with a contact angle of about 80 degrees, «hich decreased to
about 45 degreezs over a period of 0.5 hour. Auger analyais of the
molten droplet (see Figure 9-10) ahows the usual amounts of
segregated C and N. Poasition 3 of this figure shows evidence of
boron carbide. Figure 9-11 charscterizes the wetting
photographically., The left rim of the alloy droplet (view a)
consiasts of material which i{ia uniform, while the reat of the droplet
ia covered by dark precipitates (view b). Further, there iz evidence
of wetting and flow of some kind, es part of the glassy carbon is
covered with a thin layer of material that could only have originated
from the droplet (view a). Figure 9-12 providea an Auger analysis of
these festures., The uniform material consiats of Ni-rich alloy with
& small amount of C, while the wetting front ia composed of C with 35
alloy coverage. A possible interpretation of this behavior is that
it corresponds to monolayer diffusion of alloy out over the vitreousa
carbon. A blowup of the dark features atop the alloy is shown in
Figure 8-13. These structures are hexagonal in nature, &nd therefore
are probably precipitated graphite resulting from the C which has
segregated to the molten surface. The slloy material surrounding the

graphite consists of B, Ni, and €. The Ni-richness of this materisl
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indicates that the surface boran is being removed. A probable
rechanism is B4C formation, as the Auger spectra of the aurface at
melting showed boron carbide to have formed in the lower part of the
droplet. It is likely that further anelysis of the droplet would

reveal the preaence of boron carbide.

3. Wetting Studies of Pt/B to Vitreouas Carbon

Wetting of Pt/B (LANL: #273-5a: Pt=.72, B=,28) to vitreous carbon
(LANL) was extremely poor. So little adhesion exiated between alloy
and substrate that the alloy droplet rolled off the vitreous ribbon
during system venting. The Auger surface elemental composition for
the poorly-wetted molten droplet is shown in Figure S-14. High
concentrstions of segregated C and N are found at sll sampled
locations. Photos of the resulting droplet and substrate are
provided in Figure 9-15. The circular morphology on the bottom of
the droplet in photo (a) is where the alloy contacted the substrate.
Photo (b) is & high magnificetion view of the substrate at the
pesition where the alloy contacted the substrate. Smsgll particles of
alloy are seen, along with a thin film which marks the location where
the alloy sat. Tt is thia kind of evidence which leads us to
question the validity of carbon ruboff in the contact aystems. So
little affinity for the alloy and substrate exists here that it is
difficult to believe that carbon has been mechanically brought up

into the alloy during wetting.
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1000 m

1000 um

Figure 9-15. Viewa of the Pt/B alloy on vitreous carbon. (a) Viaw
of the alloy droplet which had rolled off the submtrate; (b) The
vitreous carbon gurface where the alloy droplet had contact.



C. Wetting Studies of Ni/B to an Overlayer of WgCoy

Storms [1) suggested a series of wetting agente to improve the
wetting of B-containing alloys to graphite. This section details a
series of experiments which inveatigated the feaszibllity of using one
of these agenta in & liquid metal iaon source;

The uettiﬁg agent offering the best promise of succeas was &
tungsten-cobalt alloy. 4 slurry of WgCoy alloy ¢+ acetone was
painted atop a ribbon of polycrystalline graphite and an Auger
apectrum of the surface layer was recorded. As seen in Figure 9-16,
the tungsten-cobalt overlayer at temperatures near the melting point
of the Ni/B alloy is hesvily conteminated with O and Ca. This 1a not
unexpected, asas Table XI, ghows that a number of compounda of W@, O ang

Ca are atrongly favored to form at 1300 K.

TABLE XI

GIBBS FREE ENERGIES OF FORMATION OF W, CO, AND CA OXIDES

AT 1300 K
Compound dG_f(kcal/mole)
WO» -83.5
WOy -123.9
Co0 -34.6
Co304 -100.0
Cal -119.9

Wetting of Ni/B powdexr (Alfa) to this overlayer was excellent,
congigting of a contaect angle of near-zero. However, an Auger

analyaie of the alloy surface showed it to consiat heavily of BN
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(Figure S9-17). As a result, the surface was solid during most of the
experiment and did not flow past the W/Co overlayer and onto the
virgin graphite. It is interesting that the W/Co overlsyer csuses
wetting to occur despite its ;nebility to tie up the segregated C and
N in the aame way that a boronized layer doea. We hsve found thia to
be the case for wetting to most metallic asubstrates. In the absence
of this gettering action, it appears that high-melting carbides and
nitrides have a greater propeneity to form at the top surface of the
alloy, which is precisely where they cause the greatest harm. A
boronized layer, by contrast, causes formation of these compounds at
the interface instead of st the liquid-vacuum interface.

Figure 38-18 shows the wetted surface after ayatem venting. The
wetting is excellent, but the alloy has not spread to the virgin
graphite. After 1.0 hour at temperatures near the melting point, no

gsign of either W or Co appesred et the alloy aurface.
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Views of the wetting of Ni/B powder (JD&M: #3) to

(a) QOverall view of the wetting:

Figure 9-18.
WegCoy.

(b) A blowup of the

-hand alloy/substrate boundary

in (a)

alloy near the left
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CHAPTER 10

CONCLUSIONS

Significant progress in our understanding of liquid alloy wetting
haas been attained as a result of thia dissertation resesrch., A
number of contact systems have been identified which show excellent
promise ag liguid metal ion asources of B, Further, the problem of
high vapor presaures in As-based contact ayasteme has been corpletely
solved, resulting in the first bean of Aa ions.

Thexrmochemicel considerationa are key to underatanding the
phenomenon of wetting in liquid metal contact systeme containing B.
The initial act of wetting ia governed by the existence of rapid
surface gegregation of low-level nonmetallic impurities present in
the alloys. Theszse materials form a reaction barrier which inhibits
contact between alloy and subatrate and regulte in & poorly-wetted
ayatem. There are two obvious solutiona to thia problem. The firat
is to rid the alloy of theae contaminants in the first plaece. The
aecond is to break down the surface seqregated materisl by chemicel
bonding to a surface coating with high affinity to the offending
elements. This is precisely what happens when a graphite substrate
ias coated with free boron or silicon. Both of these elements form
atable compounds with carbon, which is tied up at the interface
between alloy and substrate. Direct contact between substrate and
alloy is then possible, and wetting proceeds along normal

thermochemical lines.
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The existence of auvrface segregation in the alloys casta an air
of suspicion on many previous studies of wetting, because low levels
of carbon and nitrogen have been observed to segregate in every alloy
system we have studied. Thise includes both As and B based materials,
which were manufactured under entirely different processes and whose
metallurgical propertiea are aubatantielly different. Therefore, (it
appearae that the use of pure materials and surface analytical
techniques is imperative to the study of wetting. As we noted in the
introduction, however, there have been very few studiea of the liguid
surface with surface sensitive instrumentation. This creates a
situation where it is difficult for the researcher to defend the
purity of his materials, and in particulsr, the purity of the
surfacea of his materisis., Since wetting ia an interfacial
phenomenon, assurances regarding the integrity of the aurfaces of
contacting phases are absolutely essential.

The first necessity in developing a liguid metel ion source of As
in to lower the vapor pressure of As by as much as 10 orders of
magnitude. This has been acconmplished by use of a liquid compound
rather than a liquid alloy. The compound lowers the vapor activity
of As by way of chemical bonding, which ia reflected through the
Gibbs free energy function. A compound with a low Gibbha free energy
ia more stable than another form having a high Gibbs free energy.

The vapor pressure of As is lowered becauvse it is more energetically
favorable for As to exist in the bound, compound liquid atate thsan in
the free gaseous staste. In addition, As-based alloys have excellent

contact properties with metals, since As is not so aggressive in
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attacking refractcry metals. Boron, on the other hand, attacks

nearly sll refractory metsls.

Resulte for the moat important contact aystema we have atudied
and their potential for use 1in liquid metal ion sources of B or Aa

are given in the Appendix.
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APPENDIX

SUHMHMARY OF ALLOY PROPERTIES

Experimental Melting Point: 1102 X

Work Function: 3.5 eV

Volatility: Minimal at the MP

Alley Solubility in Substrate (@ MP): Hinimal on Re

Subatrate Sclubility in Alloy (@ HMP): Substantial disaolution of Re

Surface Percentage of B at MP: 40%., Lowera to 20% with Re
dissolution.

Wetting Behavior: Excellent on Re

Potential es LHI Source: Poor. B tied up with Y and

0. Little B in beanm.
Melting point increases with
Re dissolution.



Experimental Melting Point!

Work Function:

Volatility:

Alloy Solubility in Substrate (@ MP):

Substrate Solubility in Alloy (@ HP):

Surface Percentage of B at NMP.
Wetting Behavior:

Substrate

C (virgin)

C (with B overlayer--100%)
C (with Si overlayer--100%)

C (vitreous)

A1203

B (single-crystal)

Boron carbide (B4C)

* Contact angle
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1292 K (on C)
1192 X (on Si)

5.1 eV
Minimal at the HP
Minimal on C

Hinimal on C
20% on C with Si overlayer
Minimal on C with B overlayer

60%

Comments

Nonwetting. Large amounts of
C and N on droplet surface.
Excellent wetting when alloy
is rid of conteminants.

Excellent wetting. Little C
at alloy surface.

Excellent wetting. 20% Si at
alloy surface.

Fair wetting. 1In csse one,
CA" was 90 at wetting,
lowering to 45 in 0.5 hour.
In case two, CA > S0 with no
decrease.

Nenwetting. Large amounts of
C and N on droplet surface.

Excellent wetting.
Nonwetting on both CVD and

single-cryatal specimens. BN
found near interface.



BgC

C (with Zr overlayer--20%)

€ (with Cr overlayer)

C (with N1 overlayer-70%)

C (with Ti overlayer-10%)

C (with B overlayer-60%)

C (with B overlayer-80%)

C (with WgCoy overlayer)

Potential as LMI Source

352

Falr wetting. CA initially
130, lowering to 45 in 2
hours. Better than B4C,
but not as good as pure B.

Nonwetting. CA lowers
slightly with time. Large
arounta of C on droplet
aurface.

Mixed wetting. For surface
of C with Cr overlayer (20%),
CA waa initially 130,
lowering s2lightly with time.
For aurface of Cr carbide, CA
wag 75 with usaual large
amounts of C and N.

Nonwetting. 20-40% C on
droplet. BN and By4C
detected.

Slight wetting. CA = 80.

Nonwetting. Initislly CA was
170, lowering to 30 in S
minutes.

Fair wetting. CA initially
160, lowering to 45 in 30
secondsa.

Excellent wetting.
Subatantiael BN at gurface.
No s1gn of W after a few
hours.

Good. Pure alloy wets C with
minimal chemical reaction.
Impure alloy wets C with B or
Si layer asimilarly.
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Experimental Melting Point: 1186 K
Work Function: 4.8 eV
Volatility: HMinimal at the MP

Alloy Solubility in Subsatrate (@ MP): Minimal on C
Substantial dissoclution on Re

Subatrate Solubility in Alloy (@ MP): Minimal on C
Minimel on Re

Surface Percentage of B at MP: S0%
Wetting Behavior:

Substrate Comments
C (virgin) Nonwetting. Droplet rolls
of{ substrate.

C (with B cverlayer--100%) Good wetting. Pcowdered slloy
has CA of near-zero. Solig
alloy fragment has CA of 45.

Re Excellent. However, B
o attacks Re and limits
lifetime to < 20 hours.

C (vitreous) Nonwetting.

Potential as LMI Source: Goocd. Wets and spreads over
C with boronized layer. Has
low melting point. Ne C
found in 100 hours of heating
near MP.



354

Alloy: PdaoNiqoBzo

Experimental Melting Point: Too contaminated to
determine.

Work Function: Too contaminated to
determine.,

Voistility! Low. System preasure found
to increase only at high
temperatures

Alloy Solubility in Substrate (8 HP): Hinima)l on C

Substrate Solubility in Alloy (@ MP): Minimal on C
Surface Percentage of B at MP: 45%

Wetting Behavior?y Excellent on C when the alloy
is rid of carbon.

Potentiasl as LHMI Source: Difficult to determine, but
suapected to be good.
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Experimental Melting Point: 1310 K on C
1185 K on Si

Work Function:  —ee----
Volatility: Hinimal et the MP
Alloy Solubility in Substrate (@ HP): = -------

Subatrate Solubil:ity in &lloy (@ ¥P): On C (with Si overlayer):
2% S5i at surface and BX in

bulk

Surface Percentage of B &t MP: 70%

Wetting Behavior: Excellent on € (with Si
overlayer)

Potential as LMI'Source: Good. Source structure has

been made and tested. No Si
observed after 70 hours at
HP. Good heating
characteristics, good wetting
characterigtics.
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Alloy: Pd2As

Experimental Melting Point: 1073 K

Work Function:  aee—-—-
Volatility: Hinimal at MP
Alloy Solubility in Substrate (@ MP): Minimal on W

Subatrate Solubility in Alloy (@ HP): Minimal on W (for 1S5S0 hours)

Surface Percentage of As at MD: 20%
Wetting Behavior: Excellent on W
Potential as LMI Source: Excellent. Emitter has been

manufactured and tested to 50
hours. Stable emission of
As.



357

Experimental Kelting Point: 1050 K

Work Function:  meemeee-

Voletility: ===mmee-

Alloy Solubility in Subatrate (@ MP): Significant on Re

Substrate Solubility in Alloy (&8 MP): Excesajive reaction with Re.
L Failure after 16 hours.

Surface Percentage of As at MP: S%

Wetting Behavior: Excellent once &lloy has

fully melted.

Potential as LMI Source: Doubtful.



338

VITA

Michael J. Bozack was born in Lansing, Michigan and attended
Lensing Eastern High School. He earned his B.S. and M.S. degrees in
phyaicae at Michigan State Univeraity, &nd then went on to receive an
M.A. in Bystematic theology from weaﬁern Conservative Bapt{st
Theological Seminary, where he was the 19738 valedictorian. He has
been a research asaistant at the National Superconducting Cyclotron
Laboratory, a teaching assistant at Michigan State University, an
ingtructor at Cernegie-Mellon University, snd 8 research physiciat
with the Electron Devices Group at Tektronix, Inc. While at Michigan
State, he aerved as a consultant for the self-paced physics progran.
Heving a stroﬁg interest in phyeica education, he has completed s
nunber of courses in ascience education, and was the higheat rated
phyaice instructor among faculty and graduate assistants et Michigen
State and Carnegie-Mellon.

The author believes strongly in the dissemination of scientific
regearch to the public, e&nd has given several talks and eeminars
throughout the Northwest. He hazs taught & class in Practical
Astronomy in the Saturday Academy, a program for gifted secondary
atudents in the Portland metropolitan ares, and has written several
articles concerning the interrelsation of acience and theology.

The author is a member of the American Vacuum Society (AVS), the
American Society of Hetala (ASTHM), the American Asaociation of

Phyaics Teachers (AAPT), and the Americen Physicsl Society (APS).



	Michael J. Bozack thesis to p. 100.pdf
	Michael J. Bozack thesis to p. 225.pdf
	Michael J. Bozack thesis to p. 358.pdf



