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HIGH STRAIN-RATE POWDER TECHNOLOGY

A. G. Evans, R. M. Cannon and E. E. H-ucke

INTRODUCT ION

A meeting concerned with the processing of powder

materials under high strain-rate conditions was held on July

9-10. The primary intent was to examine the potential of high

strain-rate methods for fabricating materials with substantially

improved mechanical performance. There has been substantial

prior effort devoted toward understanding the behavior and

fabrication of metals under shock loading, and the major focus

here (with some exceptions) is on non-metallic materials. Three

categories of material fabrication were explored in this con-

text: shock activation of ceramic powders, shock consolidation

of ceramic and metal/ceramic powders, combustion wave propaga-

tion in refractory metal, non-metal powder mixtures. No at-

tempts were made to cover shock synthesis.

The meeting was devoted largely to a discussion of the

phenomena accompanying the high rate, large amplitude deforma-

tion of powders. The intent was to establish scientific and

technological goals pertinent to a program on high strain-rate

methods for fabricating mechanically superior materials.

Several presentations describing the status of the technology

formed the basis of the discussion.



BACKGROUND

The first presentation consisted of a brief summary of a

recent NMAB report by the Committee Chairman, V. Linse of

Battelle. The committee described the high strain-rate area as

one of opportunity for exploring the fabrication of materials

with unique microstructures, including new ceramics and ceramic/

metal systems. In particular, analysis of a substantial

research and development effort in the U.S.S.R. during the last

decade has suggested that some success has been realized in that

country. A substantial U.S. effort on high strain-rate effects

was recommended, with particular emphasis upon the development

of a sound fundamental comprehension of the issues.

A series of presentations by researchers from Lawrence

Livermore National Lab. described research advances and oppor-

tunities in the shock wave compaction and combustion wave syn-

thesis of materials. M. Wilkins described the development of

computer methods of analyzing both the propagation of shock

waves in powder systems and the material consolidation near the

shock front. Relatively simple constitutive relations have,

thus far, been used to predict compaction. The motivation for

the computer studies has been the prediction of the compaction

pressure and of the geometric conditions needed to avoid rare-

fraction waves of large amplitude (which cause cracking).

Numerical studies of material consolidation, involving more com-

plex material models, could be instituted when a demand is per-

ceived. It is not yet clear that adequate constitutive equa-

tions exist to justify a full numerical study.
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W. Gourdin of LLNLL described some experimental studies

of shock wave compaction in ceramics. The experiments using a

long rod configuration suggested that a narrow range of shock

conditions exist which permit complete consolidation without

cracking. More typically, a porous compact or a cracked fully

dense body is produced. The consensus based on work at LLNL and

elsewhere was that this range would be much wider for geome-

tries, such as thin walled tubes or plates, in which the rare-

faction waves are less damaging. Identification of optimum shock

conditions could be aided by computer simulation with the appro-

priate equations of state. Most studies had been conducted on

AlN, a material that exhibits more substantial "plasticity" than

typical covalent solids. Examples of consolidated microstruc-

tures indicated small, (<l 4m), heavily dislocated grains em-

bedded within amorphous zones containing small crystallites.

The microstructures presented were quite different from those

obtained with more conventional consolidation techniques.

However, the influence of the unique microstructural character-

istics (such as heavily dislocated grains) on the essential

mechanical properties (hardness, toughness and fracture

strength) have not yet been ascertained. The presence of the

amorphous material indicated the development of surface melting

during the shock treatment and/or the existence of appreciable

impurities in the powder.

The work performed at Sandia on the shock treatment of

non-metallic powders was reported by R. Graham. Compelling

3



evidence was presented that the passage of a shock wave through

a powder compact (under conditions which did not induce consoli-

dation) introduces a variety of point, line and area defects.

These defects increase the catalytic activity of the material by

two orders of magnitude. It has also been conjectured that the

defects could be a cause of enhanced sinterability. Additional-

ly, it was noted that shock waves can produce considerable com-

minution, particularly of coarse powders and very fine agglomer-

ates. Transmission electron microscopy evidence of both dislo-

cations and planar (stacking fault) defects in TiO 2 was con-

sistent with the Livermore observations of shock induced defects

in AIN. Considerable plastic deformation of the powder thus

appears to be demonstrated. Evidence of point defect creation

was associated with enhanced ESR activity and more tenuously

with the observation of small, faceted voids in certain shocked

TiO 2 grains. The origin of the ESR activity is uncertain but

probably results from electronic defects rather than new vacan-

cies or interstitials. The shock induced defects, coupled with

the particle comminution and deagglomeration have been demon-

strated in several instances (e.g., A1 203 ) to enhance sinter-

ability (vis-a-vis the initial, unshocked powder). However,

shock enhancement of sinterability in powder with good intrinsic

sintering characteristics has not yet been established.

The substantial experimental studies of shock compaction

performed at Battelle were summarized by V. Linse. A consider-

able variety of materials has been compacted, including covalent

4
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solids (SiC, Sialon, B 4 C), ceramic/metal systems and unique

ceramic/ceramic combinations. The ability to compact to near

full density has been experimentally substantiated at Battelle

for most material systems of interest. For many of these,

the effects of subsequent hot isostatic pressing has also been

explored. However, again, the mechanical performance of the

compacted bodies has not yet been assessed. Evidence of parti-

cle fragmentation in the brittle covalent solids and of subse-

quent void formation (spherodization of the cracks) during hot

isostatic pressing indicated that the conditions needed to

achieve fully consolidated, mechanically sound covalent solids

have not yet been identified. Similarly, the extent of the

bonding at the ceramic and metal interfaces created by shock

compaction (vital to the development of high toughness) is sub-

ject to uncertainty.

Holt of LLNL gave a background discussion of a group of

rapid combustion processes known collectively in the U.S.S.R.

literature as "self-propagating high temperature synthesis (SHS)

or sometimes "gasless combustion". The combustion is carried

out in a pre-compacted powder body utilizing the heat of reac-

tion of at least one component of the body to sustain the reac-

tion while forming at least one additional condensed phase.

Reactant combinations are chosen so that intentional gas phase

products of combustion are not formed. Reaction fronts progress

at typical rates of several centimeters per sec, but are not in

the range of rates involved with explosives.

5
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During the past decade a relatively large scale research

and development program involving at least 30 institutions and

>130 professionals in the U.S.S.R. has produced >150 technical

papers and technical press releases. In 1978 an SHS scientific

council was created and plans innitiated to build a "large R & D

facility." At the second "All Union Conference on Technological

Combustion" about 40% of the program was concerned with SHS

materials and theory. Notably missing from the literature are

significant details on the properties of SHS bodies or applica-

tions (e.g., cutting) as would be expected if applications have

materialized.

The Russian work is aimed at technological goals and the

literature claims without detailed comparison the following ad-

vantages over conventional methods:

1) A wide variety (>200) of refractory compounds (carbides,

nitrides, silicides, borides, etc) can be made, includ-

ing some "new phases."

2) Overall cost advantages resulting from an energy saving,

the elimination of "furnaces," and the relatively rapid

reaction rate.

3) Product purity stemming from the high reaction tempera-

tures. ,
The Russian literature hints at producing near net

shapes of quality ceramics, but gives no specific examples. The

major thrust appears at this time directed toward synthesis of

materials for later comminution and consolidation by powder

techniques.
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Experimential results and modelling of seven "new" com-

bustion processes have been presented. They are 1): Solid

phase combustion 2) Fast combustion in the condensed phase, 3)

Filtering combustion, 4) Combustion in liquid N 2 , 5) Spinning

combustion, 6) Self-oscillating combustion and, 7) Repeated com-

bustion.

In view of the extensive Russian effort LLNL is carrying

out an exploratory program to confirm some of the results and

explore possible areas where SHS could be applied. Holt showed

movies where a pressed compact of powdered Ti and carbon was ig-

nited by a W filament on one end with subsequent rapid progoga-

tion of the combustion front along the sample. He obtained a

result very much like that described in the Russian literature.

Observation of a volume increase at the combustion front and

liberation of large amounts of fumes indicated that the reaction

was not gasless. The coherent bar that was produced showed sub-

stantial porosity in a very coarse grained TiC of unknown

stoichiometry. Additional work planned at LLNL will center on

TiC, TiB 2 , and AIN.

SCIENTIFIC ISSUES

Shock Activated Sintering

Enhanced sinterability of ceramic powders "activated" by

shock waves has been reported by a number of investigators, al-

though the enhancement mechanisms have not been satisfactorily

identified. It has been suggested that shock activation may

permit the sintering of materials which cannot otherwise be

7
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sintered without additives (or very high pressures): notably

simple covalent compounds such as SiC and Si3N 4. The comminu-

tion and defect creation associated with shock wave propagation

through ceramic powders can undoubtedly contribute to improved

sinterability. However, any advantages of shock activation must

be assessed in terms of the properties and processing costs

associated with the final sintered microstructure, relative to

the best microstructures that can be generated by conventional

sintering or hot pressing. Such comparisons must be a major ob-

jective of studies concerned with the merits of shock activa-

tion. In addition, in order to understand the applicability of

shock activation to 'difficult to sinter' materials, it is

necessary to better understand the underlying causes of the

enhanced sinterability.

Several possible sources of enhanced sintering following

shock wave treatment have been conjectured. Comminution can af-

fect the sintering in several ways. Small initial particle

sizes increase the initial sintering rate and encourage densifi-

cation in the presence of environments that permit material

transport by evaporation/condensation (e.g., SiC and A1203 in

vacuum). However, small particles can also be obtained by

chemical methods or other grinding methods in most instances.

Small particle size generation is not, therefore, a unique

feature of shock comminution. Shock comminution could also

modify several powder characteristics that influence sintering,

such as particle shapes, particle size distributions, reduced

agglomeration, superior powder handling characteristics, and
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resulting compact densities. However, it is important to corre-

late such effects with resultant microstructures and properties.

For example, a higher compact density associated with the shock

induced particle size distribution may enhance the initial sin-

tering rate; but the benefit may be counteracted by a more rapid

grain growth rate in the final stage since grain growth rates

are directly related to the particle size distribution.

The defects introduced by shock can be conjectured to

enhance sintering in seve -' ways; none of which have yet been

demonstrated. Large vc- : interstitial concentrations could

enhance the lattice di ) on rates at the expense of non-

densifying matter Ltanspt processes (such as surface diffusion

and evaporation/condensation). However, a vacancy volume (or

equivalent interstitial content) equal to the initial void

volume in the compact (-30-50%) would be required to permit the

enhanced diffusivity to be retained throughout the sintering

cycle. Such high defect densities are impossible. Additionally,

point defect annihilation at the high density of dislocations

also introduced during the shock process (in fact, the vacancies

are probably created by non-conservative dislocation motion),

would probably occur at temperatures below the sintering temper-

ature. Further, it is highly unlikely that this point defect

annihilation would occur in the biased manner required for ap-

preciable densification.

The high density of dislocations is a more likely source

of enhanced sinterability. The dislocations could be of

9
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sufficient density that pipe diffusion may become a significant

material transport process, thereby circumventing the deleteri-

ous effects of surface diffusion or evaporation/condensation.

Additionally, the climb and glide of the dislocations, subject

to the stresses induced around the interparticle necks, could be

a source of strain that benefits the densification process. It

is plausible that enough dislocations are generated during the

shock loading (i.e., >1011 cm- 2 ) that the strain from their an-

nihilation could contribute to densification, if properly

biased. However, enhanced densification in the time-temperature

range at which the strain relaxation occurs has not yet been ex-

amined. A theoretical study of these dislocation effects could

be readily instituted should superior sintered bodies created by

shock activation be demonstrated.

Finally, it can be argued that shock compaction may lead

to "activated" surfaces which enhance sinterability. Such sur-

faces could include high concentrations of steps, kinks, point

defects, and emerging dislocations and a low frequency of in-

herently low energy surface orientations. Although such

features may stimulate catalytic activity, most (except perhaps

orientation effects) would anneal out before significant sinter-

ing commences.

Of the variously proposed mechanisms of enhancing
sinterability, size reduction and effects on size distributions

are the most likely to be important. It is unclear that shock

can sufficiently comminute particles that the small sizes

10
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achieved by other methods could be duplicated (e.g., 10 nm

achieved by gas or liquid phase precipitation, or 0.1 Im by at-

trition milling). However, such particles could offer the ad-

vantage of a low degree of agglomeration and much less contamin-

ation. Impurities from milling media or surface active reac-

tants from precipitation are examples of chemical problems with

the competing methods of fine powder preparation. The high dis-

location densities may also be important in some cases.

There is presently no evidence that the benefits of

shock activation could sufficiently increase the densification

rate of covalent materials that the sintering problems associ-

ated with such materials could be circumvented. The poor

sinterability of covalent materials is thought to be primarily

a result of rapid coarsening, because of a combination of rela-

tively rapid surface diffusion and vapor transport (aggrevated

by low driving forces, i.e., high ratios of Yb/Ys). A careful

study, over a range of starting particle sizes may be required

to determine the existence of significant benefits.

Finally, it is suggested that shock activation may be

most conveniently performed by partial compaction of a powder

(i.e. to -80% density) followed by sintering. This approach

would be of most benefit with materials that are subject to neck

growth by surface diffusion or evaporation/condensation at low

and intermediate temperatures (e.g. A1 203 and SiC), because

partial consolidation could permit a fine scale microstructure

to be retained into the final stages of sintering. An enhanced

11



potential for creating fully dense, fine scale microstructures

could then ensue.

Shock Wave Consolidation

Shock consolidation would appear to be experimentally

demonstrated for pure metals (e.g., Cu, W), oxides (e.g., A1 20 3 ,

U0 2 , BeO), and hard covalents (e.g., BN or C in the cubic or

wurtzitic form) and the macroscopic cracking eliminated, for

some geometric arrangements. Significant local densification,

but with some macroscopic cracking has been achieved for a

larger number of materials. Thus, it appears that virtually any

metallic or ceramic material could be consolidated, without

macroscopic cracking, if sufficient engineering effort were de-

voted to the problem. However, some caution is warranted for

the hard, brittle ceramics, because many of the densification

claims have not been duplicated and the materials have not been

thoroughly characterized. in general the pressure needed to

achieve consolidation increases with the compressive yield

stress (or hardness) of the material and there is often only a

narrow range of pressures at which consolidation without crack-

ing can be obtained.

The microstructures which result from shock compaction

can be quite variable. Fully dense, but mechanically weak, Cu

has been obtained. Grain refinement after shock compaction and

hot isostatic pressing has been observed in U0 2 and BeO (presum-

ably indicating recrystallization). Extremely high dislocation

densities (perhaps approaching 10 1 2/cm 2 ) have been identified in

12
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in A1203 powder and in A1N. Local melting has occurred in both

metals (Al) and refractory covalent ceramics (AiN). Evidently,

there can be appreciable local heating as a result of the com-

paction of porous materials, and the varied microstructures in

AlN suggest that significant temperature gradients may exist.

The optimistic view would be that, with sufficient work,

most materials could be densified with shock compaction and that

a range of microstructures could be obtained. It remains,

therefore, to study the material combinations and the shock con-

ditions what might permit the creation of mechanically superior

materials. Since it appears to be relatively straightforward to

produce crack free regions of shock induced, fully dense

materials (especially by employing hollow, cylindrical compac-

tion geometries), the mechanical properties of these dense re-

gions could be evaluated using small scale mechanical tests

(i.e., overload indentation tests to establish the flow stress

and fracture toughness, and small discs to determine the biaxial

failure strength). The material systems which exhibit potential

mechanical superiority could then be ascertained in a relatively

straightforward manner. Such measurements would provide direc-

tion for futher exploration of high toughness/hardness systems.

Shock compaction may offer singular advantages in

several situations, such as the fabrication of materials which

are unsinterable without additives, materials which are unstable

except at high pressure, two phase materials which are otherwise

reactive. It is often unclear whether shock compaction offers

13
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obvious advantages over high pressure static techniques in which

temperature and pressure can be independently controlled. Three

advantages which may be suggested are: larger samples with

higher attainable pressures, much shorter times at temperature,

and significantly more local shear strain.

In addition, shock compaction, in combination with sub-

sequent thermal or thermo-mechanical treatments, offers oppor-

tunities to achieve exceptional microstructures and properties,

but may also have exceptional problems. For example, very high

dislocation densities and/or fine grain sizes can be obtained in

ceramics. Hence, if flaw free samples can be produced, a su-

perior hardness, strength, and perhaps even KIC for the softer

ceramics (e.g., halides, MgO, U0 2 , and perhaps AlN) may be

achieved. Analogous benefits remain to be demonstrated for the

hard ceramics such as A1 203 or SiC. The low forming times or

temperatures offers the opportunity to densify multiphase ma-

terials without the detrimental effects of significant coarsen-

ing (as could be useful for RSR materials), the reactivity of

incompatible phases or crystallization of amorphous materials.

Also contamination is minimized becausE there is no interaction

with a hot furnace. However, some detriment may derive from the

essential exclusion of impurity volatilization.

The properties of ceramics formed by high pressure,

static techniques suggest problems which have not yet been ade-

quately addressed for shock compaction. In several studies with

static high pressure and lower temperature densification, rela-

14
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tively "poor bonding" has been reported, as manifested by low

strength or hardness. Undoubtedly some problems result from im-

purities or adsorbed gases at the powder surfaces, which may re-

sult in bloating and further property degradation after anneal-

ing. There may also be very high internal stresses, which can

be detrimental. The high local shear strains which occur in

shock compaction may alleviate some of these impurity problems,

but it remains to be demonstrated. Significant attention must

be given to outgassing powders prior to compaction; this may

dictate a preference for coarser powder than would be preferred

for low pressure sintering. The experimental exploration of

dense, shock compacted regions should ideally be conducted in

conjunction with numerical modelling of the shock consolidation

process. The modelling of compaction requires an adequate pres-

sure, volume relation as a function of the compact density,

powder morphology, and powder properties. Some pertinent infor-

mation already exists but additional information is required. A

function describing the rate of densification (material ,1r,,sJ-

ty) in terms of the shock pressure and duration, the inci;,eed

temperature and the resultant shear strain is also required (see

paper by G. Vineyard) in order to predict optimum consolidation

conditions. Some general, simple viscosity descriptions may be

suitable, and should be used (as already proposed) for prelimi-

nary comparison with experimental results. H~owever, the ma-

terial subtleties associated with the sintering mechanism, sur-

face melting, etc., may be needed to achieve adequate

15



predictions of the optimum conditions for shock consolidation to

full density without cracking. Further, more accurate descrip-

tions of the temperature history will be required to understand

microstructure and property development, than those required to

describe shock wave development and gross compaction. Basic

studies of consolidation and recovery mechanisms in ceramic

powders, subject to shock, can then be initiated if the poten-

tial for superior materials can be convincingly demonstrated.

Self-Propagating High Temperature Synthesis

The magnitude and direction of the Russian program in

SHS for producing specialty materials raises some interesting

technical questions. In drawing comparisons to efforts in the

West it should be noted that many closely related technical de-

velopments of in situ reactions are not recognized under the

name SHS. Two basically different goals should be distin-

guished. First are the processes which aimed at production of

near net shapes of compounds or cermets with controlled micro-

structure so as to be directly useful for their mechanical,

electrical, or other properties with little or no further pro-

cessing. In the second case an exotheric reaction is performed

with the aim of producing a compound which is then further pro-

cessed, usually by comminution and subsequent traditional

powder techniques for reconsolidation. The efforts in the U.S.

have been largely aimed at the first catagory. While the

U.S.S.R. literature states an interest in making near net shapes

the current results center on the second catagory.
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In situ reactions may be classed as those where 1) at

least one reactant is supplied by infiltration from the outside

of a controlled porosity reactable body and 2) all reactants are

initially contained within the body. In the first case several

commercial products are available in the U.S. and play an im-

portant part in plans for high temperature structural materials

in several DoD programs. Interest has centered on "reaction

bonded" Si 3N4 and SiC where the maturity of the process develop-

ment is such that these materials are now serious contenders

with the less shapeable, more expensive, hot pressed materials.

A current DARPA program is underway to produce (near net shapes)

of in situ reacted SiC with properties superior to those obtain-

ed in other ways. Steady improvement in properties has been

possible through careful control of the reaction step, generally

by slowing down the reaction to gain control over the heat

liberation to minimize cracking, grain growth, porosity, and in-

complete reaction. This direction seems to be exactly opposite

to the Russian approach which strives for very rapid reaction,

but with no evidence of microstructural control. It is note-

worthy that the U.S.S.R. SHS effort has practically no attention

focused on Si 3N4 and SiC even though a very large number of

other nitrides, carbides, silicides, etc., are mentioned.

The second catagory mentioned above is generally known

as "reaction sintering" or "phase exchange" reaction. In both

cases significant, but small scale development efforts on near

net shapes of carbides, silicides, borides, and oxides have pro-
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gressed over the past 25 years. In addition other "thermit" re-

actions have gained some use for welding and more specialized

DoD use. In the case of reaction sintering a pressed porous

body containing the solid reactables is reacted relatively slow-

ly throughout the body usually with the production a liquid to

aid the overall subsequent sintering of the new phase formed.

Significant shrinkage (>40 vol%) from pore closure and reaction

must occur in order to yield a solid cermet. If no auxillary

liquid is formed full density is usually not obtainable. The

U.S.S.R. process normally propagates the reaction as a plane

front which appears to offer no special advantages and, on the

other hand, creates special problems. A large reaction volume

decrease must be accomodated over a very short distance (width

of the reaction front) where, in addition, there is a very steep

temperature gradient causing severe thermal strains in both the

product and reactant regions.

In the U.S. a phase exchange reaction system for produc-

ing large near net shapes of various TiC based cermets has been

demonstrated, but not commercialized. In this process 'cast-to-

shape' porous carbon bodies are infiltered with various rela-

tively low melting Ti alloys (Ni, Mo, Co, Cr) with minimal re-

action. This pore free body may be further shaped by machining

if desired. A controlled exothermic reaction is then initiated

throughout the body converting the continuous carbon skeleton

into a cemented carbide. The volume decrease is uniform and

limited to that of the reaction since no pore need be closed.
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Shaped bodies with controlled microstructures in Ni-Mo bonded

TiC cermets over 2 inches in section have been produced. This

process eliminates the need for presses, dies, powder making and

handling and is capable of utilizing remelt of Ti mill scrap.

Is there a fundamental advantage to be gained by propa-

gating an exothermic reaction in a plane front at a very rapid

rate? At least for the case where a controlled microstructure-

near-net shape is des'.red the answer appears to be negative.

The very high temperature (1500-30000 C) of the narrow reaction

front causes:

1) Gas liberation from vaporization of the reactants and

products as well as from side reactions from impurities

associated with the reactant powders (e.g., oxygen on

carbon) which gives porosity and poor control over

stoichiometry. Reactions that are in principle

"gasless" actually are not.

2) Volume decrease due to the reactions (5-50 vol%)

closure of the pocosity of the original compact, and

(30-50%) thermal strains that must be accommodated

rapidly over very short distances (<1mm). Cracking, re-

sidual stress, and residual porosity are intensified.

3) Structural coarsening (especially in the presence of

liquid) from the high uncontrolled temperature gives

generally undesirable properties. Superior properties

require grain size (-1-5 m) which is generally finer

than the original reactant powders. High temperature in
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carbides leads to rapid grain coarsening (100-1000 4m).

4) Inherent size and shape sensitivity. The reactions are

not really adiabatic and therefore the surface to volume

controls heat transfer which effects the reaction rate.

Regular reaction fronts can only be propagated in simple

shapes, rods, tubes, plates, etc.

In the case where intermediate product is the goal rapid

propagation may have some merit but must be compared to other

material synthesis schemes. SHS is fundamentally a batch pro-

cess. It requires producing fine element powders of controlled

size and purity as well as tools and expense of preparing a con-

trolled porosity body. The reaction atmosphere must be control-

led, an ignition device must be provided and, in large scale,

cooling is needed for the reaction vessel. In large scale a

potential explosion hazzard exists in handling the fine reactant

powders. While very high synthesis temperature can result in

"better" purity, especially with respect to oxygen in carbides,

it also yields a problem in stoichiometry control. The sample

comparisons cited for purity improvement were in general made

against inferior materials, e.g., MoSi2 with >2% impurities.

The SHS product is coherent enough to be difficult to reduce to

powder, even though it is not of superior mechanical strength

due to large grain size and porosity. Comminution contamination

is therefore expected.

The energy saving claimed for SHS appears to be totally

spurious. Using the combustion of high purity reactive metal
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powders as a source of heat is certainly not energy prudent!

For example to produce the Ti, conversion of the oxide to the

chloride and reduction with another active metal (Mg or Na) is

required. The Mg or Na requires substantial energy to produce

and the whole process requires several high temperature furnace

operations. This is to be compared with the direct reduction

from the oxide with carbon or hydrocarbons or the continous re-

duction of TiC1 4 gas with hydrocarbons. In both cases large

cozitinous production of high purity, fine powder has been

achieved and awaits a mass market. Processes of low temperature

co-precipitation or continous gas phase reactions are available

for direct powder production in many other materials. The claim

that SHS requires less equipment is also questionable. Furnace

pretreatments for the reactant powders, pressing equipment for

the compacts, controlled atmosphere reaction vessels (with cool-

ing), and comminution equipment are required to produce the

powder.

The claim that many compounds can be made is certainly

true, but thusfar no compound has been mentioned that has not

been produced in other ways.

Finally it should be noted that a large part of the

U.S.S.R. literature on SHS relates to modelling of the various

versions of the process. This effort has been extensive and has

progressed from very crude models to more complicated versions

as the additional effects have been observed in the experimental

program. Somewhat similar modelling exists in the U.S. litera-
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ture but is generally found in the chemical engineering litera-

ture vs. the materials literature.

High Toughness, Hardness Materials

Materials with a combination of high toughness and hardness can

be generated with two principal microstructural forms: a dis-

persed ceramic/ceramic system in which the dispersed phase

undergoes a strain induced martensite transformation, and a

metal/ceramic (cermet) combination in which the minor metallic

phase is continuous. The former has been amply illustrated by

incorporating fine ZrO 2 dispersoids in several chemically com-

patible matrices (i.e., A1202 , ThO 2 , mullite, spinel). Combina-

tions of H -16 GPa, KIc -12MPa/m have already been demonstrated

in A1203/ZrO 2. Shock wave consolidation offers the additional

potential of incorporating ZrO 2 and other materials capable of a

stress induced martensite transformation, (e.g., HfO 2 and, per-

haps BN) into chemically unfavorable matrices, such as Si3N4 and

SiC. Then the coupled advantages of a low average thermal ex-

pansion coefficient, high fracture toughness and high hardness

may be realized. However, it should be appreciated that the

residual tensile strain associated with thermal expansion mis-

match between ZrO 2 and low expansion matrices may reduce the

toughening increment that can be achieved by the crack tip

transformation process.

Cermets of high toughness and high hardness have only

been successfully achieved, with convential technology, by

liquid phase sintering techniques. The best example is WC/Co,
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which exhibits the properties, H -2016 GPa, IC -~162MPa/m. The

superior mechanical properties of this system can be attributed

to three effects: a continuous metal infrastructure, (which

requires the crack to deform metal ligaments to failure), good

bonding between the ceramic and metal constituents and a high

yield strength in the metal phase (associated with appreciable

solubility of the ceramic phase in the metal). These effects

are in part a direct consequence of the system properties needed

for liquid phase sintering: essentially complete wetting of the

constituents (i.e. a continuous metal film) and solubility of

the ceramic in the metal (in order to achieve continuous mass

transport during sintering). These liquid phase sintering

pre-requisites have greatly restricted the range of metal/

ceramic combinations that can be (conventionally) fabricated to

full density. This range could be considerably expanded by

shock compaction. However, it is emphasized that it is not

sufficient to compact the metal/ceramic combinations. Good

bonding is essential to high toughness; as exemplified by an

estimate of toughness in the absence of bonding (D. C. Drucker),

which predicts Kic < IMPa/m - an order of magnitude smaller than

that required of superior systems. Considerations pertinent to

good bonding (e.g. some solid solubility, and a temperature

large enough to induce limited interdiffusion) are thus of

prime importance to studies concerned with the fabrication of

mechanically superior cermets.
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Based on the above criteria, WC-Co may exhibit the opti-

mum mechanical properties expected from a cermet (unless C-BN or

diamond were used). However, other hard cs.-'-mics (having high

intrinsic E, H, and Kc) may permit the creation of cermets with

lower chemical reactivity, etc. The most attractive oxide would

appear to be A1203 (unless A1203 + ZrO 2 or t-ZrO 2 could be used

to take advantage of transformation toughening). Good bonding

could be anticipated with Al alloys and with NiTi, which is much

stronger and quite corrosion resistant.

RESEARCH PRIORITIES

A brief summary of some research topics and priorities

is presented in this section, including a list of material con-

sidered most suitable for imminent study.

Shock Activated Sintering

a. The existence of shock activated sintering should be

subject to critical experimental evaluation to distinguish be-

tween comminution and other shock effects. This could be

achieved by thorough characteriztion of a shock treated powder,

and comparison of the sintering performance with that of a good

sinterable powder of the same material, prepared by chemical

means, with similar particle size distribution. This study

should be conducted with powders of high purity and on a

material with well-established sintering performance. Two good

candidates are A1203 and SiC. These provide a basis for useful

comparisons since the sintering of A1203 is better characterized
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and understood than most ceramics, and SiC is unsinterable in

pure form and several types of powders are available.

b. Should the existence of shock activated sintering be

established, the microstructures of the final products and their

mechani-al characteristics should be subject to experimental

determination. Some of the techniques are described in a

following section.

c. The identification of superior microstructures created

by shock activation could merit a comprehensive study of the

specific mechanisms of activation, outlined in a previous

section, and the limits of their applicability.

Shock Wave Consolidation

a. Since shock wave consolidation of many materials has

already been established, exploration of the fabrication and

properties of a range of materials (cermets, ceramic composites,

etc.) seems warranted. Post-shock thermo-mechanical treatments

should also be explored. For this purpose, small specimen tests

on fully dense regions of (otherwise cracked) compacted

materials would be adequate. For single phase ceramics, empha-

sis should be on identifying and understanding the origin of

useful or unique properties. For cermets or composites a more

exploratory effort would be appropriate.

b. The development of computer models of increasing com-

plexity should proceed in conjunction with the experimental

studies. Evidently, sophisticated materials models are only of

merit if superior materials are identified from the experimental

studies.
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C. Should superior properties be achievable in small speci-

mens, it would be appropriate to study and understand the densi-

fication and recovery processes and role of the initial compact

conditions. Such information would facilitate subsequent appli-

cation of shock compaction to other materials.

Characterization Studies

Microscopic characterization of powders and densified

materials is essential. Transmission electron microscopy appears

to be the most versatile method for characterizing both the

powder and the consolidated bodies. High-voltage microscopy

would be most appropriate for the powder; whereas the use of

analytic microscopy would be most suitable for microstructure

characterization (grain structure, phase composition and distri-

bution, etc.) Adequate bulk chemical analysis, with attention

to anion as well as cation impurities will also be important.

For shock activated powders it will also be necessary to

use other techniques to adequately characterize particle sizes

and distributions, degree of agglomeration, and surface area.

For both powders and densified materials it would be of interest

to use a variety of spectroscopic techniques to further charac-

terize defects; however, such studies may be more important for

understanding resultant properties (e.g., catalytic activity)

than for understanding densification.

SHS

In view of the maturity (>10 years) of The materials

preparation by SHS it is recommended that a literature search be
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conducted in the areas of user applications to gain specific in-

formation about relative properties and performance of these ma-

terials compared to conventional materials. This search may be

more difficult to conduct, but if truely superior cutting tools

have been made by SHS the results should be found in the metal

cutting literature.

The current LLNL program should at an early date confirm

on small pore free regions (with techniques previously dis-

cussed) the mechanical properties obtainable in TiC, TiB 2 , and

AlN. Stoichiometry and oxide purity levels should also be

established.

Long range efforts with in situ reactions should concen-

trate on near net shape controlled microstructure articles.

Such efforts will likely employ slower, more controlled reaction

conditions, and should be aimed at reducing the sizes of flaws

which tend to be performance limiting in ceramics and cermets.
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HIGH STRAIN RATE TECHNOLOGY

PROGRAM

July 9, 10, 1981

12:00 -4:00 p.m. July 9

1. Introduction (Hucke, Evans, Coble)

2. Summary of NMAB report, V. Linse (Battelle)

3. Summary of Livermore Results, W. Gourdin (C. Cline, M.
Wilkens, B. Holt)

4. Summary of Sandia Work, R. Graham

5. Summary of Battelle Work, V. Linse

8:00 - 12:00 July 10

Discussion of Fundamental Research Opportunities

1. Consolidation Models (high stress, high rate phenomena)
-Johnson

2. Powders (shock activation, morphology, surface effects)
-Cannon

3. Characterization (TEM, point defects) -Heuer

4. Toughness/Hardness -Evans

1:00 - 4:00 July 10

General Discussion -Hucke, Evans, Coble

I
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HIGH STRAIN RATE POWDER TECHNOLOGY

OBJECTIVES

Reduce fabrication costs, produce new materials or

materials with substantially improved performance by:

1. Use of rapid impulsive loading to consolidate powder

materials into components with near net shape, and

2. Use of high pressure shock-wave loading to enhance the

solid state reactivity of powder materials for subsequent pro-

cessing.

GENERAL APPROACH

1. Predict microstructures (especially metal/ceramic com-

binations) which are likely to exhibit the maximum combination

of toughness and hardness.

2. Develop a fundamental understanding of high-rate powder

consolidation, as a basis for controlling microstructure de-

velopment under shock conditions.

3. Develop a fundamental understanding of shock-induced de-

fect structure and shock-induced comminution and the relation-

ship to enhanced solid state reactivity.

TECHNIQUES

1. High strain rate compaction of powders to form unique

consolidated products (e.g. unique cermets).

2. Shock activation of powders for subsequent enhanced

sintering (e.g. covalent materials: SiC, Si 3 N 4 , BN, B 4 C).

3. Formation of innovative microstructures by shock com-

pression (e.g. in-situ formation of eutectics of ceramics and

ceramic/metals).
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APPENDIX I

SHOCK WAVE ANALYSIS

G. H. Vineyard

What else needs to be known about shock waves themselves

in order to proceed with a strong R&D program in shock compac-

tion? The answer, in a nutshell, is "a great deal".

The classical theory of shock waves assumes that a homo-

geneous fluid consisting of a single component (i.e., character-

ized by two thermodynamic variables, say, density and pressure)

is compressed by a steady shock front to a well defined state of

higher density and pressure. Then the Rankine-Hugoniot relation,

which depends only on the additional assumptions of the conserva-

tion of matter, momentum, and energy, relates the variables of

all possible shocked states to those of the initial state. The

relation says nothing about the profile of the shock front, and

is valid regardless of the lack of equilibrium in the front and

its vicinity. The nature of the front can be calculated only by

assuming an equation of motion - typically the Navier-Stokes

equation, possibly including bulk as well as shear viscosities

and thermal conduction - assuming an equation of state, and solv-

ing this equation, a process which generally must be done numeri-

cally.

A number of further refinements can be brought into the

numerical work. For example, finite rigidity of the material can

be introduced relatively easily, although the constitutive rela-
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tions may be a subject of argument. Expanded materials (e.g.,

powders) can be handled by the same codes to the extent that the

irreversible constitutive relations can be determined.

If more than one chemical species is present, i.e., if a

chemical reaction can occur, the number of possible physical

situations multiplies enormously. Some calculations have been

made for detonation and deflagration waves in explosive

materials, but to my knowledge the number of cases treated has

been limited. For instances of interest in materials prepara-

tion, I believe virtually nothing has been done.

All of this work with the Navier-Stokes equation and

generalizations thereon makes the further assumption that at each

point in the shock front, local thermodynamic equilibrium

(possibly under certain constraints) prevails. This assumption

is weak; it surely becomes very bad at high shock intensities

where the shock front becomes thin and deformation rates and

property gradients become enormously high.

Microstructural changes of a variety of kinds are also

induced by shocks. Dislocation, twins, point defects, clusters,

etc., are created in profusion, and when this is taken into ac-

count the complete characterization of the material becomes even

J more complex, surely hopelessly so for any rigorous treatment.

The investigation of the use of shock to produce new and

useful structures, starting with mixtures of powders or other

fine grained materials can proceed in a purely empirical fashion,

but the number of possible starting substances is enormous and
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the range of shock pressures and other variables (initial temper-

ature, for instance) makes a vast number even vaster. Therefore,

the Edisonian approach, while capable of illustrating the range

of possible effects and perhaps occasionally stumbling onto some-

thing useful, is not likely to come even close to exhausting theI possibilities.
Consequently, the search needs to be guided by such in-

formation as can be extracted with reasonable effort from con-

ceptual and calculational models. I believe that much more can

be done along these lines and suggest that model calculations

would be very useful as an adjunct to the experiments being

supported.

Simple models can give estimates of simple parameters

such as temperatures reached, shock front widths and rise times,

shock duration, and unloading profiles. Even if the estimates

are crude, they should be of value in rationalizing the observa-

tions. A discussion of many of these questions is given by G. H.

Vineyard in DARPA MRC Report, July 1969, paper 34. For systems

in which chemical reactions occur, model calculations could be

made of the progress of the reaction through the shock front and

afterward. Reaction rates as a function of pressure and temper-

ature are needed as input, and these can be estimated to some de-

gree of accuracy or measured independently. Rather elaborate

codes for calculating shock profiles on the basis of various con-

tinuum models are in use at LLNL, LASL, Sandia and elsewhere.
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Finally, I enter a plea for further efforts to understand

what really takes place in strong shock fronts both in simple and

complex systems. Most effort to date has concerned simple

systems. It may be that the experimental and theoretical work

now going on with complicated systems will help throw light on

this aging mystery.
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APPENDIX II

DYNAMIC CONSOLIDATION AND SYNTHESIS -COMMENT

J. J. Gilman

Temperature and time are largely interchangeable process

variables in the manufacture of materials. This was convincing-

ly demonstrated in Zener and Holloman for a prototype case

(tempering of steel) some 35 years ago. The rate of a process

is primarily determined by the forces driving it and the temper-

ature. one driving force is pressure, but it has considerably

less influence than other parameters such as shear stresses,

chemical concentration gradients, electric fields, etc. Thus

there is no a priori reason to expect that increasing pressures

and decreasing times will, of themselves, produce exceptional

materials, or facilitate consolidation in a remarkable way.

If it is true that high pressures and short processing

times do not have intrinsic benefits for the manufacturing of

* materials, then proposals for the use of dynamic methods must be

examined as they apply to specific cases to determine whether

* they are cost effective.

in special cases dynamic consolidation or synthesis pro-

cesses may be cost effective, but in general they will not be

because: firstly, they use energy inefficiently since they

operate far from equilibrium; secondly, only a few shapes can be

made because of the rarefaction waves that inevitably accompany

compression waves; thirdly, they use labor inefficiently because

35



they are intrinsically batch pr-ocesses and people cannot be

present during an explosion or the firing of a gun for safety and

health reasons; finally, they use capital inefficiently because

relatively large facilities are required for work with explo-

sives, and considerable material is destroyed during each con-

solidation or synthesis event.

Interest in dynamic consolidation and synthesis methods

is not new. Both industrial firms, and governmental agencies

including arsenals have given them substantial attention for at

least 30 years. The empirical evidence is that they are not ef-

fective as a means for manufacturing materials. Therefore, the

burden of proof is on present proponents to show that their lack

of effectiveness can be changed in any truly significant way.

Such proof should include a quantitative analysis of the costs

that would be incurred during the manufacture of a specific

prototype material or object. These costs should be analyzed

relative to other methods for achieving the same goals. A rough

analysis is presented here.

The energy that is actually needed to consolidate a

material is certainly not more than the heat of melting. For

iron (and its alloys) this is approximately 16 J/g; and for

ceramics it might be as much as 20 J/g. On the other hand the

energy of reaction in an explosive is about 4x10 3 J/g and ex-

perience indicates that 5-20 pounds of explosive (say 10) is

needed to consolidate one pound of material. Thus about 2000

times as much energy is used in explosive compaction as is

actually needed. This is inefficient, indeed!

36



The costs associated with using energy inefficiently in

explosive compaction are both direct and indirect. D~irect costs

are associated with the cost of the explosive material itself.

In fabricated form, this is at least 10 $/.To this the cost

of the material used for momentum trapping must be added. Also,

direct labor costs are high because the large excess of energy

that is necessary creates safety and health problems, and be-

cause the processing is done in small batches.

For a small facility (10 pounds of explosive or less)

with a turnaround time of 12 minutes, the production rate would

be 5# per hour or 40#/day (single shift). For safety reasons at

least two skilled workers would be required, supported by two

others. At 12 $/hr direct charge per worker and 50% overhead,

the overall labor rate is 72 $/hr or about 14 $/# of product.

The facility would need to be about 2000 ft2 in size , and be-

cause of its technical content the equivalent rent of such a

facility would be about 10 $/ft 2 or 10 $/hr which yield s 2 $/#

of product.

The above cost estimates indicate that the dominant cost

factor is the direct cost of the explosive. Since this cost re-

lates directly and fundamentally to the process it cannot be re-

duced substantially and places a severe limitation on the cost-

effectiveness of the process. Alsi, it may be seen that using

a large facility instead of a small facility will not change the

costs substantially.
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It might be argued that a means could be found to in-

crease the efficiency with which the explosive material is used.

But a very large change in efficiency would be needed. This is

unlikely because the low efficiency arises from fundamental

features of the process. One of these is that it operates veryI far from equilibrium so the thermal efficiency is very low.

Another is that impedance matching is poor in transferring power

from the source (the high explosive) to the product. Therefore,

a large fraction of the power gets reflected instead of being

transferred.

Since it is a costly process and does not appear to have

intrinsic advantages, dynamic consolidation/synthesis has very

limited utility. For a few very high-priced materials it may be

cost-effective, but such a limited scope does not justify any

substantial investment in R&D work.
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UV AND VISIBLE EXCIMER AND RAMAN LASER COATINGS AND REFLECTORS

FOR COMMUNICATIONS AND SPACE DEFENSE APPLICATIONS

N. Bloembergen, C. M. Stickley and H. V. Winsor

Approximately 25 outside users and developers of UV

laser components and high energy optical coatings met with

several members of the Materials Research Council in a workshop

which concentrated on optical properties of surfaces and thin

film coatings. The list of participants appears in Appendix A.

The previous review of this topic by the MRC was held

eight years ago. 1  A considerable body of experience has been

acquired in the intervening period. The pertinent developments

in theory and experiment and the current state of the art were

reviewed and discussed in a meeting, the program of which ap-

pears in Appendix B.

The basic operating conditions are:

Wavelength 351, 401, 495, and 505 nm
Pulse duration 1-4 ps
Pulse repetition rate 100 pps
Cavity of excimer laser 175 0 C, 90 psi

The coating requirements are:

Fluence 10 Joule/cm 2 , minimum
30 J/cm 2 , desired

Average incident power 1 kw/cm 2

Reflectivity R > 0.99
Environment Should withstand chemical

and radiative conditions
of excimer lasers: NF3 , F2 ,
NF2 , F, UV, and electric
discharge radiation.

Metallic reflectors cannot be used in the UV, because

the best metallic surface (unoxidized aluminum) still has an
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intrinsic absorption loss of 8 percent for normal incidence.

Reflector arrays with glancing angles are geometrically un-

acceptable. Totally reflecting dielectric prisms for the geome-

tries of interest would present large optical thicknesses in the

material, with concomitant unacceptable phase distortions due to

differential thermal expansion even for very low intrinsic ab-

sorptivities, a = 10 - 4 cm - 1. The approach which has to be

taken, therefore, is to construct a mirror using multiple die-

lectric layers deposited on either a metal substrate or sub-

strates like fused SiO 2 , ULE, etc.

There must at least be one optical transmission window.

Again, geometrical considerations make it undesirable to place

this window at Brewster's angle. The increase in cross-section

and thickness would entail unacceptable thermal distortions in

the optical wave front, and cavity design is more difficult.

Thus there is also a need for anti-reflective coatings on the

transparent window.

Typical dielectric coatings achieved so far have absorp-

tivity in the range of 0.3-1.0 percent, and scattering in the

range of 0.2-0.5 percent. The damage thresholds for repetitive

and single pulses lie in the range of 2 J/cm 2 to 8 J/cm 2. Large

spot sizes (1 cm) result in lower damage thresholds than with

small sizes (<0.2 cm).

Most of the accurate UV damage threshold data on films

are taken with laser pulses of relatively short duration, 0.1-10

ns. The energy fluence damage threshold for i-, second or
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longer Pulses will certainly not be lower, and there is good

evidence that the damage threshold for such pulses exceeds 10 4

j/cm2 . For certain candidate films,, there is a significant in-

crease in the damage threshold as the wavelength becomes longer

(i.e., to 1 4m). The absorptivity of the films is three or four

orders of magnitude higher than for the single crystal bulk ox-

ides and fluorides. It is clearly of extrinsic origin, as is

the observed damage threshold. 2 The degree to which these are

related is not clear.

While no specification for optical distortion was given,

systems analyses indicate that tolerances of much less than X/10

are desired. The current state of the art is about X/10 at 633

nm, for films on a glass substrate (up to one meter in di-

ameter). The reflectivity of such films at 351. rn is about 99.4

percent, with an absorption and scattering of 0.3 percent each.

Metals can be polished about as flat as glass, but the scatter-

ing would be increased to 0.7 percent, making the total reflec-

tivity 0.99. Clearly the critical parameter in maintaining

passive optical quality is absorption in the coating. If this

can be reduced to 10-3 or less, the goal of 1 kw/cm 2 incident

beam power is attainable, while maintaining X/40 optical quali-

ty. If practical optical fabrication remains at its present

limit of about X/10, then the threefold reduction in absorption

may not be needed for achieving the 1 kw/cm 2 requirement.

Other important factors for achieving near-flat phase

profiles are improved polishing, heat transfer, and fabrication
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techniques of cooled mirrors. If the 0.5 percent scattering

from molybdenum mirrors produces an intolerable increase in the

scatter of the dielectric overcoated films, then the development

of a scale-up facility for depositing CVD silicon carbide is

called for. While this material has excellent characteristics

for minimizing optical distortion (high ratio of thermal conduc-

tivity to thermal expansion coefficient) it also has superior

polishability. Surface roughness of 8 angstroms has been

achieved. 3  It should be noted that the industrial organization

which has developed the polishing techniques for CVD SiC will

not release them, nor the self-polished material itself. Thus

an additional effort will be necessary to "re-develop" the

polishing procedure.

The requirements on the damage threshold and absorption in

the coating are only about one order of magnitude more stringent

than what has already been achieved in some available film coat-

ings, albeit not under the actual system operating conditions.

It should be possible to improve the extrinsic properties of the

films through a number of incremental gains so as to meet the

requirements, if an optical component distortion of X/10 is

tolerable. Assuming this to be so, no intrinsic or theoretical

limitations exist to prevent achieving the desired film and

mirror properties.

POSSIBILITIES FOR COATING IMPROVEMENT

The cau- of film damage is probably absorption by small

particulate inclusions. These occur in rather high density with
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a wide distribution in size. In the case of AR coatings the

damage occurs preferentially at the interface between the first

layer and the window substrate. In reflective coatings the dam-

age starts in the outer layers of the film. In either case the

light fiell intensity is higher at these respective locations.

The field may ne enhanced by the electrostatic effect of cracks

and pores.

The coatings usually have only 85 to 90 percent of the

density of the bulk oxides and fluorides. Vapor deposited flims

almost always exhibit a periodic columnar growth pattern. This

is not surprising because perfect epitaxial growth is not possi-

ble in view of the mismatch in lattice constants between the

successive layers themselves and the substrate. Growth starts

preferentially at dislocations or other imperfections due to im-

purities. The spaces and pores between the columns readily ab-

sorb water from the ambient atmosphere or other impurities. At

the wavelengths of interest water is not very absorptive and

should not change the damage threshold. It would not be harm-

ful, provided it remained pure and its amount remained constant.

The water content of the film will, however, vary with the

temperature of the film and the humidity of the atmosphere.

This causes uncontrollable variations and inhomogeneities in the

optical thickness of the film with concomitant phase front dis-

tortion. This question has yet to be addressed experimentally.

The nature of the absorbing inclusions is not known.

Undoubtedly much could be learned by various analytical
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techniques of surface technology, including

1. Secondary Ion Mass Spectroscopy (SIMS)

2. High Spatial Resolution Auger Analysis

3. Photoacoustic Spectroscopy (to measure absorption as a

function of wavelength)

4. Scanning Calorimetry

5. Raman Microprobe

6. Ellipsometry

These rather elaborate, but powerful, techniques should be

brought to bear on the problem only after the following more ex-

pedient measures have been exhausted.

Clearly the efforts to use very pure starting materials

for the film evaporation should be continued. Perhaps zone re-

fined single crystals should be evaporated. The likelihood for

deposition of heavier particulates and inclusions could be di-

minished by a time-of-flight separation method, using a fixed

slot and spinning disk aperture at a suitable distance to permit

the passage of only atoms and molecules with relatively high

thermal velocity. Since the presence of rotating objects in the

evaporator chamber is objectionable (vibrations, lubricant

vapors), a simpler and more effective way is to put the surface

to be coated upside down one meter or more above the evaporator.

The mean height which a particle of mass M will reach is given

by kT = Mgh, where T is the temperature of the evaporator, g =

981 cm 2/sec, and Boltzmann's constant k = 1.38x10- 1 6. Taking T =

10 30K, and h = 102 cm one finds M 10- 1 8 g. This implies that
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particulates with more than a million atoms will be very unlike-

ly to reach the surface. Although many of the data presented

were taken with the height differential significantly less than

one meter, a change in this distance to one meter will probably

further reduce the large inclusion content in the films.

very significant gains in film quality can probably be

made by increasing the atomic agitation during the deposition.

The conventional way is to raise the temperature of the sub-

strate. Presumably an optimum temperature is found, because

further heating would produce deleterious thermal stresses on

cooling. The kinetic energy of the atoms during deposition can,

however, be increased by ion bombardment (argon sputtering), by

electron beam and/or laser beam heating. In the latter case, it

should be possible by a suitable selection of (infrared) wave-

lengths to selectively heat the fluoride layers, the oxide

layers or the substrate surface. It is expected that these

techniques, either singly or in combination, will lead to films

of considerable higher densities, with fewer pores, and fewer

absorbing inclusions. The adherence to the substrate may also

be improved in this manner, reducing the peeling problem. Vari-

4 ations in the optical density due to varying moisture content

will also be reduced in the denser films, as will be the UV

light scattering.

Laser annealing of the optical films after completion of

the coating is another possibility. Such annealing is based di-

rectly on heating effects proportional to the absorptivity of
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the layer at the selected wavelengths. It should be possible to

preferentially heat and/or melt only the fluoride layers by ir-

radiation of a laser pulse with suitable duration and wave-

length. It is entirely possible that application of these

methods will yield films with the required properties. The de-

crease in film absorptivity will, of course, reduce the heat

load and cooling requirements of the substrate.

Another variant would be a neutral atom sputtering tech-

nique, although this may not have significant advantages over

the above mentioned methods, which appear to be simpler to

execute.

Other possible methods of deposition considered

include:

1. Metal-organic chemical vapor deposition (MOCVD)

2. Sol-Gel 4 technique with subsequent leeching of a phase-

separated material

3. Molecular Beam Epitaxy

These methods do not appear to be immediately suitable to the

problem of reflective UV coating, consisting of oxide and fluor-

ide layers, on a substrate of a molybdenum mirror, fused silica,

or CVD SiC. The Sol-Gel technique5 could perhaps be adapted to

the problem of an AR coating on a window material. In any case,

these approaches would require considerably more development

work, which may not be necessary, if the suggested improvement

in evaporative deposition have positive results. While it may

be possible to reduce absorption of films, and thus solve the J
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heat load problem directly, the concept for the use of a heat

pipe to cool mirror substrates ought to be explored. It could

improve heat transfer characteristics dramatically.

Not nearly enough systematic work has been done on the

influence of the radiative and chemical environment on the film

properties. There is evidence, in several cases, that the re-

peated exposure to laser pulses below the damage threshold

actually increases this threshold. This may be caused by

thermal annealing of potential damage sites. There are other

indications to vigorously pursue laser annealing at other wave-

lengths, mentioned earlier, in a systematic fashion. There is,

fortunately, no evidence that exposure to visible and UV light,

causes color centers with potentially troublesome absorption. A

systematic investigation of the change in film properties due to

large doses of UV radiation, e.g., from a high pressure mercury

lamp, is however, desirable. If build-up of color centers

should become troublesome, they could conceivably be annealed

out by irradiation at longer wavelengths or by heating.

A systematic investigation of the influence of the

chemical reactive atmosphere, characteristic of excimer lasers,

should also be investigated separately from the UJV irradiation

problem.

RECOMMENDATIONS AND CONCLUSIONS

1. There are no known fundamental limitations which would

prevent the attainment of films with required proper-

ties.
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2. To reduce film absorption and inclusions, existing depo-

sition techniques can be improved by a systematic appli-

cation of ion beam, electron beam and/or laser beam ex-

citation during the deposition process.

3. Laser annealing of films after deposition should also be

exploited.

4. A systematic investigation of the influence of UV and

discharge radiation on the film properties is desir-

able.

5. A systematic investigation of the influence of the

chemical and physical environment on film properties is

desirable. These investigations should also include

other wavelengths, sirce the final system design is by

no means frozen.

6. The investigations mentioned under points 2-5 could be

carried out conveniently and adequately on a small scale

with small samples, before scale-up to actual operating

conditions.

7. Accurate damage thresholds should be determined for the

pulse durations actually used (1-4 jLs), for repetitive

pulsing, and for larger spot sizes.

*8. Polishing techniques and scale-up of CVD-deposited

silicon carbide should be developed if the 0.5% scatter

from moly-mirrors is judged to be intolerable.

9. Conduct an analysis of the heat pipe concept for cool-

ing mirror substrates and develop it if significant

gains appear possible.
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COMMENTS ON UV-VISIBLE LASER COMPONENTS WORKSHOP

H. V. Winsor

My first comment is that no clearcut approach has re-

sulted from the workshop. This is because the problem is too

complex for one solution to stand out.

The primary problems and difficulties raised during the

workshop are grouped around the following central points:

a. repetitive laser pulse damage

b. environmental effects

c. mirror heat exchanger performance

d. thin film growth morphology and its control

e. surface and interface states

f. windows

These topics are discussed separately below.

Repetitive laser pulses may damage the component cata-

strophically, progressively, or prevent proper performance by

distorting the laser wavefront. Effort should be expended to

grossly identify the initiating center of catastrophic damage,

but not to characterize the defect in detail unless that is the

best route to eliminate the effect. Minimization of progressive

failure or "fatigue" suggests reducing film porosity and absorp-

tion and improving film adhesion. The primary absorption

problems (about which no good data currently exist) center on

the effects of the environment in combination with the repeti-

tive pulses. Simulated operational environment tests, and
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measurements of the pulsed distortion of the mirror wavefront

should be made as soon as practical. Propagation thresholds for

damage must be measured as well as initiation thresholds, since

isolated spots of damage may not destroy the usefulness of a

mirror. Absorption must be measured versus service history

polarization, wavelength, temperature and environment. Progres-

sive increase in absorption must not occur. The repetitive

thermal shock delivered by the laser pulse suggests watching the

thermal expansion coefficients of the film materials, and pro-

cessing to optimize the temperature rise of the film layers. No

amount of optimization can remove the gradient in temperature

with depth into the coating. It is perhaps critical to prevent

repetitive opening and closing of cracks in thin film layers

under the laser loading. This can accentuate corrosion or fa-

tigue. Thus films in tension should be avoided. The annealing

time for color centers should be short if the center absorbs at

the laser wavelength.

K The environmental conditions in which the mirror must

operate range over these principal areas:

a. room temperature (gas or vacuum)

b. primary laser cavity (heated in cavity gas)

C. free electron laser cavity

d. space

rfe. exotic environment

Good data exists only for mirror and window coatings tested in

air. This is likely to be the most benign environment. The

j varying humidity of the atmosphere will require eliminating
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porosity from thin films so that the figure will remain good, or

else require humidity control in the beam train region. The

strong absorption that fingerprints and much dirt have in the IJV

suggests minimizing the porosity to reduce absorption and ease

cleaning.

The eximer laser cavity environment should receive very

high priority: If it is not tolerable, a complete re-working of

current system concepts is indicated. Difficulties in this en-

vironment are likely to interact, so combined-effects testing

should precede individual factor testing. Use of a fluoride

outer film layer may be necessary to withstand attack by atomic

fluorine, if the corrosion kinetics are unfavorable for a more

"durable" film. Attack at the coating - substrate interface may

be prevented, if necessary, by a thin overcoat of the fluoride

of the substrate material. Photo-chemical corrosion at crack-

tips may necessitate eliminating film porosity. Severe stress

problems are likely in films with oxide or fluoride attack be-

cause of the increase in size of the ion compared with the atom.

Surface photo-desorption by UV or x-rays and subsequent fluori-

dation of the surface should not result in rapid attack of the

coating unless the fluoride is gaseous. It, therefore, appears

wise to avoid materials with gaseous fluorides and materials

which react strongly with fluorine. Color center and photo-

chemical effects from the x-ray and UV-background must not weak-

en the film, contribute to creep in the film, or increase the

absorption.
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The free electron laser cavity environment appears to be

similar to the synchrotron radiation environment. The very

stringent vacuum requirements of the electron storage ring (if a

ring is used) will require elimination of the "virtual leak"

that a porous coating represents. Even monolayers of water may

desorb under synchrotron radiation and laser flux combined. This

may contribute to changing the optical figure of the coating

even further than do humidity excursions in air. The strong

background of synchrotron radiation may greatly speed diffusion

of impurities, especially in a porous filmlayer. Surface charg-

ing by x-rays and electrons may result in preferential photo-

desorption or photo induced valance change and loss of surface

layer stoichiometry. Film materials which resist photo-

desorption should be considered. Further studies should be per-

formed to define the free electron laser environment more accu-

rately. The higher laser loading anticipated for the free elec-

tron laser is likely to cause severe problems, even in a rela-

tively mild environment.

The space environment is similar to the free electron

laser environment in many ways. While it has been briefly in-

vestigated for IR coatings at 2.87 micrometers, it has not been

characterized in the UV. Micrometeroid impacts will assure the

presence of "damage initiation" sites, so the likely lower load-

ings are the principle assurance that the problem is soluable

for a time. The lifetime of coatings in space should be studied

and the engineering consequences drawn.
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Exotic environments such as HgBr and other gases are to

be avoided unless they are required. Mirror heat exchangers

must dissipate the thermal load while remaining immune to cyclic

fatigue and corrosion. Water does not appear to be as desirable

a coolant at 170*C as it does at room temperature, due to the

high pressure necessary to prevent boiling and the corrosion

properties hot water. Heat pipe mirror heat exchanges would ap-

pear attractive because of the lower stresses, and increased

ease of polishing while hot. Polishing hot appears to be a con-

sideration with many implications, as is the need to frequently

raise the mirror temperature to 170-200 0C or to keep it at that

temperature. An end run on the mirror heat exchanges problem

using non-linear optical effects may be promising if it can be

corrected for its own as well as other figure errors. Atnother

difficulty with contemporary heat exchanges is inability to

polish the mirror substrate to the desired 10A rms roughness.

Fifteen -30A rms is equivalent to a total scattering of about

.3-1% per mirror surfrce. SiC, Si, and Si0 2 are polishable to

better than 5 A rms. However, the coating may increase the ef-

fective optical roughness of the mirror above that of the sub-

strate.

The morphology of optical thin film growth has the

greatest impact of any factor discussed at the workshop - the

index of refraction of the film layers is set by the absorption

of water, and the other impurities that it attracts, into the

cracks between the crystals that make up the thin film layers.
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The morphology of film growth appears very similar to the growth

of whiskers in oxide crystal melts under certain conditions. it

appears that quartz, and other crystals, have different growth

habits depending on the kind and amount of impurities that are

added to the melt. If thin film growth is closely analogous to

whisker growth, then the whisker growth would continue if the

film were placed in the proper conditions. (Ref. Ceramic and

Graphite Fibers and Whiskers, McCreight, Rauch, and Sutton,

Academic Press (1965). It is suggestive that the impurity con-

tent required to modify thin film dislocation density (See for

example, Chapter 4 of Impurity Doping Processes in Silicon,

F.F.Y. Wang, Ed., North Holland (1981). (Chapter title: Growth

of Doped Silicon Layers by Molecular Beam Epitaxy by J. C. Bean,

Bell Telephone Laboratories, Murray Hill, N.J. 07974) is in the

same range as the impurity concentration required to cause

marked changes in the growth habits of crystals (See, e.g.,

Crystal Growth, H. E. Pi,;.kJ.ey, John Wiley & Sons, New York

(1951), pp. 339-337). Many of these modified growth habits are

needle-like, tending toward the whisker geometry. Further ex-

amples of the propagation of defects in single crystal films of

silicon are given in Single-Crystal Films, M. H. Francombe and

H. Sato, Eds, the Macmillan Company, (Pergannon Press Book) New

York (1964) (see especially pp. 251-281). The principle impuri-

ties in cryopumped and ion pumped vacuum deposition systems are

H, He, and the rare gases. These impurities should be checked

for their effect on thin film growth by leaking them into the
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chamber during film growth. Hydrogen especially has the poten-

tial of nucleating stacking faults in Si films.

If the growth morphology of thin film layers cannot be

controlled through the variable parameters of the vacuum deposi-

tion methods used in industry, they might be controlled by in-

troducing new process variables, such as electron, laser, or ion

beam bombardment, either during or after growth. Laser anneal-

ing of the film material is a version of the above processes

carried to the extreme of causing melting of the film. The

scientific basis of laser annealing is not yet undisputed, but

progress in laser annealing bears watching for its potential of

improving thin film processing.

The primary result of the columnar growth of thin films

is the dramatic increase in effective surface area caused by the

connected porosity. Even if the additional surface (-900% of

the film surface area!) were virgin, it represents a xlO in-

crease in the surface state density. However, the surface is

"loptically contacted" to another surface, so the variable prox-

imity of the other (nominally identical) surface can change the

surface state energy distribution. Mobility is enhanced along

4 the interface by the "respiration" of water and other vapors in

and out of the pores, and by the working of one layer over the

other by the laser induced thermal shock. Interface states that

are important are the metal-air, metal-film; film-film, film-

water, and film-air. Many of these interfaces have not been

adequately characterized in the UV (or at any other wavelength).

58



The experience of the optical state community is likely to be

important for components, which work in air, while the vacuum

surface state community may have much to say for free electron

laser and space environments. Exotic environments need investi-

gation. eSince water is frequently absorbed onto the film, the

broadening of surface states by proximity to water and the op-

posing surface should be carefully studied if the internal sur-

face cannot be eliminated.

The continuing requirement for windows is perhaps just

the tip of a large iceberg. Since centimeter thicknesses of op-

tical material have an absorption equal to thin film coating

layers, the optical distortion per pulse will be as large. How-

ever the window has a much longer thermal relaxation time con-

stant (minutes as opposed to milliseconds) so the repeated dis-

tortions will add to create a much larger figure degradation.

No technological solution to this problem exists until adaptive

phase correction can be implemented. Birefringence in the win-

dow may not be controlled at all, even by adaptive optics. In

addition, the problem of a window is seriously complicated by

the temperature and pressure desired in the eximer laser cavity

(175*C, 90 psiG). The pressure pulses in the cavity during

lashing add to the high pressure to create very high stresses.

A single window pane must be built to withstand these conditions

and must also be of minimum thickness to minimize the figure

distortions, so it will exhibit birefringence. Birefringence in

the cavity of a laser will probably couple severely to the mode
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structure and wavefront quality of the laser. Even a thermopane

design will not be a simple solution to the problem. Doubling

the number of surfaces will probably offset any savings due to

reduced stress and temperature control. A Brewster's angle win-

dow is also fraught with difficulties. The area and resolved

thickness are both about twice that of a normal window. Bire-

fringence in a Brewster angle window will rotate some of the

principle beam, causing reflections from the window to be para-

sitically diverted from the main laser beam. A further diffi-

culty of all designs is the requirement of keeping the window's

mechanical resonant frequency far away from any cavity source

frequency. (Harmonics of the pulsing rate.) In view of the

above discussion, the near term and long term priorities of the

UV-visible laser components program could be set as follows:

NEAR TERM THRUSTS (approx. in priority order) (Applied Research)

Better Films

a. Investigate new deposition techniques for making a

"perfect coating." MOCVD, MBE, ION DEPOSITION, LASER

ANNEALING, an, SQL-GEL processes may provide intrisic

material quality in thin film form.

b. Study methods of passivating the internal surface of

thin film layers if they cannot be eliminated. (Reac-

tive atmospheres, exposure to selected condition, etc.

C. Study the absorption spectra of the film materials to

determine the best wavelengths of operation, or the pre-

dominating impurities or defects.
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d. Find ways to purify the thin film materials during film

deposition using conventional methods. (Mass filtering,

velocity filtering, photo-purification, photodesorption,

etc.)

e. Try to have only compressive stress in the working

films.

Damage Characterization

Test films for damage, distortion, and environmental re-

sistance in eximer and free electron systems. Test in the com-

bined environment only and try to avoid detailed characteriza-

tion under partial conditions. Use actual conditions rather

than simulated conditions. Expose enough area to assure finding

any Echillies' heel.

Substrate Issues

I' a. Choose mirror material which can be polished and fabri-

cated into the lowest absorption highest thermal figure

of merit substrates. Scattering appears to be a less

* harmful condition than absorption.

b. Seek to match the thermal expansion coefficient and

elastic modulus of the mirror or window with the thin

films.

c. Consider carefully how to fabricate components which

operate at elevated temperatures.

'I LONG TERM EFFORTS (No priority apparent) (Basic Research)

a. Try to understand the reasons for columnar growth in

thin film materials.
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b. Try to understand the ways in which columnar growth con-

trols the optical and mechanical properties of thin film

coatings.

c. Study optical surface states and try to understand how

they are affected by common contaminants.

d. Study methods of film deposition to understand how de-

fects are generated in the film.

Progress in the above areas may come from a number of re-

search communities, including:

a. Electronic thin film preparation research

b. Electronic film characterization research

c. The rapid solidification powder program

d. Field ion microscope studies

e. Laser annealing for semiconductor, electronic or metal-

lurgical processing

f. Surface state characteration in UV and Visible

g. Synchrotron light source research

h. Studies of crystal morphology changes with impurities

i. Surface chemistry and photo-chemistry

j. Surface physics and vacuum science

k. Plasma physics

1. Molten state physics
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FREE ELECTRON LASER OPTICS FOR SPACE DEFENSE APPLICATIONS

C. M. Stickley

In the meeting on UV-visible laser coatings and reflec-

tors1 , the Materials Research Council was asked to address the

optics situation with respect to free electron lasers (FEL's).

The basic operating conditions are:

Wavelength 350-450nm

Pulselength 10-100 psec

Rep Rate 107 pps

Cavity Vacuum

The coasting requirements are:

Fluence 0.1 J/cm 2 (109 w/cm 2 peak)

Average incident power 10 6W/cm 2 set by electron

beam area and interest in

minimum resonator length

Reflectivity R>0.99; AR

Environment X-rays

The reader should review Ref. (1) (found elsewhere in

these MRC proceedings) since all of the recommendations and con-

clusions found therein pertain to FEL optics with the exception

of numbers one and seven. These differences will be discussed

below.

Taking the latter first, the seventh recommendation per-

tains to pulsed damage thresholds measured at microsecond

pulse lengths. The damage threshold is not an issue for FEL's
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since pulse energies of 0.1 J/cm 2 or smaller, even with pulse

durations of 10-100 psec, are insufficient to cause damage.

Going to the first conclusion in Ref. (1), for r 's

this should be restated as:

1. While there are no known fundamental limitations which

would prevent the attainment of films with the required

properties, there are immense practical limitations to re-

ducing the coating absorption b a factor of 1000 in order

to meet the stated requirements. Consideration should be

given to shifting the FEL wavelengths to 750-2000 nm.

The results of Spark's analysis of multi-layer die-

lectric mirror optical distortion, as presented at the meeting,

can be scaled directly with coating absorption: as A is reduced

from 5x10- , the allowed average incident power without undue

optical distortion rises proportionately. Thus, to handle the

requirement of 1MW/cm 2 rather than 1KW/cm 2 would require a coat-

6ing absorption reduction to 5x10 - . Clearly a break-through in

coating technology will be required to achieve this, especially

in the range of 350 to 450 nm.

Consideration should be given to moving the FEL wave-

length of operation to the 750-2000 nm region for the following

reasons:

1. Extrinsic absorption in coatings (and windows) through

electronic transitions in impurities is reduced in the near

infrared to 350-450 nm. 1
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2. High refractive index materials for coating stacks are

available in the near infrared resulting in the need for

many fewer layers to build up the reflectivity.

3. Allowable tolerances for optics fabrication (coating

uniformity, flatness, etc.) would be eased by a factor of

about 2.5, the ratio of the wavelengths.

4. Much of the very extensive R&D on polishing and coating

technology in the 1060 nm laser fusion program would be ap-

plicable to the FEL optics problem.

5. Diamond is a realistic candidate for a FEL window

material 2 due to its superior thermal conductivity.

Synthetic, inclusion-free diamond is available in 5 mm di-

ameter windows. Diamond will not be useful at 400 nm since

absorbing color centers are created at this wavelength.
3

This limitation on the use of diamond does not exist between

750 and 2000 nm. Assuming a laser power of 100 Kw, an ab-

sorption of 10-4cm -1 , a 0.1 cm thick window would require

the thermal contact to take away only 10 watts from the edge

of the window.

6. Substrates for partially transmitting mirrors have the

least absorption in the near IR range. This wavelength is

too short for multi-phonon absorption and too long for elec-

tronic and multi-photon absorption. Weak absorption through

overtones of molecular-ion-impurity vibrations is the domin-

ant mechanism in this wavelength range.
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7. Atmospheric transmission to space from a 3 km mountain

peak is about 0.4 at 350 nm, 0.6 at 450 nm, and 0.9 at 1060

nm.

Three counter arguments for going to the near IR are the

potential reduced coupling into laser hardening materials, the

increased size of optics at a longer wavelength, wavelength, and

a possible increased in jitter accompanying the increase in size

of the optics.

With respect to the first of these, future laser pro-

tective materials will probably be designable as broad-band

materials. Thus, the coupling differences might be minor. This

whole subject deserves much more consideration than it has cur-

rently received.

With respect to the possible need for an increase in the

size of the optics (and thus the cost) by the ratio of the wave-

lengths (say, 2.5) this will be so for diffraction-limited

beams, but not so for jitter-limited beams. That is, for a

wavelength of 400 nm, if the diffraction limited angle is 3x10- 8

radian, corresponding to a 4 meter aperture, but jitter in the

structure causes the beam to randomly move about (jitter) in a

10- 7 radian angle, then an increase in the wavelength by a

factor of 2.5 will not have to be accompanied by an increase in

the size of the final optic since the beam-spreading angle is

limited by jitter and not diffraction.

With respect to the third counter argument, there are in-

dications that the jitter of large systems gets worse rapidly
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with system size.' This would tend to favor UV wavelengths if

the reflectors are the dominant massive element in the space

system and if the jitter angle is less than the diffraction

angle. Materials can be developed which have high damping,

i.e., are effective in absorbing vibrations and thereby reducing

jitter. These issues need further examination also.
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MONOCLONAL ANTIBODIES AND THE DETECTION OF
BIOCHEMICAL WARFARE AGENTS BY NUCLEATION PROCESSES

H. Reiss

ABSTRACT

We have investigated a method in which antibodies, spe-

cific to biochemical warfare agents as antigens, are used in

conjunction with vapor phase nucleation to detect the biochemi-

cal aqent.

The general scheme involves a hypothetical, volatile

antibody which can be activated to bind to another antibody when

it binds to the antigen so that a polymer forms which can act as

a nucleating agent for a supersaturated "working" vapor such as

water. The detection mechanism involves the observation of the

liquid drops formed in this manner.

Leaving aside the question as to whether such antibodies

can ever be formed, and whether or-not they can be made specific

outside of aqueous solution, we evaluate the theoretical limits

of detection. We find that for reversible polymerization in-

volving binding energies typical of antibody-antigen bonds

(-5Kcal), such a method of detection would be so sensitive as to

impinge on the single molecule level.

On the other hand, there are problems which transcend

the production of suitable antibodies. These involve operation

of an "upward" diffusion cloud chamber in an "open" mode so that

the species to be detected can gain entry. The device in which
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detection would be accomplished is the diffusion cloud chamber.

It is pointed out that very high levels of sensitivity

in detection (and discrimination) have already been demonstrated

in connection with the method of photoinduced nucleation in

closed cloud chambers, and that the attempt to solve the

(probably solvable) problem of operation in the "open" mode

should begin with this process rather than the antibody-antigen

reaction. En fact, it is strongly recommended that such a pro-

gram be initiated. It is likely to be successful and very cost

effective.
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MONOCLONAL ANTIBODIES AND THE DETECTION OF
BIOCHEMICAL WARFARE AGENTS BY NUC-EATION PROCESSES

Howard Reiss

INTRODUCTION AND MODEL

The ideas in this study are highly speculative and the

analysis based on them is performed simply as a means of esti-

mating the magnitudes which would be required of certain criti-

cal parameters (binding energies, free energies, etc.) should

certain functional characteristics of antibodies or antibody-

like molecules become feasible. The author is at best an edu-

cated layman in the field of molecular biology and it remains

for more knowledgeable specialists to determine whether or not

any of the required functional characteristics can ever be real-

ized. With this massive disclaimer we proceed to the develop-

ment of the above mentioned ideas.

We have in mind a metastable supersaturated vapor, e.g.

water vapor, maintained indefinitely in that state. We would

like to have water drops nucleated within this vapor only on the

occasion that one or a small number of molecules of a biochemi-

cal agent enters the vapor. How this supersaturated state is to

be maintained and how we are to admit the biochemical agent

without triggering other processes leading to nucleation are

questions whose discussion we postpone until the final sections

of this study. Suffice it to say that they are difficult in

themselves (but are not beyond the possibility of practical

.isault).
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A more difficult question concerns how we manufacture

the nonoclonal antibody-like molecule. What we have in mind is

an antibody from which all but the specific antigen attachment

i1 segment has been removed. This in itself may be possible, al-

though the entire protein may be necessary before the specific

segment may be activated. Furthermore we would like the mole-

cule consisting of the specific segment to be small enough to be

volatile so that it can eventually be a component of the super-

saturated vapor. Unfortunately the "weak" forces ho1rlng the

antibody to the antigen may (besides those due to hydrogen

bonds) be either polar or hydrophobic or both. These will not

normally exist outside of aqueous solution, and so the method

may be infeasible at the outset.

On the other hand there is the possibility (somewhat re-

mote) that the process can be performed in supersaturated aque-

2ous solution where we would be looking for precipitate rather

than drops. In this report, however we restrict analysis to the

vapor case.

One final feature is required before we begin the analy-

sis. We want the antibody-like molecule to have a functional

group which may be activated to bind another antibody when the

antigen is bound to its first binding group. Thus if we repre-

sent an antigen by a triangle

= antigen

and an antibody by the symbol,

S= antibody,
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where the unopened "flaps" at the right end are to be noted, the

binding of the antigen may be diagrammed as follows

= antigen-antibody complex

where the opening of the "flaps" on the right is now to be

noted. The implication is that the formation of the antigen-

antibody complex activates the other end of the molecule so that

it may now combine with another antibody as follows

This and the previbus reactions are to be thought of as reversi-

ble. By a repetition of this process a polymeric species may be

generated. This polymeric species may eventually act as a

"foreign particle" assisting in the nucleation of the supersatu-

rated vapor within which both the antigen and the antibodies are

components.

The cooperative sort of interaction diagrammed above may

not be entirely beyond the realm of possibility. The coopera-

tive binding of oxygen by the four haems of the haemoglobin

molecule is an example of this kind of behavior.

THE EQUILIBRIUM POLYMERIZATION

We donote the partial pressure of the antigen (or con-

taminant) by Pc and that of the antigen by Pa. In addition the

partial pressure of a "polymer" containing n antibody molecules

will be denoted by Pn. We assume that all these gases behave

4ideally so that the respective chemical potentials are

73

.........



'c = 0 c+ RT l PC (1)

4a = 40 a +RT in Pa (2)

4n =9 0 n +RT lnPn (3)

where the ic0 , 9a 0 and 4n are the chemical potentials in the

standard state, i.e. one atmosphere, and R is the gas constant,

82.054 cm3 atm mole-1 deg-1. The absolute temperature is de-

noted by T. The law of mass action requires, at equilibrium,

that for the reaction

Mc + Ma = Ml (4)

(where the M's are stoichiometric formulas)

1= Ia + Lc (5)

and, in general, for

Mn-.l + Ma " Mn, (6)

that

j 4n I- La + 4'n-1 (7)

Substitution of Eqs. (1), (2), and (3) into Eqs. (5) and

(7) gives

-§a Pc = K 1 = e~GlR (8)

4 where

AG1
0 = 4lo 0 9'co 4a0  (9)

and

Pa Pn-l Kn =eA~
0 R (10)
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where

AGn °  
- °n-1 - Ia°  (11)

where the AG°s are the standard free energies of the reactions

(all reactants and products at one atmosphere), and the K's are

the equilibrium constants. We now make the simplification

(since we are only interested in orders of magnitude) that all

the AG°'s and hence all the K's are equal. Then the repetitive

application of Eq. (10) beginning with Eq. (8) yields

Pn = Pc(PaK)n (12)

It is convenient to use concentrations (moles cm- 3 ) in-

stead of pressures. Then, for the respective concentrations the

ideal gas law requires

Cc = Pc/RT (13)

Ca = Pc/RT (14)

Cn = Pn/RT (15)

Substitution of these equations into Eqs. (8), (10), and (12),

eliminating the pressures, gives

C1_ =RTK

Ca Cc (16)

Cn

Ca=Cn- RTK (17)

and

Cn = Cc(RTCaK)n (18)
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If the initial concentration of antiqen in the vapor

(before equilibration with antibody) is CC ° , then

Cco = Cc + C1 + C2 + ... C+ Cn (19)

n=l

Substituting eq (18) into this equation gives

C Cc {l + 7 (RTCaK)n} (20)

n=l

and therefore

cc°

CCc  (21)

1 + (RTCaK)n

n=l
If

RTCaK ) 1 (22)

the denominator of Eq. (21) diverges, and the system is polymer-

ized, essentially into the largest polymer. At the same time Cc

will be zero, i.e. there is no free antigen. If

RTCaK = PaK < 1 (23)

the denominator of Eq. (21) may be summed so that

PC
C= = Pc°/RT(I-PaK) (24)

or

Pc = Pc°(l-PaK) (25)

We shall be primarily interested in cases which conform to Eq.

(23).
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We return, for the moment, to Eq. (16) and consider a

value of K strong enough so that a fraction f of the antigen is

bound in M1 complexes at a fixed concentration Ca of antibody.

(It is assumed that the antibody concentration so exceeds the

antigen concentration, that Ca is unaffected by the complexa-

tion.) We also assume, just for the purpose of defining the

strength of K that a constraint exists, preventing the formation

of the higher order complexes M2 , M3 , etc. Then

C1 = f Cl °  (26)
and

Cc = (l-f)Cl °  (27)

Substitution of these equations into eq (16) then gives

f
= RTCaK = PaK (28)

Thus Pa K may be defined in terms of f.

Clearly, if f = 0.5 so that half of the antigen is

bound, PaK = 1 so that total polymerization will occur. If, for

example f = 0.2, then

PaK = 0.25 (29)

Furthermore, if Pa = 1 torr or 1.316x10- 3 atm, then

K0.25 = 190 (30)
1.316x10- 3

but

AGO = -RT ln K (31)

and at T - 300 0 K, this implies that

AGO = 3.13 Kcal (32)
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In Eq. (31) we use

R = 1.9872xi0 - 3 Kcal mole -1 deg -1  (33)

However in all other uses of R in this section, save for Eqs.

(8), (10) and (31), R = 82.054 cm 3 atm mole -1 deg -1 .

The value of AGO expressed by Eq. (32) is in the range

of the free energies characteristic of antibody-antigen binding.

It is even somewhat low, the more typical value being somewhat

in excess of 5 Kcal. Nevertheless, we see that with small

vapor pressures of antibody (-1 torr) reasonable binding frac-

tions of the order of f = 0.1 to 1.0, correspond to realistic

binding energies.

THE EQUILIBRIUM DISTRIBUTION OF EMBRYOS

In order to examine the role of the "polymers" of the

previous section in the nucleation process we need to consider a

specific system and also to choose a reasonable model for the

interaction of the polymer with the condensing or nucleating

vapor. Since we are only interested in order of magnitude re-

sults it is reasonable to keep things, in these respects, as

simple as possible. Thus, we will assume that the concentra-

tions of polymer species are so low that, in each developing

embryo, there is at most a single polymer molecule. The working

or condensing vapor we choose to be water. Furthermore, in the

interest of simplicity we assume that the "surface" free energy

of a single polymer molecule is identical to that of a water
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droplet and that the entity formed when water molecules condense

with a polymer molecule may be treated as liquid water condensed

on the polymer particle rather than as a binary solution of

water and polymer.

We even take further liberties. Thus, we treat a

polymer molecule containing n antibodies as a spherical drop of

water containing yn water molecules where y will generally be a

small number lying between 1 and 10. A polymer molecule upon

which j water molecules have condensed is treated as a water

drop containing j+yn water molecules.

If embryos containing more than one polymer molecule can

form this will only increase the efficiency of the polymer mole-

cules as nucleating agents, and therefore, the efficiency of de-

tection. We will, however, only consider vapors containing few

enough antigens so that the likelihood of this situation is re-

mote. We also ignore embryos which may contain antigen or un-

bound antibody.

We begin by following the standard practice of nuclea-

tion theory, deriving the equilibrium distribution of embryos.

The chemical potential per molecule of water monomers in the

vapor is denoted by 4w while in the bulk liquid (embryo) it will

be denoted by ow. We have already the molar chemical potential

of an n-polymer in Eq. (3), however, it is now convenient to

write it for a molecule and to express it in terms of the mole

fraction Xn of monomers in the vapor. Thus, we write it as:

0
'n =In + kTlnXn (33)
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where n is a function only of temperature and total pressure.

The chemical potential of the polymer in the embryo will differ

from that in the vapor in two respects. First, the free energy

of mixing, characterized by the term kTlnXn in Eq. (33), will be

absent, although it will, in essence be accounted for by the pro

per assignment of the free energy of mixing of the embryo it-

self, regarded as one of the vapor species. Second, the portion

of jin which is due to the surface free energy of the polymer is

subsumed into the total surface free energy of the drop.

Hence, this surface free energy should be subtracted in which

remains in order to obtain *n, the chemical potential in the

embryo. Thus:

n = 'n - surface free energy (34)

Since the surface of an n-mer is to be treated as though it were

the surface of a water droplet containing yn water molecules, we

have for the surface free energy;

surface free energy 4r a (35)

where r is the radius of the drop and a the surface tension of

water. Furthermore, if v is the volume per molecule in liquid

water;

r = (3 n 1/3 (36)

and so equation (35) becomes;

surface free energy = 4(4a(-Lv) (yn)2/3 (37)

and equation (34) becomes;
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O- 4 G (32/ 2 2/3 (38)

Now the free energy of an embryo containing an n-mer and

j water molecules is;

2/30 23/v 2/ 34n+j = On + Jow + 4,t(T .) (j+yn) (39)
~n4n

where the last term on the right is the surface free energy of

the embryo as a whole. We obtain 4n+j, the chemical potential

of the embryo regarded as a species of the vapor phase by adding
0

to In+j the appropriate entropy of mixing term, namely;

kTlnXn+ j  (40)

where Xn+j is the mole fraction of embryos in the vapor. Thus,

n+j = On + Jow + 4,i,(43v )2/ 3 (j+yn) 2 / 3+ kTlnXn+j (41)

Use of Eq. (38) turns this into;

_O2/3 2/23

+n+j = on w + 4it(4-v) (j+yn)2/3-(yn)2/3+ kTlnXn+j (42)

6The law of mass action for the equilibrium between

water molecules in the vapor, n-mers, and embryos is;

Ln+j Jxw + Tn (43)

Substitution of Eqs. (33) and (42) into this equation yields;

Xn+j = Xn eWn+j/kT (44)

81



where;
2/3
32 2 3 2/ 3

Wn+j = j(4w-4w) + 4 na( 3-v) [(j+n) (y) 2 (45)

is the free energy or reversible work of formation of the embryo

from n-mer and water molecules. Several convenient changes are

possible in Eqs. (44) and (45). In the first place we multiply

both side of Eq. (44) by the total number of molecules in a

cubic centimeter of vapor to obtain;

-Wn+j/kT
Nn+j = (46)

where Nn+j and Nn are the numbers of embryos and n-mers per

cubic centimeter, respectively. Second, we note that because

the vapor is assumed ideal we may write Lw in the form;

Bw = Sw(T) + kTinPw (47)

where Pw is the partial pressure of water in the vapor. If the

vapor is just saturated then w(sat), the chemical potential at

saturation, is, except for a very small term accounting for the

variation of pressure on the liquid, equal to 4w. Hence, we may

write;

4w(sat) = Bw(T) + kTlnPws = 6w (48)

where Pws is the saturation pressure, or equilibrium vapor pres-

sure, of water at temperature T. Eliminating Bw between Eqs.

(47) and (48) gives;

w-Pw = -kTlnS (49)
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where;

S = Pw/Pws (50)

and is the familiar "supersaturation".

Substitution of equation (49) into equation (45) gives;

Wn+j = -jkTlnS + a(j+yn)2 /3 -(yn) 2 / 3  (51)

where we have introduced;

4 3v 2/3
= 4it --) (52)

Combining Eqs. (46) and (51) we then have;

Nn+j = Nn exp{jlnS - -L (j+yn) 2 /3 (yn) 2/ 3 1 (53)

We not substitute Eq. (28) into Eqs. (12) and (25),

obtaining;
0

Pc(l-2f) f n

Pn f (54)

In Eqs. (12) and (25) the pressures are measured in atmospheres

so the pressures in Eqs. (54) are in atmospheres. However, the

same proportionality factor converts both sides of Eq. (54) into

any other units. Thus, Eq. (54) holds for any units. If, for

example, we use dyne cm- 2 and express k as erg molecule -  deg -

then Eq. (54) becomes;

Nn = c (1 i2 ) f n (55)kTf 1f
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where, again, Nn is in molecules cm- 3 and Pc° is expressed in

dyne cm- 2  If Pc° is expressed in torr we get;

1315.79Pc°(torr)(l-2f) f n
Nn = kTf -(56)

Substitution of this formula into Eq. (53) gives;

Nn+j = 1315.79Pc°(torr)(l-2f) f n S 2/3 2/3

kTf 1-f kTyn)

(57)

in which k is expressed in erg molecule -1 deg -1 .

This formula contains a hidden approximation which we

must still discuss. This is the fact that Eq. (25) which we

have used is based upon Eq. (19), which takes no account of the

polymers which are in embryos. Normally, only a small fraction

of polymers will be parts of embryos because the equilibrium

number of embryos will be much smaller than the total number of

polymers. For this reason we neglect this effect.

THE NUCLEATION RATE

The most modern procedure in nucleation theory recog-

nizes that the process is a kinetic, and not an equilibrium one,

and makes a real attempt to work with a non-equilibrium, steady

state distribution of embryos. This does not normally introduce

a substantial change into the predicted value of the critical

supersaturation Sc, i.e., the value of S at which catastrophic

collapse of the supersaturated state occurs, although it does

introduce a sizeable change in the actual rate of nucleation it-
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self. The more sophisticated theory is more complicated and,

indeed, very much more complicated, for a multi-component system

such as the one under investigation.
7

Consequently, since we will only be interested in evalu-

ating the critical supersaturation we will attempt the cruder

derivation of the nucleation rate, using only the equilibrium

distribution of embryos.

The general picture is as follows. For a supersaturated

system, Wn+j appearing in Eq. (51), when plotted as a function

of n and j, is a surface exhibiting a "ridge" over which the

embryos, on the way to becoming drops, must grow. The ridge is

characterized by the equation;

Wn+j) = 0 (58)

-- j=j*(n)

where j*(n) is the value of j at the ridge for each value of n.

We are approximating the integers j and n as continuous varia-

bles. The growth or "flow" over the ridge is very slow (until

the metastable state collapses) and so the embryos "behind" the

ridge are in quasi-equilibrium and are characterized by the

equilibrium distribution, Eq. (57).

Since each embryo can at the most contain only one poly-

mer molecule the growth must occur by the addition of water

molecules. The rate of nucleation is then determined by the

rate at which water molecules hit and stick to embryos on the

ridge. A ridge embryo which acquires a water molecule immedi-
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ately grows "downhill" on the free energy surface and becomes a

liquid drop. The ridge embryos are the nuclei and the rate of

drop formation is the rate of nucleation.

Consider a particular "ridge" embryo of size n+j*(n),

having an equilibrium concentration Nn+j*. The surface area of

such an embryo is;

2/3

4 n (-V) (j*+yn)2'3  (59)

If we assume (as is usual in nucleation theory) that the veloci-

ty distribution of water molecules is Maxwellian, the rate at

which water molecules strike one square centimeter of planar

surface is;

1315. 7 9 Pw
(60)

/2nmkT

where k is expressed in erg molecule-1 deg - I and Pw in torr.

The quantity m is the mass of the water molecule expressed in

grams. If we ignore the curvature of the embryo surface, the

rate at which embryos of size n+j* are hit by water molecules is

the product of the quantities in Eqs. (59) and (60). Further-

more, if it is assumed that every molecule that hits also

sticks, the rate of nucleation per cubic centimeter will be

given by the above product multiplied by Nn+j*, and summed over

n, in order to include the contributions of all the ridge

embryos. Thus, the nucleation rate per cubic centimeter is;

00 1 3 15 "7 9Pw 3v 2/3

Jc I 2,tmkT {4iT(-) (j*(n)+yn) 2 /3 }Nn+j*(n) (61)n=l /2nmVT
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However, this is only the nucleation rate due to antigen. There

is also a homogeneous nucleation rate characteristic of the pure

water vapor which exists independently of whether antigen is

present or not. This is obtained in a manner similar to that

which led to Eq. (61). In this case, however, we have only one

term to deal with rather than a sum since there is no n to con-

sider. In fact if we take a typical term of Eq. (61) and re-

place the bracketed factor by:

2 2/3 (62)

and Nn+j*(n) by;

1315.79Pw -Wj*/kT (63)

kT e

where again Pw is expressed in torr, and where Wj, is the re-

versible work of forming an embryo of j water molecules, we will

have the correct expression for nucleation in pure water vapor,

namely;

Jw 1315.79Pw {4 (3v) 2/3 (j*)2/3 1 Nj* (64)

,/T4mkT
Now ;

Wj = -kTjlnS + aj 2 3  (65)

where;
3v/2

a=4nTIr ) "  j (66)

and j is determined as the root of;

aw---j=j, 0 (67)

87



The total rate of nucleation is then:

J = Jc+Jw (68)

To put all this together, we require both j*(n) and j*.

Substituting Eq. (51) into Eq. (58), and Eq. (65) into Eq. (67),

and solving for the respective roots gives

2a 3j*(n) = 3--n (69)

and;
2 3

*= (3kTnS) (70)

If we substitute these expressions back into Eqs. (51), and

(65), respectively, we obtain;

Wn+j*(n) - ynkTlnS - a(yn)2/3 + Y (3Yns) (71)

and ;2
Wj, 2a 2 (72)

3 (3kTlnS)

Substitution of Eqs. (71) and (72) into Eqs. (57) and

(63) and of the results into Eqs. (61) and (64), in which we

also separately use Eqs. (71) and (72), and, finally, substitu-

tion of Eqs. (61) and (64) into Eqs. (68), gives;

1315.79Pw 2
J2 mT 3kTlnS)

1 2c 2

1315.79 Pw -3kT 3kTIFS)111.kT e 
(

(73)

1 2 21315.79 Pc°(l-2f) - -7- (1 T-rS
+ kTf e
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'L-( yn) 2/3f ]n kT 7 ) /

in which all the pressures are expressed in torr and k in erg

molecule -  deg -

J varies so rapidly with S as the critical supersatura-

tion, Sc, is approached that the point of collapse of metasta-

bility may be chosen without loss of accuracy to be simply at J

equal to unity. Then one sets J = 1 in Eq. (73) and simply

solves for the root S which satisifies the resulting equation.

f iThis value of S is the critical supersaturation, Sc . The criti-

cal supersaturation in the absence of antigen, i.e., for pure

water vapor is obtained by setting J = 1 and Pc0 = 0, in Eq.

(73), solving again for Sc as the root of the resulting equa-

tion.

Actually Eq. (73) can be simplified by treating n as a

continuous variable and replacing the sum by an integral. Then

it turns out that the integral can be evaluated by a peak inte-

gration. To simplify the notation we write:

f k(74)

(i-f)sY

Then, the sum in Eq. (73) may be expressed as:

I exp {nlnx + - (yn) 2/3} (75)
n=l

or, by the integral:

exp {nlnx + -- (yn) 2 /3 }dn (76)
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The exponent in Eq. (76) has a maximum at:

n 1) 2 (77)
3kT in -

and the integrand, a sharp maximum. We expand the exponentI2
about n*, keeping only terms as far as the one in (n-n*)2 . The

limits of integration can now be chosen as -- to for n-n*

without appreciable error. The integrand becomes a Gaussian,

and the result for I is:

2/3 1/23 2
!i ! I ~ ~2(2y it /kT)I2- 1

2 3 (lnx) exp{( 2) n ) 2  (78).3 (Ink)2 !Sk Ik

Replacing the sum in Eq. (73) by I, eliminating X by

Eq. (74), and writing Pw in the form:

Pw = SPws (79)

where Pws is the saturation pressure of water, we obtain:

1315.79SPws f 2a 2

V T2vmk T a 3Ri-n-S)

131 .92c 2
3 - 3kTlnS)t £T e

(80)

1315.79Pc(2f) - aa 3kTlnS)2
+ kT(l-f) e

T /2 2a 2 2my 2•3 y. . ) exp[T- ( ) ]}
[(l-f)S7 [(Il-ff)S Y

3Tn3kTln
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Again, we obtain Sc from the root of this equation with J set

equal to unity.

APPLICATION

In this section we apply Eq. (80) to some typical sys-

tems and discuss the results. We choose a system in which the

partial pressure of antibody is low enough to be ignored in the

nucleation process (but not in the polymer equilibrium) so that

the theory of the preceding sections will be valid. This means

that we do not (as we have not considered) consider the possi-

bility of binary nuclei containing no polymers but only water

and antibody. A suitably low partial pressure in this respect

is:
P= 0.1 torr = l.316x104 atm. (81)

Since water vapor pressures in the system, as we shall see, will

be generally of the order of 60 torr, Pa will be only l.67xl10 3

of this value. Equations (28) and (31) then require the follow-

ing free energy of binding (Table 1) in order to establish vari-

ous values of f at T = 300 0K.

If Table 1

Temperature =300 0 K

f A GO (Kcal)

0.1 I 4.017

0.3 I 4.822

0.4 I 5.085
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at 300OK:

Pws = 26.7 torr (82)

T = 72 dynes/cm (83)

v = 3x10-2 3 cm 3  (84)

Furthermore, we choose:

y = 3 (85)

and we also have:

m=3x10- 23 g (86)

We have substituted these values into Eq. (80), set J=l, and

solved for the root Sc corresponding to various choices of f and

Pc° . The results are listed in Table 2.

If Pc0 is set equal to zero in Eq. (80) then we have the

case of homogeneous nucleation of pure water vapor. At 300 0 K,

given the parameters of Eqs. (82) through Eq. (86), it turns out

that:

Sc(pure H20) = 3.05 (87)

None of the entries for Sc in Table 2 are as high as this so

that, in principle, we should be able to detect the antigen at

the specified levels of Pc° by the drops which it causes to

appear when S=S c . To form some idea of concentrations of

antigen involved, we should note that Pc° = 10- torr corre-

sponds to 3.1Sx10 - 8 molecules of antigen per cubic centimeter

while 10-  torr represents 3.18 molecules per cubic centimeter.

Thus, if the hypothetical system could be created, the detecta-

bility available in Table 2 extends down to the single molecule
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Table 2

jPa (torr) AGO(kcal) f Pc0 (torr) Sc

0.1 4.017 0.1 2.717x10-8  2.9

0.1 4.017 0.1 2.844xl0-9  3.0

I0.1 4.822 0.3 1.356xl10 8  2.4

I0.1 4.822 0.3 9.757x101 1  2.5

0.1 4.822 0.3 1.706x101 2  2.6

0.1 4.822 0.3 3.516x10-15  2,8

0.1 4.822 0.3 3.196x10-16  2.9

0.1 5.085 0.4 3.910x10-10  2.1

0.1 5.085 0.4 7.876xl 13 2.2

0.1 5.085 0.4 6.806x10-1 5  2.3

0.1 5.085 0.4 1.629x10:6  2.4
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f/

level. The last entry in the table indicates that at Sc = 2.4 a

Pc° of 1.629x10 " 1 6 can be detected. This corresponds to about

five molecules for cubic centimeter.

SOME CAVEATS

We conclude this analysis with a discussion of the

problems which are bound to arise in an attempt to actually

realize the scheme so far discussed. The problems are multiple

and difficult. Some of them are not beyond solution; others may

be.

The author is not an expert in molecular biology, but it

appears to him that the most diffcult problem involves the pro-

duction of an antibody fragment which will retain its specifici-

ty for the antigen, be easily vaporizable, and also be capable

of activation so that the process of polymerization can occur.

A fundamental difficulty in this respect is the fact that the

mechanism of specificity almost certainly involves, among other

things, hydrophobic bonding which will be largely absent in the

vapor, but may be present in a developing embryo which has some

of the characteristics of an elementary aqueous solution.

A somewhat qualitative by-product of this analysis based

on the demonstrated sensitivity of the method in the vapor, is

the likehood that the process could be carried out in super-

saturated aqueous solution rather than in the vapor. However,

the physical problems of instrumentation, maintenance of long

term supersaturation, and avoidance of false alarms make this
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possibility a question for an entirely separate anlaysis which

we do not attempt here.

However, beyond the problem of securing the antibody

there are others which, though probab-y solvable, are by no

means simple. The apparatus within which the vapor process is

envisioned to occur is an "upward" diffusion cloud chamber. 8

This instrument is indeed capable of maintaining steady states

of supersaturation for indefinite periods of time. This is a

demonstrated fact. Very high levels of detection sensitivity,

in a microanalytical sense, have also been demonstrated for this

apparatus. 9 '101 So the capability to detect is also a fact.

However, all of this detection has been limited to a closed sys-

tem, and this restriction would have to be removed before the

device could be used to monitor the environment.

To understand all of this, it is necessary to have a

rough picture of the cloud chamber configuration. It usually

consists of two circular metal plates separated vertically by a

glass cylinder which may have optical windows and ports (for the

addition and removal of gases and liquids) in it. The tempera-

tures of the plates can be individually controlled. A shallow

pool of working fluid (e.g., water) lies on the bottom plate.

The space above the fluid contains an inert gas such as helium

at a pressure of about one atmosphere. The lower plate is

maintained at a higher temperature than the upper one. Hence,

the system is heated from below, and the working liquid evapor-

ates from the pool, diffuses through the helium, and condenses
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on the cooler plate, above, where it drains to the glass cylin-

der and returns to the pool. It is this "upward" diffusion of

working vapor which gives rise to the word "upward" in the de-

scription of the apparatus.

Heating from below introduces the possibility of dele-

terious convection, and special precautions are necessary to

avoid this phenomenon. Convection problems have, however, been

solved. The use of a light inert gas such as helium is part of

the solution, taking advantage of the fact that the lower and

warmer regions of the vapor will be mass loaded with the heavier

molecules of the working fluid. Another part of the solution

involves establishing conditions in the pool such that the first

critical Raleigh number is not exceeded.

In any event, a scenario can be established in which a

steady state of upward diffusion and reflux of the working fluid

occurs such that steady gradients of temperature and partial

pressure of working vapor occur. These gradients combine to

produce a steady state of supersaturation for the working vapor

which has its maximum at an elevation lying about three-quarters

of the distance between the plates.

A key feature of the chamber is that it is "self-

cleaning". Thus, if "particles" which can act as heterogeneous

nuclei are present they are encapsulated by drops and fall-out

of the vapor. Clearly this phenomenon is facilitated

by the closedness of the chamber. To a certain extent, the con-

trol of convection is also made possible by the closedness of

the system.
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However, in order to perform chemical analysis it is

necessary to open the system, so as to allow the species to be

detected to enter. This leads to the possibility of introducing

new and additional heterogeneous nuclei as well as to the initi-

ation of convection. It is very probable that additional nuclei

can be removed by modern methods of filtration, but the "upward"

configuration is inherently so unstable that the avoidance of

convection is another matter. On the other hand, some prelimi-

nary experiments have been performed with very slow flows (e.g.,

one cubic centimeter per minute in a two liter chamber) which

indicates that the convection problem can also be solved.

If one wished to monitor multiple antigens, it would be

necessary to include in the chamber vapors, an array of anti-

bodies whose specificities cover the range of antigens involved.

Aside from producing the antibodies, there is no additional

problem associated with such multiple detection. However, one

could not distinguish between the various antigens in this

manner. Discrimination would require a separate chamber for

each antigen. On the other hand, the cloud chamber would most

likely be used as a stationary, rear zone, monitor and such

duplication should also not pose a serious problem.

L4 Up until now, detection in closed cloud chambers has

been limited to methods involving photoinduced nucleation. In

these methods the species to be detected is induced to undergo

photo-chemical conversion through irradiation with light of de-

jfinite wavelength. The photochemical product is a molecule
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* (e.g., a polymer, but also non-polymer species) of low volatili-

ty which can nucleate drops in the supersaturated working vapor.

These drops are detected by light scattered from them.

Specificity is achieved by selecting the wavelength of the light

to match the photochemistry of the species to be detected.

Thus, discrimination between multiple species is achievable in a

single chamber.

Since photo induced nucleation is a demonstrated method

of detection it would probably be useful to develop the "open"

mode for the chamber by concentrating first on detection using

this phenomenon. It may itself, rather than the antibody

scheme, provide the ultimate method for delection of biochemical

warfare agents. Later, if antibody-like molecules can be pro-

duced, the lessons learned about "open" operation can be trans-

ferred to that method.

As a matter of fact, since almost nothing is known about

the "open" mode and since the capability of detection has al-

ready been demonstrated in the "closed" mode, it would be very

useful to initiate a project, at this time, aimed at investi-

gating the "open" mode. It would not be very expensive, and al-

most certainly cost effective.
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AN EVALUATION OF SEMI-CONDUCTING BIO-SYSTEMS
AS DETECTORS FOR CHEMICAL AGENTS

A. H. Francis

INTRODUCTION

The organo-phosphorus chemical warfare agents (nerve

agents) are known to act strongly against the human cholinergic

nervous system. The organo-phosphorus agents, as a class of

chemicals, are strong phosphorylating agents which react with

the hydrolytic enzymes (peptidases and esterases) containing the

serine amino acid residue(I) in the catalytically active site

0
II I

I. -C-jNH-CH--C-I-NH-
I I I

CH 2  I
1 I I
OH

The normal enzymatic function, hydrolysis of the neuro-

transmitter acetylcholine( II ), is effectively blocked by the

irreversible phosphorylation of the serine hydroxyl group(III).

0

+ (CH 3 )3 NCH 2CH 2CH 2-C-OCH 3 4 I +(CH 3 )3NCH 2CH 2OH
II. OH O-CCH 3

acetylcholineil choline
0

0

R-P-OR + + HX

III. OH I O-P-OR"
x i

100 1
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It is desired to obtain a detector for organo-phosphorus

nerve agents which utilizes their characteristic anti-colergenic

behavior. It has been suggested that such a detector might use-

fully employ protein substrates to obtain some degree of selec-

tivity toward nerve agents. Further, it is suggested that the

semi-conducting properties of biological materials such as pro-

teins might be sensitive to surface or bulk chemi-sorption of

organo-phosphorus compounds. Changes in the dielectric constant

or the conductivity of the protein could then be used to indi-

cate the presence of nerve agent. In the following sections,

several aspects of this approach are developed in greater

detail.

LITERATURE BACKGROUND

There is a considerable literature dealing with the

semi-conductivity of biological materials, which is part of the

larger subject of the semi-conductivity of organic materials. A

great variety of organic materials behave as semiconductors in

the restricted sense that the conductivity increases expo-

nentially with increasing temperature according to Eq. 1.

p p0 e-E/kt

where E is the "band gap". It should be emphasized that this

behavior does not in itself establish the existence of a semi-

conducting "band gap" in organic materials since a great many

I processes in materials exhibit exponential behavior (i.e., acti-

vated hopping conduction).
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TABLE I

Effect of gas adsorption on conductivity of molecular solids
(majority charge carrier = holes).

Gas I Type IConductivity Change

NO2  I strong Ireversible decrease

Cl2  Iacceptor

02

12I

NO I weak Ireversible decrease

SO2  Iacceptor

HC1

HCNI

BF3

N2

C02  I neutral
I none

A I behavior

I II

(CH3 )3P II

NH3 I

(CH3 )3N I

C2H50H Iweak donor Ireversible increase

(CH3 )2C0

H20I

(C2 H5 )20 I
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Organic Molecular Solids

The specific conductivity of most organic molecular

solids (i.e., anthracene, naphthalene, etc.) is extremely small.

Direct measurement methods yield po values of order 10-18 ohm-

1cm-1 . There is substantial evidence, however, that the conduc-

tivity is dominated by carrier injection from the electrical

contacts employed. When 'contactless' measurements of conduc-

tivity have been made, values of p0 are typically -10-20 ohm-

1 cm- 1 .

The activation energies for organic semi-conductors vary

over a wide range (1-3eV) and are strongly dependent upon chemi-

cal and mechanical composition. Additionally, it is important

to note that the activation energy for surface conduction is

typically considerably smaller for bulk conduction.

In view of the extremely low conductivity of most or-

ganic semiconductors, it has been widely held that semiconduc-

tion in these materials is extrinsic, since it is extremely dif-

ficult to achieve the levels of chemical purity necessary to

eliminate extrinsic charge carriers at these low levels. More-

over, electrode injection, as noted above, may contribute ex-

trinsic charge carriers. The results of several measurements on

the sensitivity of organic semiconductivity to adsorbed gases

support this point of view. When the majority carriers are

electrons, electron donating gases increase conductivity and

electron accepting gases decrease conductivity. When the major-

ity carriers are holes, the behavior is reversed. The process
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is represented schematically below.

+ N(CH 3 )3  NO 2

Electron donating Electron accepting

For strong electron acceptors/donors, the semiconductivity is

effected irreversibly, while for weaker acceptors./donors, the

effect is reversible upon desorption of the gas. Finally, ad-

sorption of some gases has no appreciable effect on the conduc-

tivity. Experimental results 2 for several gases are summarized

in Table I.

Semi-conductivity in organic materials appears to be

quite general and largely independent of the physical/mechanical

properties of the sample. Thus, semiconducting behavior is ex-

hibited by vitreous, amorphous, crystalline and many polymeric

organic materials. The range of organic semiconducting behavior

is illustrated by the experimental data1 in Table II.

It is not clear from the available experimental evidence

whether gas adsorption effects conductivity solely through

carrier (electron or hole) injection. Gas adsorption may effect

directly the mechanism of intrinsic charge carrier production. 3

Generally, the effect of gas pressure on conductivity

has been found to follow a Langmuir isotherm indicating that one

type of chemisorption site usually dominates and that the effect

is saturated with monolayer coverage. It is significant that
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TABLE II

KSemiconducting parameters for some selected organic Materials

Material E(eV) po(ohmrlcm-1) j(CM2V-sec-l)

polyglycine 1.5 2x106

5-protein 1.4 -1lO+18 104

hemoglobin 1.4 4X104

anthracene 1.4 1X10 2  3

Nucleic Acid 1.2 3X10 3

heme 1.6xl1- 3

Phthalocycnine 0;..F 8x100  2
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only small changes in conductivity upon surface adsorption re-

sult when the number of bulk charge carriers is large compared

to the number of surface adsorbed species.

Correlations have been demonstrated between the number

of -electrons and the resistivity of an organic semiconductor.

Generally, the activation energy decreases with an increase in

the number of delocalized n electrons in the molecular unit. A

simple model for organic semiconductivity has been developed
4

which invokes tunnelling by electrons and holes through the

potential barriers between non-bonded molecular units and free

conduction within the delocalized i-electronic structure of the

molecular units themselves.

Bio-Materials

Semi-conductivity in proteins and amino-acids has been in-

vestigated by Eley and his coworkers 5 and in serum albumin by

Douzou and Thuillier.6 Dry amino-acids and proteins behave

like semi-conductors with energy gaps in the range 1.2-1.5 eV

and resistivities typically 1018 ohm-cm. Conductivity is assoc-

iated with i-electrons moving in the C=O...H-N bridges which are

a common feature of most proteins. Thus, the conductivity of

glycine is greater parallel to the hydrogen bonds than perpen-

dicular (See IV).

Molecular orbital theory has been used to calculate the

band structure of electrons moving in the hydrogen bonded system

of a p-protein (IV).
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/ I
--- O=C NH---\ /

NH---O=C/x
IV. R-CH CH-R\ /

C=O---HN/\
-- HN C=O--\ /

The energy levels fall into three narrow bands (-0.2 eV) the

lower two are filled and the upper is empty. 7  If nitrogen is

assumed to have an sp 2 hybridization a 1.50 eV bandgap is calcu-

lated in good agreement with experiment.

Adsorbed water strongly effects the semiconducting be-

havior of proteins, principally by decreasing the apparent band-

gap. Thus, it has been suggested that the dominant charge

carriers may be protons associated with water molecules struc-

turally bound to the protein. The chemi-sorption of small

amounts of electron acceptors on n-type semiconducting proteins

is known to effect conduction dramatically by hole injection

leading to p-type conduction.

Electron mobilities which have been reported for many pro-

teins are unexpectedly large (10 4 cm 2/V sec). According to the

band model applied to semi-conducting proteins, electrons and

holes move with high mobility within the protein molecular unit

and make tunnelling transitions through the potential barrier

between non-bonded units. In this manner rather large charge

displacements and high mobilities are achieved (See Table II).
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1.5eV

H-N-C=O ........ (H-N-C=O) ........
H I HI n

R R

Polymers

Semi-conducting behavior has been observed in a great many

polymeric materials. Strong surface adsorption properties are

possessed by many polymers which are exploited in a variety of

specific applications (extraction, ion-exchange, etc.). More-

over, in many polymers adsorption is accompanied by a change in

electrical conductivity.

For example, the adsorption of H20 or H2S on p-type poly-

phthalocyanine results in electron donation from the adsorbate

to the polymer which then becomes n-type. Chemisorption of

molecular iodine on n-type polypyrrole converts it to p-type be-

havior while adsorption of H20 enhances its n-type character-

istics. As with adsorption on inorganic semiconductors, there

is considerable synergism and addition at one site makes more

difficult removal from or addition to another. For example, ad-

sorption of hydrogen by polymers containing sp2 non-bonding
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electron pairs (polypyrroles, polypyridines, polyimidazoles) in-

hibits further electrophilic attack by delocalization of the

positive charge.

H

.... N N

-------------------------+-------------------

Similar effects may be observed for acidic groups. The general

behavior is similar to the transfer of electrons from donor site

to acceptor site through the conducting network of many carbons

(chars, blacks, coals, etc.) Little use appears to have been

made of these effects either scientifically or technologically.

Evaluation

There are a variety of scientific and technological

problems associated with the development of an electronic chemi-

cal sensor (ECS). A useful ECS must ultimately control a spe-

cific electronic process by a specific chemical process, and,

therefore, both chemical and electrical structures are in-

volved.

Electronic Structure: Several electronic structures have been

employed successfully in ECS devices and the entire field of

ti chemical effects in electronic devices has recently been re-

viewed. 8 Chemical field effect transistors (CFET) and ion

specific electrodes are two well-known examples. The principal

advantage of ECS devices is their relatively low cost and sim-

plicity of design. As an electronic structure, the CFET is a
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high impedance, capacitative device and is susceptible to elec-

tronic interferences. This is not regarded as a major opera-

tional difficulty. The CFET functions by adsorption of the tar-

get chemical in the gate region of a conventional FET structure.

Chemi-sorption must result in the flow of a small displacement

current, in order to create a displacement field at the gate.

To achieve this result, the chemical structure at the absorbing

surface must be carefully designed. The selective detection of

the ions of potassium and hydrogen in solution using a CFET has

been demonstrated. Selectivity with respect to hydrogen is

achieved by coating the gate region of the device with palladium

which is selectively permeable to H2 . Neutral carrier molecules

(crown ethers) have been utilized in a CFET sensitive to po-

tassium ion. Selectivity toward large molecules will undoubted-

ly require more complicated chemical structures. Work to date

using CFET detectors has concentrated on the measurement of con-

centrations in aqueous solution. Adsorption from solution is a

far more selective process than adsorption from a gas as a re-

sult of solvent-solute interactions. Thus, the demonstration of

specificity in the gas phase CFET is likely to be more diffi-

cult.

Chemical Structure

The major difficulties in the de.eLopment of ECS devices

appears to be in the development of a chemical structure which

will:
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1. Selectively immobilize the target molecule.

2. Provide the necessary "interface" to the electronic

structure through membrane polarization, charge carrier injec-

tion or structural modification of the conductivity. The

principal advantage attached to the use of semiconducting or-

ganic materials is the integration of the chemical and electron-

ic structures. The electrical properties of organic semi-

conductors outlined in the previous section would permit con-

struction of a variety of high impedance ECS devices.

Aside from the question of long term chemical stability of

the devices and the need for specialized associated electronics

to properly interface the high impedance sources, the principal

limitation on the use of organic semi-conductors would appear to

be in attaining the desired selectivity toward nerve agents. A

rather wide variety of chemicals will produce a change in con-

ductivity (see Table I) and it is likely that only a crade oe-

lineation between them could be obtained by this means. &ydor-

carbons, for example, would be unlikely to provide inter-

ferences. The common atmospheric pollutants (NO, NO2 , SO2 , 02,

03, etc.) are generally electrophilic and could be distinguished

from the nucleophilic nerve agents. Ammonia, amines and

alcohols, however, present potential interferences (see Table

I). Generally, there is no great selectivity in absorption of

gases on a solid surface, particularly when the gases are near

saturation concentrations. There would appear to be no real ad-

vantage to the use of biological rather than synthetic polymer
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semi-conductors, the major requirement b-inq only that the sur-

face have a high density of basic groups. There is no reason to

believe that the serine reside exhibits selectivity toward

phosphorylation by nerve agents.

In order to improve selectivity and prevent surface con-

tamination of the semi-conducting element the device would

probably require pre-filtering by a selectively permeable mem-

brane.

The pesticide/herbicide literature is quite extensive and

contains detailed experimental and theoretical consideration of

adsorption, diffusion and permeation by classes of chemicals

closely related to the organo-phosphorus nerve agents

(malathion, parathion, acephate, schradan, etc.). A recent ex-

tensive treatment of the dynamics of pesticides in relation to

biological response has been given by G. S. Hartley and I. J.

Graham-Bryce 9 .

Generally, membrane diffusion is highly temperature-

sensitive, concentration dependent and subject to co-penetrant

interferences. When the molecular weight of the polymer mono-

meric unit is large compared to that of the penetrant, consider-

able variation in diffusion constants can be achieved among dif-

ferent penetrants. The data assembled in Table III is repre-

sentative of the dependence of the diffusion constant on the

molecular weight and geometry of the penetrant. It has been

shown:

112

iL ,± , - -....... _ _



TABLE III

Penetrant Mol. wt. D(CM2 /secx 1O9 )

propane 44 4.81

n-butane 58 3.24

n-pentane 72 2.64

iso-pentane 72 1.32

iso-butane 58 1.45

neo-pentane 72 0.62
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that the mobility of organo-phosphorus compounds in certain

polymeric materials decreases among isomeric butyl compounds as

normal>secondary>iso>tert, 60:40:20:1. If it is assumed that the

penetrant diffuses downward from a boundary plane through a ma-

terial thickness d and that the concentration at the surface

(CO) is constant in time, then the mass of penetrant per unit

area (M) reaching the detector at steady state depends linearly

on the diffusion constant (M).

M = CODt/d (2)

Therefore, a selectivity of 60:1 in favor of normal butyl organo

phosphorus compounds over the tertiary butyl derivatives could

be achieved in the absence of co-penetrant effects.

The critical dependence of D upon polymer type is illus-

trated by the diffusion of water in polyethylene (3000xl0- 9

cm 2/sec), collagen (0.5x10- 9 cm 2/sec) and PTFE (0.06x10- 9

cM 2/sec). The concentration of penetrant at the detector from a

limited surface source obeys equation (3).

M0  e-d 2/4DtC MO (3)
VDt

where MO is the original mass of penetrant per unit surface area

(dose). The concentration at the detector reaches its maximum

value in a characteristic time T given by

:1= d2/2D (4)

which is the limiting resporse time for the ECS device. Using
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the data for water diffusion given above and d = 2.5xl0- 3 (1

mil), the response times for polyethylene (1.08 sec) collagen

(1.8 hour) and PTFE (14 hour) are sufficiently dissimilar to

permit selective identification.
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ASSESSMENT OF DOD NEEDS FOR A SYNCHROTRON RADIATION SOURCE

H. Ehrenreich, T. C. McGill, and G. H. Vineyard

INTRODUCT ION

A request to MRC fo~r a review of the usefulness of syn-

chrotron radiation as an analytical tool to solve problems of

importance to DOD was addressed by a meeting organized by W. E.

Spicer (Stanford) and held on 9-10 July 1981. An agenda for the

meeting and a list of MRC members in attendance is appended to

this report.

The questions to be considered by MRC were outlined by

S. Roosild: (1) What can synchrotron radiation do for the ad-

vancement of materials science? (2) What are DOD's needs for

synchrotron facilities with respect to source characteristics

and in terms of geographic considerations? These questions were

answered at least in part during the course of the meeting. The

first was given in terms of a number of specific examples taken

from work performed at SSRL, Stanford. The "most desirable"

source characteristics depend of course on the experiment under

consideration. The machine operated by the Stanford Synchrotron

Laboratory is versatile, having a spectral range (-3-104 eV)

which extends from the U V through the X-ray UV (XUV) to the X-

ray range. A large amount of significant data has been obtained

dealing with a variety of physical systems and phenomena.

As the only machine on the US West Coast, its geo-

graphical location is of considerable importance to the very
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active user community in that part of the country. In view of

the many groups dealing with semiconductor problems, a relative

emphasis on the latter in the presentations was not surprising.

Because SPEAR is not fully dedicated to the production

of synchrotron radiation and because of the number of scientists

wishing to use SSRL for projects of direct interest to DOD is

larger than that which can be accomodated, the MRC was asked to

comment about the advisability of setting up a DoD funded UV and

XUV line. Among, the factors to be considered are:

1. The magnitude of the DoD need.

* to what degree are proposed experiments crucial

* are the geographical considerations compelling

2. The merits of SSRL relative to other facilities that are

presently or will become available at Brookhaven,

Cornell, Wisconsin, and NBS with respect to

e spectral range and intensity

* user mode

* accessability

3. The use of the necessary funds ($2M in capital expenses

and $1/4M per year operating expenses) for a central DoD

facility at SSRL or individually funded projects at SSRL

and other available facilities.

Based on the presented material at the workshop it is possible

to comment concerning the first point. The second is more dif-

ficult since the relative merits of various facilities were not

assessed during the meeting, even though members of some of the
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other organizations were present (G. Lapeyere, Stoughton, and G.

Vineyard, MRC and Brookhaven). This question might be addressed

by a sufficiently broadly based panel of synchrotron radiation

experts who can supply additional input to hat contained in the

present report. Concerning the third question, it can be argued

that the user community on the West Coast is sufficiently di-

verse and able that this facility will be useful, and probably

essential in a number of ways.

TECHNICAL AND SCIENTIFIC ISSUES

Some of the uses of SSRL of present and potential

interest to DoD were well described during the course of the

meeting. The primary use of the intense continuous source of UV

and XUV radiation from the SSRL source has involved the study of

surface and interface phenomena, particularly in semiconductors.

The program has had major impact in the DoD program to evaluate

the application of various 3-5 semiconductors (e.g., GaAs and

InP) in the fabrication of high speed electronic and opto-

electronic devices.

W. E. Spicer reviewed his group's contribution to the

development of a microscopic model for Fermi level pinning by

surface or interface states, which is one crucial determinant of

semiconductor device performance and reliability. The Fermi

level pinning position in GaAs is responsible for the as yet

limited success in fabricating Schottky barrier field effect

transistors in GaAs. By contrast, in InP the pinning position
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is such that the likelihood of fabricating metal-insulator semi-

conductor field effect transistors is very promising. The SSRL

experiments performed in this connection have been most useful

in elucidating the features of the interface structure responsi-

ble for the Fermi level pinning.

R. S. Bauer (Xerox) described his work on the oxidation

of Si and the formation of heterostructures between two semi-

conductors (e.g., Ge/GaAs). Synchrotron radiation (SR) was used

to excite core electrons into the vacuum where they were de-

tected and energy analyzed. Secause of the short electron mean

free paths for ejection, this spectroscopy is very surface sen-

sitive. Thus the presence of a signal from a given core level

provides a unique signature for the presence of an atomic

species at or near the surface.

The shift in the position of the core levels gives in-

formation about the character of the chemical binding in which

the atom is participating. By use of this spectroscopy, Bauer

and coworkers have been able to obtain information about the

initial stages of oxidation of Si and the growth and interface

properties of Ge-GaAs semiconductor-semiconductor interface.

M. Knotek of Sandia Laboratories described his work on

photon stimulated desorption spectroscopy. In this technique SR

is used to produce a core level excitation which results in the

desorption of a specific ion species that is subsequently de-

tected. This spectroscopy permits the identification of atomic

species residue on the surface. Knotek has applied it to a
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number of materials which are of importance in catalysis, cor-

rosion, laser windows, and electronics.

V. Rehn of the Naval Weapons Center described the use of

SR to carry out diagnostics relevant to laser optics. Radiation

at about 300 eV has been used to make measurements of the

scattering from surface roughness of metallic mirrors. This ex-

periment has allowed the verification of theoretical methods for

treating the scattering from metallic mirrors. It has also pro-

vided information of the surface roughness of these materials.

Rehn also described the use of SR to measure the optical proper-

ties of materials that are candidates for use as optical compo-

nents in UV laser systems. Finally, he reported use of SR and

photon stimulated description to characterize the impurities

present on the surface of superconducting metals, which are of

interest in the Josephson junction technology.

D. Shirley (Berkeley and LBL) discussed the use of XUV

synchrotron radiation to measure the normal photoelectron dif-

fraction which provides structural information on surface ad-

sorbed species. To date the technique has been applied to atoms

and small molecules on the surfaces of transition metals (CO on

tungsten). However, the technique could be applied very fruit-

fully to a more extensive set of substrates and overlayers of

interest in semiconductor, corrosion, and catalytic science.

operational and Scheduling Difficulties at SSRLIThe present facility at SSRL is funded by the National

Science Foundation. The facilities for UV and XUV are in great
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demand. The present procedure requires the submission of a pro-

posal for each project. The proposal is refereed on the basis

of scientific merit only (as opposed, for example, to techno-

logical utility). Time is awarded on the basis of proposal

review. Because of the shortage of facilities many very good to

good proposals have to be rejected. Proposals totalling 2 to 3

times the available time have received acceptable reviews.

Furthermore, proposals addressing studies with important techno-

logical implications for DoD which are less concerned with fore-

front science typically receive less priority under presently

existing NSF guidelines and hence are frequently declined.

The regional users of SSRL, to a considerable degree,

consist of groups which are actively participating in DoD pro-

grams particularly in the field of electronic and optical

materials. These programs are being hampered by the lack of

available time on the currently available SSRL facilities. Some

experiments, (for example, those on heterostructure growth) may

be "on line" for three weeks and then be "off" for almost a year

before additional beam time becomes available.

* Proposal for A DOD Sponsored Beam Line at SSRL

In order to overcome the difficulties described in the

preceeding section the group at SSRL wishes to propose a DoD

sponsored UV and XUV beam line with adequate instrumentation and

support staff at SSRL. The facility would require approximately

$2M in capital expenditure and $1/4M per year operation and

maintenance cost (assuming a support staff of three). According
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to R. Bachrach (Xerox), the design of the facility would take

in-to account recent developments in wigglers and undulator so

as to produce a state-of-the-art UV and XUV facility.

Fifty percent of the time available would be used at

DOD's discretion while the other 50% would be bid for according

to standard SSRL procedures. The Naval Weapons Center (G.

Winkler) indicated a willingness to act as the focus for the

DoD's interaction with the facility at SSRL.

Spicer indicated that he believed that the establishment

of such a facility by DOD would increase the current level of

use of SR for DoD related activities from its present level of

10-20% to a level which is more nearly commensurate with DoD re-

quirements for the optimal development of appropriate tech-

nologies of the types described in this report.

CONCLUSIONS AND RECOMMENDATIONS

1. Synchrotron radiation is a versatile experimental tool

for a number of experiments [UV Photoemission (UPS), angular re-

solved photoemission (ARUPS), extended fine structure X-ray ab-

sorption spectroscopy (EXAFS) X-ray photoemission spectroscopy

(XPS)] which yield a great deal of fundamental insight concern-

ing a number of technologically important matters. Among these

are:

a. Interfaces and surfaces involving semiconductors

and/or metals,

b. Chemical environments of a given atomic species

(important in chemical and biological systems),
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c. Fermi level pinning,

d. Lithography,

e. Testing of UV and X-ray optical components,

f. Catalysis,

g. Corrosion,

h. Small particle phenomena (including catalysts and

prototypes involving elements of submicron circuit

elements,

i. Surface structures.

Basic insight offered by these experiments has been use-

ful in spawning new inventions of technological importance.

2. On the other hand, SR is one (albeit a very successful

one) of a number of techniques for obtaining microscopic infor-

mation. The information obtained from SR experiments along with

those produced by other experiments (e.g., LEED, TEM, and opti-

cal experiments) are all necessary to provide a complete des-

cription of the microscopic phenomena. Further, it should be

noted that our level of understanding of the microscopic phenom-

enon is not such that these fundamental experiments replace the

empirical investigations that have previously characterized many

of these fields.

3. On the basis of research quality and geographical con-

siderations, a DoD supported beam line at SSRL has definite

merit, particularly as it pertains to semiconductor device re-

search, which is heavily concentrated on the West Coast.

Furthermore, academic institutions use SR to train students in

the sort of science that is directly relevant to DoD needs.
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4. Since DoD must be concerned with an optimal use of its

financial resources, it should consider the following questions

as it considers the Stanford proposal:

a. Are the required funds optimally used in supporting

a dedicated beam line rather than being disbursed to individual

investigators at SSRL and elsewhere? (Consider however, the

scheduling problems at SSRL!)

b. industrial users have invested in dedicated beam lines

at the facilities near completion at Brookhaven. Amnong these

are Bell Labs, IBM, Xerox, and Exxon, as well as a number of

government labs. Can DoD, which is trying to leapfrog current

industrial capabilities in many areas such as VLSI, afford to

have the facilities at its disposal be of marginal adequacy?

C. If DoD regards SR as an important tool for investigation

furthering its capabilities then it should be prepared to make

the sort of commitments implied by the following questions:

(i) Is DOD willing to commit funding for a number of

years, five as a minimum? A new beam line will require such a

time to give a proper return on the instrument.

(ii) Are there groups at other centers who could make1competitive proposals? In particular the synchrotron group at

Stoughton, Wisconsin, might be a competitive site. We do not

wish to diminish the obvious attractive features of the SSRL

proposal. At the same time the SSRL capabilities are not unique

and it would be prudent of the DoD to make some kind of investi-

gation as to what efforts could be mounted by other groups and

at other centers.
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(iii) What support of synchrotron UV and XUV work are the

various services planning? How much overlap would there be with

this proposal?

5. The views expressed in this report concerning the

Stanford proposal of a DoD funded beam line are obviously posi-

tive. Because of its obvious importance, this proposal merits

the most careful consideration.
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Professor W. Spicer, Stanford
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Dr. R. Bauer, Xerox (Head SSRL Users' Organization)
a) Comments of the SSRL Users' Community
b) Studies of Heterojunction and Other Device

Configurations on an Atomic Level

Professor W. Spicer, Stanford
The Unified Model for Schottky Barrier and MOS

Interface
State Formation in 3-5 Semiconductors: A Case Study

Dr. R. Bachrach, Xerox
Potential DoD Beam Lines

Professor W. Spicer, Stanford
Summary
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CHEMICALLY SENSITIVE FIELD EFFECT DEVICES
FOR DETECTOR APPLICATIONS

M. S. Wrighton

INTRODUCTION

It is well known that field effect devices such as

MOSFET's are sensitive to chemical impurities. A number of re-

searchers have suggested that the chemical effects on field ef-

fect devices could be exploited in detector applications, and

articles describing the use of field effect devices in chemical

sensing have been appearing in the open literature1 since about

1970 with the report of a pH sensitive semiconductor system 2 .

So far the systems demonstrated include H(g) atom, H2 (g), H+(aq)

and K+(aq) detectors that employ different chemically sensitive

elements. As will be developed below, it should be possible to

significantly improve the state-of-the-science in this area by a

basic research effort.

Advantages of Field Effect Sensors

In any chemical sensing system there is emphasis on

speed, sensitivity, selectivity, and stability/reliability.

There are some possible advantages in using field effect devices

in chemical sensing. A key advantage is the "gain" associated

with the field effect device upon receiving a chemical "signal".

Basically, we can regard the gate region as the chemically sen-

sitive region of a field effect device, Fig. 1. In manufactur-

ing of MOSFET's the usual aim is to fabricate a gate region that
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I gate metal

s Si0 2  nD" V0

channel

p-Si

Figure 1. Typical MOSFET structure. Variation in gate metal,
channel 3urface, SiO 2 , etc., can alter conductivity
in the channel. Chemical sensors employ gate

elements that alter channel conductivity in the
presence of chemicals.
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is chemical insensitive and reproducible. For chemical sensing,

the aim would be to fabricate a gate that responds to changes in

the contacting environment such that the gate voltage, V,,,

needed to open the channel is altered in a rapid, reproducible,

and reversible manner. A chemical can be evidenced by a change

in the drain current, ID, in a manner that depends on the nature

of the chemical and its concentration at a fixed value of drain

voltage, VD, and at a fixed V.. Generally, any chemical effect

that changes the characteristics of the device could be exploi-

ted. Field effect device characteristics are treated in detail

in SZe3 and will be the same for chemically sensitive devices

except that the properties of the gate become a deliberate vari-

able.

A second possible advantage for field effect chemical

sensors is the fact that the sensing element itself can be re-

garded as just another element in an electronic device. This

would allow the development of sensors having very small physi-4 cal dimensions as well as the possibility of using a two-
dimensional array of different chemical sensing elements to

record a time dependent signature of a chemical environment with

two-dimensional geometrical characteristics. Importantly, being

j a part of the electronic device allows the amplified signal from

the sensor to be processed easily.

( State-of-the-Science

Despite the efforts from over a decade of research,

relatively little in the way of chemical sensors based on field
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effect devices has been done. Work on H atom detection 4 pH in

solution 2 ,5 , H2 in the gas phase 6 and K+ in H20
7 has been re-

ported. The H2 detection is perhaps the best understood work.

The H2 detector exploits Pd as the gate metal of a MOSFET 6a or

the metal of a semiconductor/metal Schottky barrier.6b The re-

action of H2 with Pd produces a change in the work function of

Pd leading to an equal change in the barrier height of an n-

CdS/Pd interface or to a change in the characteristics of the

MOSFET. Problems include: (i) response time limited by the hy-

driding rate, (ii) reaction of PdHx with 02 to yield H20 giving

rise to drift and irreversibility, and (iii) irreversibility of

the hydriding reaction itself. Despite the difficulties the

Pd/H 2 system illustrates the principle of how changes in the

work function induced by the presence of a specific chemical can

change the surface field sufficiently to change device charac-

teristics in a deliberate fashion.

Studies of pH sensitive field effect devices have in-

cluded the simple use of the gate SiO 2 as the H
+ sensitive

element 5 . In such a device the gate metal can be simply re-

placed by the solution. Typically, the solution is electrically

connected to the p-Si substrate through the use of a reference

*,Lectrode immersed in the solution contacting the gate SiO 2 ,

Fig. 2. The pH sensitive devices sufter from problems attribut-

able to irreversible SiO 2 chanc, .s and changes in the Si/SiO 2

interface. Notice, Fig. 2, thaE when a solution contacts the

MOSFET there is a need to protect the contacts with some protec-
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reference Aqueous Solution
electrode

n+channel n n+.

p-Si

Figure 2. pH Sensitive MOSFET. "Reversible" hydration of SiO 2
at different pH's gives change in channel conduc-
tivity at fixed Vg.
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tive coating such as an epoxy. The pH field effect sensor works

well enough to illustrate a point: variation in the gate insul-

ator properties can be exploited in chemical analysis.

A more sophisticated example of a change in the gate in-

sulator properties comes from work with valinomycin incorporated

into a polymer as a specific K+ ion transport agent 7 . A device

configured as in Fig. 3 has been reported to be useful for the

analysis of K+ in aqueous solution. The principle here is that

deliberate modification of the properties of the gate region is

possible through clever interface synthesis employing molecular

level understanding of the interations of the chemical to be de-

tected.

To briefly summarize the state-of-the-science, there

have been several important proof-of-concept demonstrations of

deliberate modification of the gate properties of field effect

devices. The reports come from different research groups lend-

ing credence to the firmness of the claims so far. In general,

the work has been rather timid with respect to the chemical

manipulations of the interface and with respect to the range of

device materials employed. Use of materials other than Si/SiO 2

has not been investigated and such might be a small, but practi-

cal, driving force for the development of a manufacturing capa-

bility for ocher IGFET devices.

Research Oportunities and Ideas

A number of specific areas of research could impact the

viability of field effect devices as chemical sensors. Several
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reference Solution
electrode K +t No +

tpolymer /valinomycin

epoxy epoxy

a-- S + " " S i 0 2 r - --V O

n+ channel n +

p-Si

- ~ ]Vg

Figure 3. K+-selective MOSFET sensor. Valinomycin, specific
for K+ , in polymer over SiO 2 changes gate properties
in response to solution [K+ ] variation.
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areas where fruitful effort could be applied are summarized be-

low.

Specific Surface Chemistry of the Channel Region. Response

of the Si/Si02 interface to changes in solution pH suggest that

it may be possible to find specific chemistry of the channel

surface that will result in large changes in the surface field.

Indeed, the open literature reveals several cases that would be

good, immediate targets for study. For example, it is reported

that GaAs, InP, and a number of other semiconductors exhibit

large changes in surface properties upon variation of the pH of

a contacting medium as illustrated in Fig. 4.8 Thus, the pH de-

tector represented in Fig. 4b should be viable, provided that

the Fermi level pinning of GaAs can be removed by the eletrolyte

solution. A similar device based on p-InP is more likely since

the pinning is known to be associated with a very large barrier

height. 8

Another example of specific semiconductor surface chemi-

stry is the effect from I- On WS2 and related semiconductors,

Fig. 5a, leading to the viability of an I- detector, Fig. 5b.

Yet another example is the effect of S2- on CdS and related

semiconductors, Fig. 6a and a possible S2- detector, Fig. 6b.1 0

These three examples (pH, I doptoS adsorption)

illustrate the possibility of detector systems that employ a

channel simply exposed to the solution. A major question is

whether the surface of the semiconductor would have the chemical

integrity required for durability. A second issue of course is

137



highly
conducting
channel

p-Ga As pG3a*As
Ef - Ef

pH=14 pH-3

Figure 4a. Effect of pH variation on band bending of p-GaAs at
a fixed potential of the GaAs.

referenceelectrode
e x Solution

n+channel- n +

p-GoAs

II
V9

Figure 4b. Field effect pH sensor based on chemistry of the
surface of the channel resulting in the pH effect
represented by Figure 4a.
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(-conductingchannel

Ef Ef---_ I
n-WS2  n-WSJ

H20, [I-]:O H2 0, [ x

Figure 5a. Effect of specific I- adsorption on n-WS 2.

reference
electrode

Solution
epx /epoxy"

--S channel M.. -D Vo

Schottky n-WS2 "Schottky
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Figure 5b. Possible I- detector based on chemistry represented
by Figure 5a.
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whether specific semiconductor surface chemistry exists for ana-

lytical problems of consequence. The third issue is whether

exotic materials such as WS 2 can be used in practical integrated

circuits.

Polymer Overcoats for the Gate Region. The valinomycin ex-

ample 7 illustrates the principle of a selective polymer overcoat

to manipulate gate properties only in the presence of a certain

chemical. in this area, the selectivity of the typical MOSFET

toward different chemicals could be manipulated by variations in

the polymer. It is likely that an understanding of SiO 2/polymer

interfaces is essential and the use of covalently anchored poly-

mers is probably desirable in order to minimize pinholes in the

polymer and to achieve a durable, persistently attached polymer.

Redox polymers and simple ion exchange polymers could be useful.

Selectivity in detection would appear to only be limited by syn-

thetic capability. A large amount of work11 in the area of

electrochemistry (chemically modified electrodes) and chromato-

graphy provides the evidence that tailoring the gate of a MOSFET

should be possible.

Specificity Through the Use of Enzymes. Enzymes interact

with specific substances and can, in principle, be coupled with

the IGFET to produce sensitive and specific sensors. For ex-

ample, nitrogenase operates to effect the reduction of N2 to

NH 3 ; formate dehydrogenase works on the C0 2/HC0 2- couple. Thus,

specific N2 , NH3 , C0 2 , HC0 2- detectors can be envisioned pro-

vided the enzyme action can somehow be sensed by the field
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effect device. Generally, redox active enzymes do not equili-

brate with surfaces. 1 2 In solution, so-called "mediators" are

used to effect equilibration of enzymes with conducting sur-

faces. 13 Development of synthetic pathways to surface mediator/

enzyme/SiO 2 gate assemblies should lead to very specific, sensi-

tive devices.

Gate Metals That Are Chemically Sensitive. The detection of

H2 using Pd as the gate metal suggests that a chemically sensi-

tive contact can be exploited. Conducting organic and inorganic

polymers such as polyacetylene, polypyrrole, (SN)x, phthalo-

cyanines, etc., do respond to chemical environment. As with

polymer overcoats generally, progress here is limited by syn-

thetic capability.

CONCLUSIONS AND RECOMMENDATIONS

Understanding and manipulating chemical gate devices

will come from an interdisciplinary research effort in the

following areas:

chemically sensitive insulator materials

semiconductor/chemical interfaces

polymer/enzyme interfaces

chemically sensitive gate metals

protection overcoats

structural analysis of synthetic interfaces

two-dimensional array sensor systems

Research ability in these areas exists in academic institutions,

government laboratories, and private industry and research
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institutes. The required understanding overlaps that needed in

the fields of electrochemistry, biochemistry, surface science,

catalysis and electronic device engineering. DARPA should

capitalize on the emerging developments in fundamental aspects

of surface chemistry and foster specific work on surface chemis-

try of Si, SiOx, GaAs, InP and other practical and promising

electronic device materials. Detection of chemical and biologi-

cal warfare agents using IGFET devices will likely require at-

tention from DoD, since NSF and NIH will not likely be funding

work of direct relevance to these analytical problems.
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USE OF MONOMOLECULAR LAYER TECHNIQUES
*IN MICROLITHOGRAPHY

M. S. Wrighton

INTRODUCTION

Organized, monolayer assemblies of long-chain fatty acid

molecules have been studied quantitatively for over 50 years. 1' 2

A typical representation of a monolayer assembly of molecules is

shown in Fig. 1, and a typical fatty acid, stearic acid,

CI 7 H3 5 COOH, is shown in Fig. 2. Monolayers of such molecules

can be formed by dissolving the acid in a volatile solvent that

is imiscible with the H 2 0 and adding the fatty acid/solvent

drop-wise to the surface of quiet H 2 0. The hydrophilic "head"

groups associate with the H 2 0 while the hydropholic "tail" are

repelled from H 2 0. The spontaneously formed assembly repre-

sented by Fig. 1 can be stable indefinitely.

One of the important quantitative measurements that can

be made is the pressure-area curve, Fig. 3, that allows the de-

termination of the area per molecule of a monolayer. Early on

the area per molecule of fatty acids was found to be -21A 2 /

molecule, independent of the length of the hydrophilic tail.

This result lends credence to the representation in Fig. 1 for

the close-packed monolayer (position [31 in the pressure-area

curve of Fig. 3) where the size of the head group controls the

area/molecule in the monolayer.
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Figure 1. Representation of a monolayer of stearic acid on H20.
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Figure 3. Representation of a pressure area curve using a film
balance. 2
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The formation of the oriented monolayers on a liquid

surface is possible because the monolayer forming molecules are

insoluble in the medium. Such monolayers have the following

general characteristics: (i) the monolayers are thin - perhaps

as thin as 10-20A, (ii) the monolayers can be thermodynamically

stable but are mechanically fragile, (iii) the structure may be

dynamic (in principle, gas, liquid, and solids are possible in

two-dimensions), (iv) the molecules are oriented.

Monolayers do have fundamental and possibly practical

uses. Mnolayers on liquids can reduce the rate of evaporation

of the underlying liquid. Hence, there are possible applica-

tions in reducing the rate of H20 evaporation from reservoirs in

dry areas. Monolayers may be useful in corrosion inhibition and

adhesion. A monolayer (or less) coating of -Si(CH 3 )3 groups on

electronic materials according to Eq. (1) promotes adhesion of

the photoresist material.

Si(CH 3 )3  Si(CH 3 )3
H H I
0 0 0 0

'_2(CH 3 ) 3 Si-N-Si(CH3 ) 3 * 2NH3  (1)
Surface I Surface

H
"HMDS"

Of interest to DARPA are fundamental studies of rele-

vance to the possible use in e-beam lithography and in under-

standing the properties of electronic devices. The use of
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Langmuir-Blodgettl,2 techniques can be employed to prepare

organized multi-layer assemblies on solid substrates. Such

transfer techniques are essential to the use of monolayers in

electronic devices. Multi-layer synthesis is described below.

SYNTHESIS OF MULTILAYER ASSEMBLIES

Monolayers can be transferred to solid surfaces as

sketched in Fig. 4. The properly pretreated surface will yield

an oriented monolayer of the same area/molecule as on the liquid

when the substrate is withdrawn from the liquid as shown in Fig.

4. Multilayers can be built up as represented in Fig. 5 by re-

inserting the covered substrate. On the insertion the bilayer

that forms mimics a biological bilayer membrane accounting for

the interest in monolayer techniques from biophysicists. Upon

withdrawal of the bilayer a third layer is deposited with the

head groups interacting with each other. Of the order of 100

layers can be deposited on surfaces and the resulting assemb-

lies, though fragile, can be used in subsequent experimenta-

tion.

Multilayers are oriented assemblies of molecules that

can have different chemical functionalities in the various

layers. For example, assemblies like that represented by Fig. 6

have been used to study the efficiency of energy transfer vs.

distance between donor and acceptor. The technique simply in-

volves examining the efficiency of fluorescence quenching of the

donor by the acceptor as a function of the number of spacer
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Monolayer Transfer

Pretreated
Surface
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Side View

Figure 4. Transfer of a monolayer to a solid substrate.
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Multilayer Syntheihesis

Air

Figure 5. Formation of a bilayer on a solid substrate.
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Electron and Energy
Transfer

-0

0- spacer

I o-- acceptor
6A donor

F'igure 6. Representation of an assembly for study of energy
transfer efficiency vs. distance between a donor and
acceptor.
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molecules between acceptor and donor. With patience and syn-

thetic expertise it is probable that any chemical functional

group can be oriented in monolayer/multilayer assemblies.

e-Beam Lithography. Assembly of polymer monomers into mono-

layer/multilayer arrays makes possible ultra-thin e-beam resist

materials. It may be possible to exploit such arrays to achieve

the high resolution resist material needed in submicron device

fabrication. Figure 7 represents the idea and Fig. 8 shows a

long chain fatty acid that terminates in a double band that can

be e-beam polymerized. It is well known that reactions of mono-

layers can be effected with light or e-beams. 2- 3 Figure 9

illustrates a literature claim 4 concerning resolution obtained

using a multilayer of 15 monolayers.

CONCLUSIONS AND RECOMMENDATIONS

Monolayer techniques may be useful in obtaining the high

resolution necessary for submicron device fabrication, but at

present there are many fundamental questions that remain un-

answered. A basic issue of course is whether there are other

approaches to thin film (-100A) resists that are pinhole free.

The advantage of monolayers is that the molecules are oriented

and this fact should be useful in controlling polymerization and

in achieving pinhole-free polymer. Monolayers certainly offer

an unusually good opportunity to prepare surfaces that can be

used for purposes of basic study and characterization. Research

in this area could lead to new types of ordered, layered struc-

tures including semiconducting and metallic conducting organic
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Monolayer Polymerization

Alkene

Hydro-'/ / / / / /
carbon ((C C Cchain %%.j
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0 0 0 0

Si Ox~

Figure 8. e-Beam induced formation of a monolayer polymer.
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Resolution Demonstrated

Solid State Technology, 22 (5),120 (979)

e' Beam, 5kV, i= 1.5 x io'11  (in 500A
D50 = 50 x 1O6 C/cm2  spot)

EtOH, 15min,25 0C
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-225A .- 1200A-

Resist: 15 layers of w-tricosenoic acid

(CH?2 = CH- (CHz)zO-COOH)

Substrate: Al on glass or Si

Figure 9.
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polymers. DARPA should launch an effort to determine the mini-

mum thickness or resist that can be used; i.e., can one mono-

layer of a polymer such as polyethylene actually protect a sur-

face in a subsequent processing step? Additionally, the ques-

tion of the extent of polymerization within and outside an e-

beam spot is answerable. Classical Langmuir-Blodgett monolayer

techniques are probably too time consuming and irreproducible to

be useful. However, other deposition techniques such as that

for HMDS (Eq. (1)) may be useful. Toward this end, reactions

such as those represented by Eqs. (2) and (3) seem worthwhile.

Chemistry of this kind will very likely underpin certain aspects

of the fabrication of submicron devices.

Me2Si Me 2Si Me 2Si/ /
OH OH OH 0 0 0

3 Me2 SiNH2  + 3NH3

surface - surface
-Eq. (2)

Eq. (3) e- BeaM

SiMe 2  SiMe 2 SiMe 2/ I
0 0 0A(3)

surface
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NUCLEATION AND GROWTH OF SEMICONDUCTORS
ON DISSIMILAR SUBSTRATES

T. C. McGill and J. 0. McCaldin

INTRODUCTION

Some of the most exciting developments in recent years

in semiconductor materials has been in the field of preparation

of single crystal semiconductors on typically dissimilar sub-

strates. These include the growth of single crystal Si on

glassy substrates and the preparation from vapor and liquid

phases of semiconductor layers (e.g., growth of HgCdTe on CdTe).

These techniques of material preparation promise to provide

technology for the fabrication of a whole new set of device

structures which could be of great importance to the DoD.

R. A. Reynolds (DARPA), H. Ehrenreich (t'RC), T. C.

McGill (MRC), and J. 0. McCaldin (CalTech) organized a meeting

to investigate some of the recent developments in this field

that are of potential relevance to the DoD. The program concen-

trated on the growth of HgCdTe layers on CdTe substrates, and

the preparation of single crystal Si layers on insulating sub-

strates. The techniques for preparing HgCdTe are of potential

importance in the fabrication of economical, high performance

infrared detector arrays. The successful fabrication of single

crystal Si on dissimilar substrates could be the technological

base for three dimensional device structures, as well as provid-

ing a planar technology with good device isolation, low power
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consumption, and a relatively high radiation resistance.

Further, the participants at the meeting were directed to ad-

dress the generic questions of what parameters determine the

success or failure of attempts to grow single crystal layers on

dissimilar substrates.

The meeting agenda and list of participants are attached

in the Appendix. The one day meeting consisted of four presen-

tations on the question of growth of Si on dissimilar sub-

strates. J. Bloem (Philips, Eindhoven) presented his work on

the nucleation and growth of polycrystalline Si from the vapor

on amorphous SiO 2 and SiN substrates. H. J. Leamy (Bell Labora-

tories) discussed in situ crystal growth of single crystal Si on

amorphous SiO 2 substrates. J. C. Bean (Bell Laboratories) pre-

sented the results of recent studies on growth of Si and various

layers involving Si by molecular beam epitaxy. X. Carey

(Hewlett-Packard) discussed the growth of Si on sapphire.

The work on HgCdTe was presented in four talks. J. 0.

McCaldin (CalTech) presented a brief historical review of the

attempts to grow large single crystals of II-VI semiconductors

on dissimilar substrates. J. B. Mullin (Royal Signal and Radar

Establishment) presented his recent work on the growth of CdTe

and HgCdTe layers on CdTe substrates using chemical vapor depo-

sition from organometallic vapors (OMCVD) of the Cd and Te in

the presence of a Hg source. J. Lagowski (MIT) discussed the

work at MIT aimed at growing single crystal layers of HgCdTe

using a isothermal growth process. J. P. Faurie (LETI/LFR,
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Grenoble, France) described his successes in gro,.iny CdTe, HgTe

and HgCdTe layers on CdTe substrates using moiecular beam epi-

taxy (MBE). After the formal presentations an informal dis-

cussion was held to identify some of the most important isz.ues.

MEETING HIGHLIGHTS

Mercury Cadmium Telluride

Mercury cadmium telluride is the key material in the

military programs to produce infrared detector arrays. The eco-

nomical fabrication of these arrays along with the fabrication

of progressively more complicated associated electronics act as

a driving force for fabricating reproducible, uniform layers of

HgCdTe with electrical and optical properties suitable for

infrared optoelectronic device application. At the present a

totally acceptable method for fabricating these layers has not

been demonstrated. Hence, there is interest in exploring new

fabrication techniques for thin films of this material, the

major problem is dealing with the very high vapor pressure of Hg

at relatively low temperatures.

At the meeting two very new and potentially technically

important techniques for growing HgCdTe layers were presented.

J. B. Mullin described his very recent work on the growth of

CdTe, and HgCdTe organometallic chemical vapor deposition

(OMCVD) in the presence of a elemental Hg source in a stream of

hydrogen. This technique has a number of potential advantages.

Reasonable growth rates can be attained at relatively low sub-
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strate temperatures. Thin layers of HgCdTe can be prepared with

different electrical properties on HgCdTE or CdTe layers.

Previously HgTe has been grown on CdTe substrates by OMCVD by

Kuech and McCaldin I . However, preliminary attempts to extend

this process to HgCdTe resulted in premature reaction between

the organometallics and the deposition of a polycrystalline

powder on the substrate. Mullin 2 has carried out a systematic

study of the reaction of organometallics as a function of vari-

ous growth parameters such as temperature and pressure. He has

used liquid Hg source. From these studies he has arrived at a

process to grow HgCdTe 3 at approximately 10 4m/hour at Ts-4000 C.

Layers with 0 < X 4 0.30 have been produced. While these layers

at present have rather poor electrical properties, no attempt

has been made to remove contaminants from the sources. Hence,

at this early stage, it is difficult to access the electrical

properties of the layers which may be ultimately obtained by

this technique.

J. P. Faurie described his recent successes at obtaining

growth of HgCdTe using molecular beam epitaxy (MBE).4 This is

the first report of successful growth of HgCdTe by the MBE pro-

cess. This technique has the possibility of producing abrupt

heterojunctions made up of high purity single crystalline

layers as well as the advantages quoted above for MOCVD. He has

obtained growth rates of 0.4-4 4m/hour at substrate temperatures

between 100-120*C. Surface studies of the HgCdTe layers in the

ultra high vacuum system showed that the HgCdTe surface was
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relatively stable against loss of Hg. He stressed the impor-

tance of substrate preparation. The electrical properties of

these layers are exceedingly poor at present.

Recent results on preparation of HgCdTe layeis using the

evaporation, condensation, and diffusion process (isothermal

growth process) 5 were presented by J. Lagowski. Heat pipes were

used to obtain very uniform temperature profiles. By using a Te

rich source, layers with mirror like surface morphology, radial

compositional uniformity and high electron mobility were ob-

tained. Growth temperatures of between 530 0 C to 575 0 C were em-

ployed to produce growth rates as high as 5 4m/hour. These

techniques produce interesting layers of HgCdTe. However, it

may be difficult to produce thin layers with good compositional

uniformity or multilayered structures using this technique.

Silicon

Silicon is the workhorse of the modern electronics in-

dustry. Fabrication of single crystal islands of silicon at any

point desired on a semi-insulating substrate promises to add a

whole new dimension to modern Si electronics. H. J. Leamy de-

scribed a number of ways of fabricating single crystal Si on

amorphous substrate by first depositing an amorphous or poly-

crystalline layer of Si on the substrate and then crystallizing

the layer by annealing the layer with heat produced by a laser,

electron beam, or thermal source. Isolated single crystal

islands have been produced by annealing confined areas of non-

crystalline Si on SiO 2 substrates. Oriented single crystals of
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Si have been produced by annealing noncrystalline layers that

are in contact with a single crystal layer at some point. Many

of the steps in the process are presently understood only em-

pirically.

J. C. Bean described his work on Si molecular beam epi-

taxy. He has gone through an extenisve development program to

produce techniques for handling the rather high temperatures re-

quired for Si MBE and the very reactive nature of Si. Bean has

developed methods of doping the layers since many of the classi-

cal dopants cannot be incorporated easily in the growing layers.

The growth of high quality layers of Si on Si has been demon-

strated. He has obtained single crystal growth of Si on

sapphire and grown some transition metal silicides on Si. These

techniques provide versatility in preparing Si device structures

and may offer a unique preparation technique for certain appli-

cations.

K. Carey described his recent work on the growth of Si

on sapphire. Using TEM he has found that substantial changes

occur in the nucleation process and the interface defects for

variations in substrate temperature from 9001C to 1000C. The

processes of nucleation and defect formation are such that the

optimum temperature for growth is about 9600C. These studies

indicate that substantial changes in growth characteristics can

occur over a rather narrow temperature range.

J. Bloem presented the results of his classic study of

the processes of nucleation and growth of Si during chemical
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vapor deposition on SiO 2 and SiN substrates. He has studied the

kinetics of the nucleation and growth process in order to de-

lineate the processes governing the establishment of nucleation

sites followed by the growth of crystallites. This study shows

that the number of independent nucleation sites is very large.

This observation should be contrasted with the situation de-

scribed by other speakers where as small as possible number of

nucleation sites are desired.

GENERAL DISCUSSION

One of the principle subjects for discussion was what

are the properties of substrate and layers which yield high

quality single crystals. John Hirth (MRC) speculated that high

quality crystalline layers would--be obtained when either there

is a very nearly perfect lattice match between substrate and

layer, or when the substrate and layer have no relationship

(e.g., a disordered substrate). In the first case, we obtain

true epitaxy. In the second, the random nature of the substrate

prevents it from providing a barrier to the orienting forces

acting in the layer. Approximate lattice match between sub-

strate and layer (e.g., Si on sapphire) while appearing to ao-

proach the perfection of exact lattic match may in fact contain

built-in sources of interface defects which can substantially

limit their usefulness in the fabrication and operation of de-

vices.
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H. Leamy and K. Carey stressed the importance of stress

fields in these films and the lack of our understanding of their

influence on growth.

R. Reynolds indicated that we lack a fundamental under-

standing of the properties of materials which facilitate the

coalescence of nuclei into a single crystal. Both the control

of nucleation and the properties of grain boundaries were

thought to be important in these processes.

J. Bean, J. Mullin, and J. Faurie stressed the impor-

tance of substrate preparation in obtaining good results in the

growth of crystalline layers. Cleanliness, chemical purity and

crystalline quality were listed as very important substrate

properties in determining the success of growing single

crystals.

H. Leamy stressed the need to attain a more basic under-

standing of nucleation, growth, and annealing processes.

CONCLUDING COMMENTS

The recent advances in the preparation of HgCdTE by

vapor phase and molecular beam epitaxy could be important mile-

stones in the development of infrared detector technologies.

While the techniques are currently in a very early stage of de-

velopment and the layers produced so far are not of sufficient

juality to be us,_d in devices, these preparation techniques

;iti3fy some of the key requirements for advanced infrared sen-

-Jchnologies and, hence, should be pursued virorously.
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The techniques for growing Si on amorphous substrates

are developing along lines that are likely to result in new de-

vice structures (e.g., three-dimensional device structures) and

new methods of fabricating structures already available (e.g.,

planar Si devices on insula'ing substrates). Given DoD's needs

for the most advanced electronics, these technologies could be

of significance to the DoD prior to their introduction in com-

mercial technologies. Hence, the DARPA progra--: Lii this area

are particularly appropriate.

The understanding of the basic processes that control

the preparation of single crystals on dissimilar substrates is

almost totally lacking. Much of the work is largely empirical.

This approach can yield useful results but it can lead to

failures without adequate information to provide guidance to

determine whether the approach is appropriate or some other is

more likely to succeed. Given the current approach to research

in this country, it is hard to see how this kind of basic

understanding will be attained.

In summary, the recent developments in preparing semi-

conductors on dissimilar substrates show promise of making sub-

stantial contributions to the technology of making electronic

devices. This area is one that is appropriate for DARPA fund-

ing.
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DIFFUSIONAL INSTABILITY OF p/n HETEROJUNCTIONS

J. J. Gilman

The junction between two dissimilar semiconductors is

subject to degradation by intermixing of the atoms in a zone of

microscopic thickness (approx. 10- 5 cm.). The driving force

for this mixing is large at p/n junctions because the local

electric field acts on the partially ionized atoms. This aug-

ments the driving force due to the chemical potential differ-

ence that would be present if the junction occurred between two

intrinsic semiconductors (no p/n junction).

The local electric field is approximately equal to the

average energy gap, <Eg> divided by the thickness of the junc-

tion where the thickness is defined as the tangent-intercept-

thickness, d. Since d is approximately one-tenth micron and

Eg 1-2 eV, the local field is about 105 V/cm.

For a particle of unit charge the mobility, 4 of a

particle is related to its diffusion coefficient, D by the

Einstein relation:

D (cm 2/V-sec) (1)kT

where k = Boltzmann's constant, and T = temperature. Thus the

diffusional velocity is:

<Eg> <Eg> DV T'= (2)

and the diffusional relaxation time is:
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_ d_ d 2 kT (3)

v <Eg>D

or, since D = Do exp(-Q/kT) where Q is the activation energy

for diffusion, the relaxation time may be written:

d2kT (4)
(<Eg>Do) eQ/kT

From this expression, it may be concluded that the dominant

parameters in determining stability are Q and T; small changes

in either of them become strongly amplified.

As an example, consider a solar-cell junction for which

<Eg> would be about 1.5 eV, D0 might be 10- 3 cm 2/sec, the

temperature in sunlight might be 400 0 K, d = 10- 5 cm, and

k = 8.6xlO-  eV/*K. Then:

1 ln(l.4xl01 7) = 1.4 eV. (32 kcal/mol) (5)
29.1

This is not a large activation energy for solids with this

energy gap value, particularly if they are in the amorphous

state.

In conclusion, it has been shown by means of a simple

model that diffusional instability may well exist in p/n

heterojunctions and should be investigated in designing them,

and in measuring the behavior of prototypes.
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MARTENSITE NUCLEATION IN CERAMICS IN RESIDUAL STRAIN FIELDS

A. G. Evans

INTRODUCTION

The toughness of ceramic materials can be considerably

enhanced by inducing a zone of martensitically transformed

material around a crack. The magnitude of the toughening is

strongly dependent upon the critical stress needed to activate

the transformation; specifically, the relative increase in

toughness is given by;

AKIc/KIc -VfeTijE/(pij p 1j)1/2 (1)

where eTij is the unconstrained strain of the fully transformed
c

particles, Pij is the critical transformation stress, E is

Young's modulus and Vf is the volume concentration of particles.

A low, but reproducible critical transformation stress is thus

needed in order to achieve optimum toughness. The critical

stress is associated with the nucleation of the martensite

transformation. The intent of the present paper is to examine

the nucleation problem in the presence of residual strain assoc-

iated with thermal expansion mismatch or anisotropy.

The residual strain from thermal expansion anisotropy

could be a particularly potent source of martensite nucleation

in the presence of facetted particles, because of the existence

of strain singularities at the facet corners. Therefore, the

formation and growth of a martensite nucleus from a facet corner

is analyzed.
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RESIDUAL STRAINS IN FACETTED PARTICLES

The residual strains that develop adjacent to facet

corners in particles subject to thermal contraction anisotropy

are dominated by the singular terms. These terms are associated

with the second step in the Eshelby procedure; notably, the

application of tractions along the particle interface. The

singular residual strains can thus be deduced from the elastic

strains associated with a distribution of uniform line forces

located within an infinite solid. The pertinent shear strains

are given by:

2AeT =coso (Xcoso-x)

o [X2+2X(zsinS-xcosg)+x 2+z2]

(2)

[(1-V) + 2(1+v)(z+sino) 2  d,
[%2+2X(zsinp-xcosp)+x 2+z 21

where p is the included angle (Fig. 1), k is the facet length. 4

is the shear modulus, Aa is the thermal expansion differential,

AT is the cooling range and (x,z) are the coordinates with re-

spect to the facet corner. For tractions distributed as shown

in Fig. 1, the singular residual shear strain can be obtained

from Eq. (2) as (X<<);

exk AaAT(sin2p) 2  in(l/x) (3)

The residual shear strain thus scales with the facet size and

the maximum occurs at included angles of n/4 or 3n/4. Thermal

contraction anisotropy also introduces a singularity in the
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dx Z

Ip

Figure 1. The corner configuration used to evaluate the
residual stra.n c-o)icent--ation.
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dilational strain. The corresponding equations are:

2_e = (l_v2)(l+v)(l_2v) toso f (z+k sinp) dX (4)
AT o [X2+2x(zsino-xcosp)+x 2+z 2]

which yields the singular strain (x<<);

e = (lV)l2v)lv AaT sin2s in(k/x) (5)
21t

The strain can thus be compressive or tensile, depending upon

the included angle and the sign of the contraction anisotropy.

Again, the stress scales with the facet length and the imposed

thermal strain.

Residual strains also develop as a consequence of a mis-

match in thermal contraction between particle and matrix. The

singular terms can again be deduced using equations (2) and (4).

The residual shear strain derived as above is given by (x<<);

(lz AamAT sin 26 ln(Y/x); (6)

where Aam is the mismatch in the thermal contraction coef-

ficient. The maximum shear strain in this instance obtains for

an included angle of n/2. Analysis of the dilational strain

does not provide a singularity.

MARTENSITE NUCLEATION IN RESIDUAL STRAIN FIELDS

A martensite transformation will proceed whenever the

potential of the system decreases with increase in the propor-

tion of the transformed phase. The terms tY.jt contribute to the
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potential depend upon the specific character of the nucleus.

For a coherent nucleus, the chemical free energy and the strain

energy are the essential terms; while, incoherency introduces an

additional interface energy. The strain energy change at the

nucleus is modified in the presence of residual stress. The

magnitude of this modification is determined before exploring

the net change in potential.

Strain Energy Modification

R
In the presence of residual strain, eij, within a volume

V, there exists an initial strain energy;

i R 2
Oel = A (eij) V (7)

where A depends upon the shape of the region subject to strain.

After transformation, with an -qsociated unconstrained strain,
T

eij, the strain energy becomes;

t T R
$eX = Ai(eij - eij) 2V (8)

The change in strain energy is thus:

T R T
A~e = Apeij(l - 2eij/eij)V (9)

The modified strain energy change associated with the existence

of the residual strain is thus dependent upon the parameter,

R T
= (I-2eij/ei -) (10)

From Eqs. (3), (5) and (6), for v = 1/4, the strain energy

modifications are;
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Cdilation = [l-(5/8t)sin(A~aT/eT) ln(X/x)]

cshear = [l-(5/4n)(sin2s) 2 (AXAT/eT )ln(X/x) (11)
13

mismatch2
C= [l-(3/2t)sin2 P(Aa mAT/eT ){n(A/x)
shear 13

The significance of the residual strain to the nucleation pro-

cess thus depends primarily upon the concentrated strain ratio,
T

aeAT ln(A/x)/eij, and upon the adjacence of the facet angle to

1/4, n/2 or 31/4. It is expedient, therefore to examine the

magnitude (relative to unity) of the strain ratio in Zr0 2, in

order to identify conditions for which the residual strain may

exert an important influence upon nucleation. The thermal con-

traction anisotropy strain in tetragonal ZrO 2 at room tempera-

3
ture, AaAT, is -4x10 - . A typical facet size for retained

tetragonal ZrO 2 is 0.2 4m, and the smallest conceivable nucleus

is 0.5 nm. The maximum concentrated thermal anisotropy strain,

AaAT ln(l/x), for a nucleus located in the facet corner is thus

2-2.5x10 - . Hence, this source of residual strain can only re-

duce the dilational contribution to the strain energy by, at

most, 10%.

The deviatoric transformation strain depends upon the

character of the nucleus. ?or a coherent nucleus, eT -8x 10- 2

13
and the residual strain reduces the transformation strain energy

change by up to 15%. For an incoherent nucleus the choice of

habit plane determines the transformation strain. For ZrO 2 ,
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the habit plane with the minimum shear strain has eT 
6x10 - 2

The influence of the residual strain is thus comparable to that

for the coherent nucleus. it may be concluded, therefore, that

the residual strain associated with the thermal contraction an-

isotropy in ZrO 2 can have a significant, but not dominant, in-

fluence upon the strain energy change associated with the

martensite nucleus.

Thermal contraction mismatch effects can be more impor-

tant. For example, in A1 20 3/ZrO 2 , the thermal mismatch strain

amAT is -9x10 -3
. The residual shear strains that derive from

both the expansion mismatch and the expansion anisotropy can

thus reduce the shear ccntribution to the strain energy by up to

70%, at small martensite nuclei. This strain energy alleviation

could exert a major influence upon the nucleation of the trans-

formation within facetted ZrO 2 particles embedded in an A1 2 0 3

matrix.

The Nucleation Barrier

The magnitude of the nucleation barrier depends upon the

specific morphology of the nucleus. The strain energy of the

nucleus could, of course, be mimimized by selecting a plate

morphology. However, in typical martensites, the formation of

an extended nucleus would be accompanied by dislocation genera-

tion at the habit plane. The associated interface energy would

fbe a deterrent to nucleation (of unknown magnitude) and an ad-

ditional dislocation nucleation requirment would be imposed on

the martensite nucleus. Hence, a coherent, approximately
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spherical, nucleus appears more likely. The shear stresses es-

tablished by the nucleus might then induce interface disloca-

tions and permit the extension of the nucleus into a martensite

plate. The energy changes associated with this hypothetical

transformation sequence are examined in this section. The

strain energy of a coherent spherical nucleus subject to a uni-

form dilation eT and a shear eT is given by;
13

A¢el = (8-l){ ( 3  [(l+v) (eT) 2 + (7-5u) (eT )21} (12)

where r is the radius of the nucleus. This strain energy in-

crease is accompanied by a decrease in chemical free energy

AFchem of -200MPa per unit volume (at room temperature). The

total energy change, in the absence of an applied stress is then

(for v = 1/4),

= (4/3)nr3 {- (eT)2[l-(8 )sin 20( AaAT )(l/)]
27 8neT

(13)

+- 4 p(eT ) 2[I- ln(/r)AT((5/2 )A(sin2 p) 2+3Amsin 2)]-Fc13 2neT
13

The solution is exemplified for the A1203/ZrO 2 system and a

facet angle of n/2, whereupon;

TTAam AFchem
(4/3)n{i/3 + (eT /eT)2 [l-ln(;/r)( (14)

p~T213 2eT p.(eT)2}
13
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which for the strain and chemical energy characteristics noted

above becomes,

(eT)(r/1) [1-0.1 ln(l/r)] (15)

Small nuclei can thus form with a net energy decrease. Specifi-

cally, stable nuclei with dimension r -2x10- 4 . can exist at the

facet corner. However, for a minimum nucleus of -5A, a facet

dimension of -24m would be needed to ensure the existence of a

martensite nucleus. This is larger than the dimension of the

facets in particles at the critical size. It seems unlikely,

therefore, that the residual strains are of sufficient magnitude

to nucleate the transformation. An additional source of initial

strain should thus be sought.
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ZIRCONIA TRANSFORMATION TOUGHENING

B. Budiansky, A. G. Evans and J. W. Hutchinson

Phase transformation toughening of ceramics containing

zirconia (ZrO 2 ) particles has been observed with fracture tough-

ness increases as much as two or three times values obtained in

corresponding ceramics without such particles. In simplest

terms, the volume change (-4% dilatation) associated with the

stress induced transformation of particles near a crack tip from

a tetragonal to a monoclinic structure reduces the stress in-

tensity at the tip. Details of the distribution of transformed

particles are important, however. A cluster of transformed

particles around a stationary crack has no net effect on the

crack tip intensity. But as the crack advances (quasi-

statically) and leaves behind a wake of transformed particles,

the stress intensity at the crack tip becomes modified. Work on

the mechanics of this interaction problem was initiated at last

year's MRC session and has been pursued again this year now that

more experimental evidence for the importance of the phenomena

has accumulated.

With cc as the critical hydro-static tension required to

induce the transformation and with OT as "it itress-free, dila-

tational transformation strain of the paruzi the relative re-

duction in the stress intensity factor at the crack tip is of

the form:
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AK= 413(l+v)X f(X) (I)

where v is Poisson's ratio and

cEB T

X (l-V)ac (2)

Here, c is the volume fraction of the Zirconia particles and E

is Young's modulus. The function f(k) has not yet been computed

except in the limit X = 0 where f(0) = 1. This limit corres-

ponds to the situation where the boundary of the transformed

region is unperturbed by the transformation itself so that the

boundary can be calculated from the untransformed near-tip

stress field. We suspect that the above formula with f(k) 5 1

will only be adequate for values of X as large as .3 to .5,

whereas actual values of X can be larger than unity. To deter-

mine f(X) over the full range of interest a numerical solution

will be necessary in which the perturbed shape of the trans-

formed zone is obtained.
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EFFECTS OF RESIDUAL STRESS ON THE DIELECTRIC PROPERTIES
OF FERROELASTIC MATERIALS

A. G. Evans and E. Cross

INTRODUCTION

Most ferroelastic materials undergo a phase transforma-

tion, accompanied by an unconstrained transformation strain,

eT. The transformation strain induces residual stresses when
i]

the materials are prepared in polycrystalline form. The

stresses affect the dielectric properties of the polycrystalline

aggregate, in a manner associated with both the grain structure

of the material and the propensity for forming 900 domain walls.

In particular, fine qrained materials not only contain fewer do-

main walls, but also exhibit appreciably enhanced dielectric

properties. It has been inferred that the trend with grain size

of both the domain structure and the dielectric properties can

be attributed to the tendency for residual stress development at

the phase transition. This issue is examined in the present

paper.

The problem is addressed by firstly examining the condi-

tions for forming 90* domains in materials of differing grain

size, based on the premise that the domain spacing is associated

with a minimum in the strain and domain wall energy changes that

accompany the phase transition. This analysis predicts an equi-

librium domain spacing (as a function of the grain size, the

transformation strain and the domain wall energy), as well as a

critical grain size for exclusion of 900 domain walls. The
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results of the analysis are examined within the context of ex-

perimental information on grain size trends in the 900 domain

wall propensity; a comparison which also permits estimation of

the domain wall energy in BaTiO 3 .

Subsequent to the analysis of domain formation, the

stresses that develop within the grains are computed as a func-

tion of the domain density. These stresses are used to calcu-

late changes in the dielectric constant, using determinations ofI the c/a ratio in the polycrystalline aggregate as an independent

basis for assessing the validity of the stress analysis. Final-

ly, a prediction of the change in dielectric constant with grain

size is made.

DOMAIN FORMATION

The ferroelastic phase transformation is accompanied by

a large change in the polarization energy, as well as smaller

changes in the strain energy and 900 domain wall energy. The

polarization energy is not influenced by the 900 domain struc-

ture of the material. It is thus reasonable to suppose that the

domain spacing is dictated primarily by the strain and wall

energies. For cases in which the domain walls exhibit a low

critical initiation/propagation stress (or, equivalently, ready

mobility in the presence of residual stress), the wall will

propagate and/or readjust during (or after) the transformation,

in order to mimimize the total strain and wall energies of the

entire grain. Larger domain wall propagation stresses are like-4 ly to result in an individual domain spacings that minimize the
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energy change in the partially transformed configurations that

evolve during the transformation. The latter could involve

dynamic contributions to the strain energy and the computation

would require a knowledge of the transformation sequence.

The present calculations are based on 'end-point' ener-

gies for the entire grain, and thus pertain to conditions of

minimal wall formation stresses. Consequently, the analysis is

considered most appropriate for materials, such as BaTiO 3 , which

undergo twinning (908 wall formation) in the presence of modest

external stresses. In general, however, the analysis provides

an upper bound for the domain wall spacing (or, equivalently, an

upper bound estimate of the wall energy).

The problem is addressed by examining the strain and

wall energies of a twinned grain. The strain energy Ae of a

twinned sphere in an infinite isotropic elastic material is a

function of the number of twin pairs, n, and of the uncon-

strained twinning shear strain eT3 , as depicted in Fig. 1. An

approximate analytic result appropriate to a large number of

twin pairs is (for Poisson's ratio u = 1/3);

A e 2.6

4v(eT 3 )2  2j.4+r

where V is the volume of the grain and i is its shear modulus.

Most of the strain that contributes to A~e is confined to an

interfacial zone of width -d, the twin spacing. Interaction ef-

fect with neighboring grains are then minimal. Equation (1) can
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thus be expected to provide a reasonable estimate of the strain

energy of an individual grain within a polycrystalline aggre-

gate.

The energy A s of the domain walls contained within a

spherical grain is given by;

Aos = (2/3)tr 2[()-l)(n+l)/T)Y (2)

where y is the wall energy per unit area and r is the grain

radius. The total increase in strain and wall energy during

transformation is thus;

5.2rp(eT3)
2  2AO - (2/3)nr 2  [ (n -l (3)

This energy change exhibits a minimum with respect to the number

of twin pairs contained within a grain of specified radius r.

This minimum will determine the influence of the grain radius on

the equilibrium number of twins. Differentiating Eq. (3) with

respect to n, we obtain;

- - r eT 3 = (2/3)nr 2 {(n 2+l)Y 13 } = 0 (4)

ArT (/ r(2.4+1)2

which becomes;2.2r (eT 2

2 Y (5)
c

The equilibrium number of twins nc is plctted as a function of

the parameter, r4(eT3 
2/y in Fig. 2. This result pertains forth3)
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ncl. The condition associated with the formation of the first

domain wall is most conveniently obtained by noting that there

is a discrete strain energy decrease associated with this event.

The strain energy decrease can be equate to the corresponding

increase in domain wall energy in order to deduce a critical

grain size for domain wall formation. This procedure gives

(Fig. 2);

rcL(eT 3)
2/y = 2.1 (6)

The results expressed by Eqs. (5) and (6) and in Fig. 2 can be

compared directly with experimental observations. For example,

the "critical" grain size that fully excludes 900 domains in

BaTiO 3 is -0.7 m. Inserting this grain size into Eq. (6) and

noting that 4 -5x10 I0 Pa and eT -4x10- 3 (at the phase transi-
13 2

tion) gives an estimate of the wall energy, y - 0.12 Jm-. This

estimate is within the range of typical twin boundary energies,

but appreciably larger than the value clculated by Lawless.

Residual Stresses

The residual stresses within an untwinned grain can be

readily calculated using the Eshelby procedure (as adapted to

the determination of stresses induced by thermal expansion an-

isotropy). The stresses are singular adjacent to the facet

corners, such that the concentrated stresses extend a distance

-1/4 from the corner (where I is the facet length). The remain-

der of the grain is subject to an approximately uniform residual

strain. The fraction of the grain volume exposed to the
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concentrated strain is thus relatively small, -n/16/3. Hence,

the volume average residual stress, which dictates the change in

dielectric constant, is closely approximated by the uniform

stress in the grain center.

Most ferroelastic materials do not experience a signifi-

cant volume change during transformation. The residual stresses

are thus primarily deviatoric in character. The deviatoric

stresses at the grain center can be calculated directly from the

results derived by Eshelby for the spherical inclusion. The

constrained strains are related to the transformation strains

by;

ec - 2(4-5v) eT (7)
1] 15(l-v) i(

where v is Poisson's ratio, and the residual stresses are given

by;
byT 24ceT.) 

- 2(7-5v) 
TP =2(ij 1j 15(l-v) e~ (8)

The tranformation strains eT depend upon the crystal
ii

structure change accompanying the transformation. For a cubic

to tetragonal transformation, exemplified by BaTiO 3 , the c/a

ratio in the unconstrained tetragonal phase dictates eT
ij

Specifically, in the absence of a volume change the tranforma-

tion strain change along the c-axis is,

eT1 = (c/a) 2 / 3 
- 1 (9a)

while the strain along the a-axes is;

e = eT3 = (a/c) 1/ 3 
- 1 (9b)
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Hence, expressing c/a as;

c/a = Ac/a + 1 (10)

the transformation strains become (for Ac/a <0.1),

eT1 = (2/3)Ac/a
(1i)

e2 = eT3 = -(i/3)Ac/a

The residual stresses are then,

T _ 4(7-5) c
11 45(1-u)

2(7-5v) __c

P22 = 33 = 45(1-v) a11C (12)

For BaTiO 3 , with v = 1/4, 4 -5x1010 Pa and Ac/a 8x10-3 , the

stresses become: pi = -260 MPa, pi 1  130 MPa.
1 2 33 =

The stresses in twinned grain are spatially more compiex

than those in the absence of twinning. For a high density of

twins, the residual stresses are localized near the grain

boundaries and the volume average residual stress is of negli-

gible magnitude. For a small number of twin boundaries (1 to 3)

a --ignificant residual stresses may persist over the grain vol-

ume, but the volume average residual stress can only be

accurately evaluated using numerical techniques. Such analyses

are not considered in the present paper.

The average stress in the polycrystalline aggregate can

be estimated from independent measurements of the average c/a

ratio of the polycrystal, which provides a direct measure of the
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average constrained strain. The problem is most conveniently

posed by considering the polycrystal to consist of a number of

twinned and untwinned grains, such that only the untwinned

grains are subject to significant constraint. The constrained

c/a ratio in the untwinned grain is then obtained from Eq. (7)

as;

(Ac/a)c = 2(4-5v) (Ac/a) (13)
15(1-v)

Hence, if f is the fraction of untwinned grains, the measured

c/a ratio can be expressed as;

[2(4-5v)/15(l-v)] f(Ac/a) + (l-f)(Ac/a) = (Lc/a)* (14)

when (Lc/a)* is the measured value for the polycrystal.

If n is the ratio of c/a measured on the polycrystal to

the unconstrained c/a (e.g. determined on powders or single

crystals), Eq. (14) becomes;

f = 15(l-n)(l-v) (15)
(7-5v)

The average stress can now be obtained because (consistent with

the above premise) only the untwinned grains contribute to re-

sidual stress. Hence,

<PI2 > = f pi = (2/3)(l-n)4(Lc/a)

(16)

<p1 > = -4/3(l-n)L(Ac/a)
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The solution is exemplified by some results for a fine

grained BaTiO 3 with n = 0.8. The average a-axis stress is then

(for Ac/a = 8x10- 3), <p 2 > = 53 MPa. A stress of this magnitude

would change the dielectric constant.
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FERROBIELASTIC DOMAIN SWITCHING IN QUARTZ CRYSTALS

L. E. Cross

The macroscopic properties of ferroic materials depend

strongly on their internal domain structure. This domain struc-

ture can be altered to suit specific needs by applying appropri-

ate external fields or stresses, and the readjustment is pri-

marily by the motion of walls which separates individual

domains.

In ferromagnetic crystals the wall region is broad, ex-

tending over hundreds to thousands of unit cells. The energy

required to translate the wall by one unit cell is then small

compared to the total wall energy and smooth sideways motion

occurs. There is a definite coercive magnetic field below which

domain structure can not be altered, and for fields above this

threshold, a wall mobility can be defined. For simple proper

ferroelectrics in contrast, the walls are very narrow, only a

few unit cells thick. The energy required to translate the wall

by one lattice spacing is thus a large fraction of the total

wall energy; and 'true' sideways motion does not occur. Switch-

ing in ferroelectrics is by nucleation and growth of new domains

(most often on existing walls) making the switching process ex-

ponentially time dependent with no unique coercivity.

Data on the kinetics of domain wall motion are not

available for any simple ferroelastics, or for any secondary

ferroic crystals.
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The objective of our research program is to provide such

data and the models appropriate for some of their switching pro-

cesses.

Quartz is a technologically important secondary ferroic

which exhibits both ferrobielastic1 and ferroelastoelectric 2

switching. Earlier studies in our laboratory have explored the

acoustic emission, accompanying domain switching, suggesting

that nucleation and growth probably underlie this mechanism of

wall motion.

Recently, using a small hand operated stressing jig

(Fig. 1) we have been making detailed observations of the slow

isothermal switching under static fields. Figures 2 and 3 show

the slow increase in the size of a bielastic domain under static

stress. From such observations at different stress levels again

the nucleation and growth model is supported. Most often new

ferrobielastic domains appear at stress concentrations on the

edges of the quartz samples. Figure 4 is a rare example of a

switching twin initiated inside the crystal.

To study the shorter switching times under higher static

stresses, we have constructed a simple jig which permits the

application of stress in times less than 5 m seconds, and for

which the switching is monitored by the chanqe in the piezo-

electrically generated charge. This system will permit a full

exploration of the switching analagous to the earlier experi-

ments by Merz3 on ferroelectrics.

1
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SOME PRELIMINARY IDEAS ON A DUCTILE-BRITTLE TRANSITION IN
Fe-Si SINGLE CRYSTALS

R. Thomson and J. P. Hirth

Vehoff, Rothe and Neumann1 have published some recent

experiments which show that brittle behavior in Fe-2.6% Si

single crystals can be induced by increasing the strain rate or

by introducing H 2 into the environment. In the normal ductile

crack configuration (Fig. 1) the crack advances by alternate

slip on complementary slip planes which intersect the crack line

(<110> crack line (100) cleavage plane) at an included angle z,

of 71*•

Fig. 1. Ductile fracture configuration in Fe-Si. <110> crack

line, (100) slip plane, {1121 slip planes.

With this configuration, the emission of a dislocation advances

the crack by the ledge created by the dislocation as it comes

through the surface at the tip.

Over a range of temperatures, in vacuum, the crack can

be be induced to become fully brittle at a critical strain rate

Sc has the form;

Sc = S0 e- Ei/kT (1)
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E is the activation energy measured for plastic flow in this

material.

If a crack is formed in the ductile range, and H2 gas is

injected into the chamber, the crack again becomes brittle, but

in a gradual manner, with hydrogen pressure. Specifically, the

angle, a, Fig. 2,

Figure 2. When hydrogen is present, the angle a sharpens over
a range of T and P.

decreases with increasing H2 . Over a range of T and P, a is a

function of Ph2 and T, but not of the strain rate, S. The

temperature dependence is given by the relation (if a = a(T,P))

P = Po(a)e-E2/kT (2)

E2 is the activation for hydrogen desorbtion from the surface.

These experiments throw a direct light on the mechanisms

of dislocation emission from cracks in niaterial, and the object

of this paper is to discuss these implications in a preliminary

and qualitative manner.

Rate Dependent Transition

Rice and Thomson 2 have published criteria for intrinsic

dislocation emission from cracks which we write in the form;
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Kductile > 4
2/Ccore (3)

Kcleavage > /V4

K is the crack stress infinity factor, 4 the shear modulus, y

the intrinsic surface energy, and Ccore the normalized core

radius score = rcore/b. These equations state conditions on the

stress intensity of the crack for the onset of cleavage or duc-

tility. When Kductile < Kcleavage, the material is an intrin-

sically ductile material, and vice-versa. However, at low

stresses, ductile crack a,a,- -.ould be slow because the dis-

location experience forces F _ 4erably lower than those exert-

ed by stresses at the theo'!wr:aI limit of the material, and the

advance of the dislocation atmosphere is rate determining. How-

ever, if a sudden high ext, rnal stress is applied, the crack

stress intensity factor will exceed Kcleavage, and if the stress

is sufficiently high, the crack will generate sonic speeds.

Under these high stress conditions, the force on the

dislocation will be given by Fig. 4.

Score
total
force

time

Figure 4. The force experienced by an emitted dislocation as a
crack moves through the material at sonic speeds.
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The force is approximately constant over much of its range

because of the partial cancellation of the K-field repulsive

force on the dislocation and the image force on the dislocation

in the cleavage plane of the crack. Also, the force exerted on

the dislocation is well below that to drive it to sonic speeds

because of the same partial cancellation. Thus, provided the

crack can move at sonic speeds, the dislocation is left after

emission sitting at a position where it can easily be drawn back

into the cleavage plane.

Quantitive results, however, will have to await a more

adequate treatment including the effects of multiple dislocation

emission and the reactions between the dislocations and the

crack.

Hydrogen Effects

The most striking point relative to the hydrogen experi-

ment is the fact that the embrittlement takes place over a range

of hydrogen coverage which is nearly unity. Using a simple dia-

tomic molecular dissociative process at the surface with a

Langmuir isotherm, we find that 9/(1-9) > 10 or 8 1. This

fact means that one may not invoke models where the embrittle-

ment is due to the gradual filling of the available sites on the

surface.

However, we note that in the case G-1, the Gibbs adsorb-

tion equation becomes
kT f 8 kT n

Y Y0 dP = - T ln P- (4)
a0  a0
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If the fracture is modified by the chance in y, then only if the

in P/Po team can generate numbers of order 10 can y be affected

in a way fracture equilibrium can be sensitive to. However,

this is precisely what is observed, because the angle varies

over a pressure range of 10-1 to 104 Pa. In Fig. 5, the

straight portion of the y plot is the one corresponding to

embrittlement.

' embrittlerent
To range

i P

Figure 5. Gibbs isotherm showing range where 9/(1-0) is very
large and embrittlement occurs.

With these clues, we assume that embrittlement is driven

by thermodynamic forces, and that the crack grows under equi-

librium conditions (a point already noted by Vehoff and

Neumannl). Under these conditions we assume that the y change

is sufficient to reverse the ductility-cleavage order for Fe,

and that under H2 , Kductile < Kcleavage in Eq. (3). We now as-

sume that dislocations are emitted by thermal nucleation, and

that the crack motion is also controlled by thermal fluctuations

at the crack tip where the H adsorption occurs. From the theory

of these processes 2,3, we find that
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-(E(H)-Kc)kT

Vc = v 0 e
(5)

-(Eo+b6y-Kkd)/kT
vd = vo e

where vo is the crack velocity, E(H) is the activation energy

due to hydrogen reaction at the crack tip plus lattice trapping,

K is the stress intensity factor measured from the Griffith

value in the presence of hydrogen, and kc is the activation

volume for crack growth. We expect E(H) to be essentially in-

sensitive to hydrogen pressure in this range, because e S 1. In

the second equation, Eo is the activation energy of dislocation

nucleation in the absence of H2 (essentially zero), b6y is the

additional activation energy required to form a nucleus at the

pressure of hydrogen, and Xd is the activation volume for dis-

location nucleation.

The ratio of the two expressions in (5) gives the angle

of opening of the crack, a. Thus

t g -Voe (E(H)-Eo)/kT e-b
6 Y/kT eK(Xd-kc)/kT

tan a =. - . . (6)
v c  v o

This equation has the desired character. The second term yields

the basic relation between a and hydrogen pressure, and the

tendency of %d and kc to cancel yields the result that a should

be only weakly dependent on K (or strain rate), as observed.

These ideas are far from a complete theory, but seem to

contain the basic physics of both types of ductile to brittle

transition as observed by Vehoff, Rothe and Neumann.
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COMMENT ON A PROCEDURE FOR THERMOMECHANICAL
ANALYSIS OF ELASTIC COMPOSITE MATERIALS

James R. Rice

ABSTRACT

A "homogenization" technique has been employed recently

by Gurtman et al. (1981) to derive equations governing the

macroscale static thermoelastic response of structures composed

of a periodic composite material. The approach is outlined

briefly here, and the identity of the effective thermoelastic

properties, as they arise within the homogenization procedure,

to those of the classical approach to overall properties of com-

posites is demonstrated.

I
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COMMENT ON A PROCEDURE FOR THERMOMECHANICAL
ANALYSIS OF ELASTIC COMPOSITE MATERIALS

James R. Rice

Gurtman et al. (1981) investigate the equations governing

static thermoelastic response of structures composed of fiber-

reinforced, periodic composites by use of an elegant homogen-

ization technique, based on multiscale asymptotic expansion, the

fundamentals of which are referenced to Keller (1977) and

Bensoussan et al. (1978). Basically , Gurtman et al. consider a

boundary value problem for an elastic solid with periodic struc-

ture characterized by E, where e is a ratio of cell size to

macroscopic dimension of the body. They embed the displacement

field u(x,c), where F is regarded as a parameter, in the func-

tion v(x, ,E) of two space variables x and , where

u(x,E) - v(x,x/E,E) (1)

and where v (x, ,E) and its derivatives on x (macroscale) arr'

(microscale) are assumed to be analytic in the neighborhood of

= 0. Thus

v = v(°)(X, ) + ev(1)(x , ) + E2V( 2)(X,&) + ... (2)

where v(I),v(2), ... , have a vanishing average on r over a unit

cell.

Assuming that stress a is related to displacement

gradient 3u/ax and temperature change T by

207

I



Oij = CijklbUk/6Xl - yijT ( (3)

where C and y are periodic (and hence regarded as functions of

4) and C is consistent with a positive definite strain energy,

and by enforcing the equilibrium condition, baij/3xi = 0,

Gurtman et al. show that

v(O)(X,&) = v(o)(X) = u0 (x) (4)

so that u°(x) can be interpreted as a cell-average displacement

field (i.e., as the displacement field at the macroscale level),

and that

i 1(Cijklbvk(1)/6l) + 
* (Cijkl)6uk(o)/bxl

- 0 (yij)T(O) = 0 (5)

where T°(x) is the macroscale temperature field. This

differential equation for v(1 ) is shown to have a solution, in

the form

vk(1(_x,F) = (klm(&)6ul(°)(x)/6xm - 'k(&)T°(x) (6)

(where and T are periodic, with zero means) only if the

"forcing terms" u(0 )(x) and T(0 )(x) satisfy the differential

equations

(e) 2 0) (x)/xlaxi - Ye) T( )(x)/x i = 0 (7)

where
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(e)
Cijkl = <Cijkl> + <Cijmn6mkl/6n>

(e) (8)

Yij = <Yij> + <CijklbIk/6l>

and the brackets denote averages over a unit cell.

Plainly, Eqs. (7) are the equations of equilibrium for an

elastic body of homogeneous properties, and thus C(e) and I(e)

can be regarded as the "effective" (or macroscale) elastic

properties of the periodic composite.

It is perhaps obvious, but not remarked upon explicitly

in the work of Gurtman et al., that at this point the

homogenization procedure has led to results which are fully

consistent with the classical literature (created, for example,

during the 1960's and 1970's by Budiansky, Christensen, Hashin,

Hill, Laws, Rosen, Walpole, Willis and others) on composite

materials. This literature has been summarized in a review by

Hashin (1970) and in a book by Christensen (1979).

The interpretation of the homogenization procedure in

terms of the classical approach to effective properties can be

illustrated in the following way. Consider a composite material

of periodic structure subjected to the set of macroscopic

displacement gradients F (with property Fij = <bui/6xj>) and to

temperature change T. Then the local displacement field within

the composite can be written as

ui(x) = Fijxj + u'i(x) (9)
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where u' (x) is periodic. The stress field is therefore

aij = Cijkl(Fkl + bu'k/bxl) - yijT (10)

and, since baij/Sxi = 0,

(CijklU'k/6Xl) + b (Cijkl)Fkl (yij)T = 0 (11)

This has the same form as eq. (5) and if, analogously to Eq.

(6), we denote its solution by

u'i(-x) = $klm(-x)Flm - Tk(x)T , (12)

then cij may be computed by substitution into eq. (10) and hence

the macroscopic stress, equatable to <aij> by the mean stress

theorem, is given by

<oij> = CijklFkl - yijT (13)

where

Cijkl = <Cijkl> + <Cijmn mkl/SiXn>

(14)

Yij = <Yij> + <Cijklbk/6xl>

By comparison of these equarions for C, 7 with those given
previously, Eqs. (8), for C(e), -(e), it is obvious that C(e) =

and y(e) = y, and hence that the result of the homogenization

approach is consistent fully with the classical approach to

effective properties outlined in this paragraph.
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STABILITY OF SHEAR IN PLASTIC MATERIALS
WITH DIFFUSIVE TRANSPORT OF STATE PARAMETERS

James R. Rice

ABSTRACT

Shear of rate-dependent plastic materials is analyzed in

cases for which some or all of the state parameters, on which

the plastic response rate depends, are capable of both transport

by diffusion and further generation by the plastic flow process

itself. The first section of the paper establishes a general

thermodynamic framework for such phenomena. The latter sections

establish conditions for stability of isothermal shear in the

simplified case of a single internal state parameter.
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STABILITY OF SHEAR IN PLASTIC MATERIALS
WITH DIFFUSIVE TRANSPORT OF STATE PARAMETERS

James R. Rice

INTRODUCTION AND GENERAL THEORY

Consider a layer of material which is being deformed in

simple shear, Fig. 1. We consider the class of deformations for

which displacement u (illustrated as a displacement in the x di-

rection from P to P') and all state parameters depend only on

the coordinate y perpendicular to the plane of the layer and

time t. The following analysis applies whenever (i) the layer

is constrained so that there is no displacement in the y direc-

tion, or (ii) there is no normal stress in the y direction;

either of these assumptions, unessential to the results which

follow, simplify matters by removing normal stress working terms

from the energy equation.

Regarding y as a Lagrangian (or material) coordinate, a

shear strain y is defined by

y = bu(yt)/by (1)

Suppose that the state of the material is described, in

a thermodynamic sense, by the strain y, the "plastic strain" n

(to be made precise later), temperature T, and a set of n inter-

nal state variables o [=(®le2,...,en)]. The variables 0 are

additional to the plastic strain and are in the form of concen-

trations per unit volume of reference state, e.g., ofI
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Figure 1. Layer deforming in shear.
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dislocation line length (defining dislocation density), of

numbers of dislocation loops or appropriate moments, of masses

of mobile chemical species, etc. The possibility is allowed

that, in general, the quantities denoted by 9 may be subject to

diffusive transport as well as to evolution in time even in the

absence of transport. For chemical concentrations, at least of

species that do not participate in reactions, the latter evolu-

tion is absent. For dislocation concentrations, it is normally

assumed that there is no diffusive transport, but only evolution

in time owing to ongoing plastic flow and/or recovery processes.

However, following a suggestion of Perzyna (1980), we consider

here the possibility of diffusive transport associated with

state variables representing dislocation or similar defect den-

sities.

Thus, letting T be the shear stress, q the energy flow

in the y direction (consisting of heat flow plus the additional

flow due to diffusive transport), and J[=(Ji,J 2 ,...,Jn)] the

set of diffusive fluxes in the y direction associated with the

set 0, the governing equations are

momentum:

6/3y= p 2 u/3t2 (2)

energy:

by/6t - 6q/ay = 6e/bt (3)

(where e is the internal energy per unit reference volume), and
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entropy production:

6(q/T)/by + bs/bt - 6(E •/T)/by > 0 (4)

In the last expression s is entropy per unit -e4erence volume

and the set k [= (rl,I2,''',xn)] are the potentials associated

with 0.

Letting = (y-n,T,O) = e-Ts be the free energy per

unit reference volume (the dependence on y-n serves to identify

the plastic strain, r, if it is assumed that 6 /by = 0 when

y = r), the stress r, entropy s, and potentials £ are

= (y-n,T,0), s =- y 6T -- (- T

and -= - (y-n,T,G) (5)

Also, the total differential of is

50 = T6y - -6n - s6T + 0 6 = 6e - T~s - s6T (6)

Now, when the energy equation is used to substitute for the term

aq/by in the entropy production inequality there arises

6- ' T 6P

T Ty- y

+ + T_ e
at at -- t T- 0

and by using the expression for 6& above this may be reduced to

+0 at- J) (7)
T 6y - 5y tt 3Y"
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Through well known arguments, it is plausible to assume that the

first two terms and the remaining terms sum separately to non-

negative quantities, so that constitutive equations describing

the non-elastic processes involved must satisfy

q-.'i 6T o
d T y - > 0 (8)

- T 5y -- 5

and
qunite rersne ytevraleJ r ucin fT

As a general framework, we may assume that the plastic

strain rate D/ t and the rates of generation, 5e/ t + 5J/ y, of

quantities represented by the variables 8 are functions of t, T

and 0:
bn/bt = f(TT,O) (10)

60/6t + 3J/3y = g(T,T,O) (11)

where, by Eq. (9), the functions must satisfy tf - g 0.

Of course, for a variable Ok representing a fully conserved

species, the corresponding gk is zero; also, for a set of O's

representing variables involved in a chemical reaction, the cor-

responding g's are constrained by linear relations to one

another.

If we are concerned only with modest departures from

spatial uniformity, the fluxes can be written as

q- = - TL 0 0 LL - TL0 1• (12)

J=-Ll T - 1 (13)
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where the composite n + 1 by n + 1 matrix

[L] =--------------I-----

L .ll

is positive definite and, if assumptions appropriate for

Onsagers relations are met, [LI is symmetric.

As a final note regarding the general formalism, observe

that the energy equation may be re-written as

bq = ae T_. + 5 _t T s- y - - r - r + s + T

which can be rewritten by use of the above expression for 6& as

_ 0q= T5s -- (14)

By regarding s and all other state parameters as functions of y,

, T and 0, and then using Maxwell relations and denoting by c

the specific heat at constant y, n, and 0, one has

bs/6t =()s/by)6y/bt + (6s/an)bn/bt + (bs/6T)6T/bt

+ (bs/o) • 60/t (15)

=-(6T/bT) a(y-n)/6t + (C/T)bT/bt -(3R/aT) • 0/at

Thus, with a further rearrangement of terms, the energy Eq. (14)

may be written as

-TT bo16
-T c q-'T(-)-T -3( - TZ (16)by T 3T a - - - t T t
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where

bn bJ q- 'J 6
z + T - * / (17)

is the total entropy production rate (compare to Eq. (7)].

For simplicity in what follows, it will be assumed that

S= G(y-n), where the shear modulus G is independent of T and 0.

This implies that s and are dependent only on the variables

T and 0 and, further, that the term 3T/bT above vanishes.

Although some attention has been given here to develop-

ment of the energy equation, the subsequent sections are based

on an assumption of high enough thermal conductivity that this

equation may be disregarded.

Specialization to Isothermal Shear

To examine in the simplest case the possible effects of

transport processes involving the O's on stability of a layer of

material deformed in shear, assume that the boundaries of the

layer are held at a constant temperature and that heat conduc-

tion is sufficiently fast that T is effectively constant.

Further, consider the case in which there is a single state

variable 0, and all deformations are quasi-static (inertia term

neglected in momentum equation). Then the system of governing

equations is

S= u/ y (13)

T/)y = 0 (19)

= G(y-n) (20)
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/St =f(T,O) (inelastic strain rate) (21)

30/3t + 6J/by g(T,O) (inelastic generation rate) (22)

J = -D60/3y (23)

In the last equation, D = L64/60 and since L > 0 by the entropy

inequality, one has D > 0 if it is assumed (as seems plausible,

and as we shall until further notice) that 641n > 0.

Let the upper boundary of the layer be displaced as an

arbitrary function of time due either to prescription of a T

(case I) or a u (case II) history at y = h. Use the subscript

"o" to denote the spatially uniform solution for deformation of

the layer under these imposed conditions: y = yo(t), n = ro(t),

0 = 00 (t), r = TO(t), u = uo(y,t) = yo(t)y. Thus, if primes de-

note deviations from this uniform solution e.g., y = yo(t) +

y'(y,t), etc..., then the linearized equations satisfied by the

primed quantities are

3r'/ay = 0 , (24)

= G(3u'/6y-n') , (25)

rfo +, (26)

be'/bt-Do 620'/by 2 = glo t' + g2o 0' (27)

Here

[f1 , g11 = [(,),gtS]r

(28)

[f2 , g2] = 3[f(T,O), g(r,0f)/b 0
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The boundary conditions to be satisfied in two cases to be con-

sidered are for case i, t' = 0 at y = 0, h and for case II, u=

0 at y = 0, h and (assuming no flux at the layer boundaries)

30'/by = 0 for both cases I and II at y = 0,h. When Do = 0 and

G = , these equations reduce to a system considered by Ruina

(1980).

Observe that the stress perturbation must be constant

through the layer, ' = 0'(t). Case I and case II are now con-

sidered in turn.

Case I: Stress Boundary Conditions in Isothermal Shear

For case i, ' = 0 at y = 0, h and thus, since T' is in-

dependent of y, r' = 0 everywhere. The remaining system of

equations is

30'/at - Do 620'/3y 2 = g 2 o 0' (29)

On'/bt = f2o ®' (30)

-I bu'/by = (31)

Consistently with the boundary conditions on 9', one may assume

that
co

e'(y,t) = Z n(t) cos (ny/h) (32)
n=0

where n (0) are fourier coefficents of some small initial non-

uniformity of state, so that

d~n(t)/dt = (g 2 o - n2n2Do0 /h
2 ) 6n(t), n=0,l,2,...;

n(t) = $n(O) exp [Ht (g2o - n2 T2Do/h 2 )dt], n=0,1,2,... (33)
0
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Hence, if g2o 
< 0, all modes exhibit decay in time, and the

homogeneous deformation state within the layer is stable. On

the other hand if g2o > 0, the mode n = 0 (independent of y) is

unstable and exhibits exponential growth at rate g2o. Higher

modes, if any, that correspond to values of n for which

g2o > n2n 2Do/h 2  (34)

also exhibit growth, but at a slower rate. However, it is evi-

dent that if Do > 0, modes for sufficiently high n will be

stable.

To interpret the stability condition, g20 
< 0, observe

that in the absence of diffusion (which is, indeed, absent from

the n = 0 mode since 60/by vanishes for that mode),

glo T' + g2o 0' (35)

Thus if there is no perturbation from the basic stress history

To(t), one has T' = 0 and

60'/6t = g2 o 0' (36)

This shows that when g2o < 0, any disturbance from the homo-

geneous deformation history tends to decay, whereas when g2o > 0

such disturbances grow. The inequality g2o > n
2n 2Do/h 2 , on

the other hand, shows that for high mode numbers, with their

correspondingly higher diffusion, the diffusion of 0 non-

uniformities lends stability.
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One observes that when Do = 0 (i.e., when there is a

negligibly small diffusivity), all modes exhibit growth when g2o

> 0. But when Do * 0, only the lowest mode (n = 0) exhibits

growth, with progressively more modes joining in the growth as

g2O increases.

As a final comment for case I, it is interesting to con-

sider the possibility that beyond a certain 0, the potential 4

ceases to increase and, rather, starts to decrease with 3, 4'(a)

< 0. Thus Do = L0 41(9 0 ) < 0 is negative, and now the inequality

leading to instability, rewritten as

n2lt2(-Do ) / h 2 > -g2o ,(37)

is always met for sufficiently large n, and the exponential

growth rate of a given mode increases in proportion to n2 . This

suggests a rapid localization of deformation.

Case II: Displacement Boundary Conditions in Isothermal Shear

For this case it is convenient to start by averaging all

field quantities through the layer, with notation

=1 h
<function> (function) dy (38)

0

Noting that T' = -'(t) so that <-'> = TI', and observing that

u' = 0 and J' = -Do 60'/by = 0 at y = 0,h, the averaged form of

Eqs. (25) to (27) is

= -G<n'> (39)

d<n'>/dt = flo -' + f20
<3'> (40)
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d<o'>/dt = glo T' + g 2o<0 '> (41)

This is a closed system of equations whose stability can be

studied. What is interesting in this case is that the condition

for overall stability of the layer (in the sense of averaged

quantities of the preceding equations being stable) is not co-

incident with the condition, to be derived subsequently, for

local stability.

To investigate overall stability, we substitute for r'

from the first of the previous equations and therefore write

d {< ) :> I =  [M ] < ?I:> I
wE <ere <0'> (42)

where

gio g2o

The overall stability condition is therefore Re(m) < 0 where

1= S (go o-G fl) - G(goof2 o-fog 2 )' (43)

is, if real, the algebraically greatest eigenvalue of IM) and,

if complex, one of the two complex conjugate eigenvalues of

[M).

The instability condition Re(m) > 0, may therefore be

stated as the condition that either

Ao < 0 (44a)

or that
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Ao > 0 and g2o > G flo , (44b)

where

Ao = glof 2 o - flog 2o • (45)

To interpret these conditions, it is convenient again to

consider the form taken by the constitutive laws in the absence

of diffusion:

dn'/dt = flo ' + f2o S' , (46)

do'/dt = glo t' + g2o 5' (47)

These are usefully rearranged to the forms

TO = (dn'/dt)/flo - f2o0 '/flo (48)

de'/dt = glo(d-'dt)/flo - AOe'/flo , (49)

the first of which may be re-expressed as

= -92o(dn'/dt)/Ao + f2o(dO'/dt)/Ao (50)

Thus, if in the non-diffusive circumstances considered any one

of the set
T,; (=dn/dt), 0, 6 (=do/dt)

is regarded as a function of any two of the other, we see that

i/fI = (6T/5')Ie=const. ' (51)

A/fI  = - (52)

92/A = -(6T/6;)10=const. (53)

92 = (66/60)l=const. • (54)
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tvidently, Eq. (51) shows that 1/f1 is an incremental viscosity

at constant state, and it seems reasonable to assume that this

is generally positive, fl > 0. The other parameters A and g2

are unlikely to be universally of one sign, although A > 0 is

plausible in the following sense: Suppose that for given ;, 0

tends to evolve towards a "steady state" value Oss(;), so that

= 0 when 0 = 8ss(n) and that 0 decreases (increases) monotoni-

cally as 0 increases (decreases) from 0ss(n). In this case Eq.

(52) shows that A/f1 > 0, so that A > 0. Finally, if the par-

tial derivative in Eq. (53) is evaluated for 0 = 0, it is equal

to -drss(()/d;, where Tss is the value of T at a given ; and at

o = 8ss(r). Thus, g 2 < 0 if drss(;)/d; > 0, and conversely.

The significance of the quantity denoted by g 2/A above,

i.e., by -(br/3)I 8 = const., was first discovered and commented

upon by Ruina (1980), in an analysis paralleling the present

discussion but neglecting possible diffusion effects. One ob-

serves, also following Ruina, that so long as Ao > 0, the mode

of instability exhibited by the overall quantities is one of

flutter type, i.e., oscillations of growing amplitude. This is

because the eigenvalue m is pure imaginary at the critical con-

dition g20 = G flo that results when Ao> 0 (Eq. (44b)]. A con-

sequence of an instability of this type is that a finite ampli-

tude periodic solution for perturbations of the average quanti-

ties in the layer generally exists in a one-sided neighborhood

of the critical point, a solution which may be stable (limit

cycle) or unstable according to the side of the critical point
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on which it occurs. (See thecry of the Hopf bifurcation as dis-

cussed, e.g., by Howard, 1979).

Now, to consider stability based on local (versus over-

all, or average) field values, we may write

0' = <0'> + #n(t) cos (nny/h) (55)
n=l

(i.e., $o(t) = < '> •

In view of the equations satisfied by the average quantities

[Eqs. (39) to (41)], the system of Eqs. (25) to (27) then leads

to
br'/at - d<n'>/dt = f2o(G-<O'>) , (56)

au'/by = n'-<n'> (57)

be'/at - d<o'>/dt - Do a2o,/ay 2 = g2o(0-<9'>) (58)

The first two equations can be integrated directly to show that

' <'> + I (On + f f2o~ndt) cos (nny/h) , (59)

n=l 0

t
u= (h/n) ( n + f f2o~ndt) sin (nny/h) , (60)

n=l 0

where the constants 81, 02, ... are Fourier components for n > 1

of the initial non-uniformity of plastic strain, and the last

equation requires that

d~n/dt = (g2o - n2n 2Do/h 2 ) On, n=l,2,...,

and hence that
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=n( 0 ) exp Hf ( 2o- n2n 2Do/h 2 )dt], n=1,2,... (61)
0

This solution for n is the same as given earlier for

case I, of stress boundary conditions, except that in case I it

applies for n = 0 also, whereas in the present case it applies

only for n ) 1. Hence, assuming that 6L/80 > 0, so that Do > 0,

the condition for local instability is

g2o < n2Do/h 2  (62)

(mode n = 1 is most critical). [The case 6/0 < 0 again leads

to instability at any g2o for sufficiently large mode number,

with rate of growth increasing with n2 ].

If Do = 0, the local instability condition of Eq. (62),

then reducing to g2o 
> 0, will be met before the overall insta-

bility condition [namely, that g2o > G flo, as in Eq. (44b)] at

least if one assumes that Ao > 0 and that g2o increases from

negative to positive values during the history of deformation.

On the other hand, if the diffusivity Do is sufficiently large

and positive, the situation will be reversed and the overall in-

stability will occur before local instability. The possibility

of such a reversal of order is greater for thinner layers, since

the local instability condition of Eq. (62) involves 1/h 2 . Both

conditions are met simultaneously (again, assuming Ao > 0) if h2

-
2Do/G flo; this results from equating the critical conditions

of Eqs. (44b) and (62).
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DARPA SOLID LUBRICANTS PROGRAM

J. L. Margrave

The DARPA/AFWAL solid lubricants program was reviewed

for the Materials Research Council by Michael N. Gardos of

Hughes Aircraft. Current efforts are directed to the develop-

ment of (1) small gyro bearings in which selected solid lubri-

cants, hard coats for balls and races and various design parame-

ters can be tested and, (2) a cruise missile bearing for opera-

tion at 600 0 F. The Ga/In/WSe 2 composite developed by Westing-

house and various doped transition metal dichalcogenides (MoS 2 ,

GeTaS 2 , CuNbS 2 , AgNbS 2 , CuNbSe 2 and AgNbSe 2 ) are being evalu-

ated. TiC, CrC-TiC and TiN hard coats have been successfully

prepared on steel, Co-bonded WC and Ni/Mo-bonded TiC balls by

CVD at 1000 0 C. TiN has also been reaction sputtered at -500 0 C.

Experimental testing at elevated temperatures with a

ball-on-disc/inner race apparatus and a new concentrated contact

traction apparatus is providing useful performance information.

Wear equations are being evaluated for various self-lubricated

bearing systems.

Future plans include extended tests of CVD hardcoats,

sputtered MoS 2 , mixed dichalcogenides and the Westinghouse com-

pact in gyro bearings. Efforts to identify the vulnerable phase

in the Westinghouse material will be continued and solid

lubricants/hardcoats for the high-temperature cruise missile

bearing will be selected. The 3-D weave carbon fiber materials
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and parameters relating to their uses in self-lubricating bear-

ing systems are under examination. The fluorocarbon solid

lubricant, (CFX), has not been evaluated because of the diffi-

culty of applying it in the form of a film or getting adherent

layers by CVD or sputtering techniques.
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NEW METHODS FOR PREPARATION OF CFX

J. L. Margrave

The solid fluorocarbon, CFX, has well-known uses as a

solid lubricant and as an electrochemical material in Li/CFX

batteries.1  Its wide utilization has been limited by the fact

that only one practical synthesis has been devised:

2 C(graphite) + F2 (gas) = 2 CFX(solid)

Elemental fluorine is expensive and only produced electrochemi-

cally. In addition, the CFX (solid) is always formed as a fine

powder which has little tendency to cohere to itself or adhere

to surfaces. A pressed CFX tablet is friable and can be crushed

between the fingers. A surface layer of CFX on a graphite block

can be scratched off with a fingernail. The material does not

melt or sublime at high temperatures but disproportionates to

CF 4 and amorphous carbon.

Techniques for producing CFX by using HF or some easily

derived fluoride instead of F 2 are badly needed. Three possible

reactions which could produce CFX economically are:

I. C(graphite) + HF(gas) + 1/2 C1 2 (gas) = CF(solid) + HCI(gas)

AH5 0 0 = -5000 cal mole -

AS5 0 0 = -23 cal mole- deg-
(1)

AG 5 0 0 = +6500 cal mole -

log K 5 0 0 = -2.8
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* 1II. C(graphite) + HF(gas) + Cl(gas)* CF(solid) + HCl(gas)*

I AH50 0 = -34,000 cal mole -1

11

AS 5 0 0 = -25 cal mole- deg-
I (2)

AG 5 0 0 = -21,500 cal mole -1

Slog K = 10+ 9 . 4

*(Use UV light to produce Cl-Atoms)

III. C(Solid) + CuF(solid) = CF(solid) + Cu(solid)

AH500 - -2000 cal mole-

AS500 - 0
(3)

AG 5 0 0 = -2000 cal mole-

log K5 0 0 = 10+ 0 . 8 7

Finally, there is interest in techniques for producing

adherent CFX films on carbon shapes or on metal objects. RF re-

sistive heating to provide a hot surface for chemical vapor

deposition of CFX should be possible for these reactions:

(a) CH 4 + SF6  CFX + HF + Sx

(b) CH 4 + NF 3  CFX + HF + N2
?

(c) C 2 H 2 + F 2 * CFX + HF

H H
(d) F3-C-C-C-CF 3 .2 CF + 4 HF + 2C

H H

SH H
(e) F3-C-C=C-CF 3 * 4 CF + 2 HF

Exothermic and spontaneous reactions which could yield

i CFX deposits if carefully controlled include:
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(a) C + NF 3  CFX + N2
J9

(b) B 4 C + F2 + CFX + BF 3
?

(c) SiC + F2  CFX + SiF x9

(d) TiC + F2 + CFX + TiFx

In all these cases, a runaway exothermic reaction will produce

CF4 instead of CFX.
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HEAT CAPACITIES OF LIQUID METALS ABOVE 1500 K

J. L. Margrave

Exper-imental heat capacity measurements for liquid

metals by both the levitation and exploding wire techniques have

shown that Cp values in the range 2000-5000 0 K may approach 1OR

cal mole -1 deg -1 and thus, significantly enhance the importance

of liquid metals as heat sinks during nuclear excursions, laser

irradiations or high current pulses. 1' 2 The excess heat capa-

cities can be related to other thermophysical properties through

the equation

Cp-Cv = Celectronic + a 2VTBT

where Celectronic = yT; a = the thermal expansion coefficient; V

= the molar volume; and BT = the bulk modulus. Cv 3R for all

liquid metals at T > 1500 K. Thus,

Cp(T) = 3R + yT + a 2VTBT

and often can be described by a general equation

Cpl = a + bT + cT
2 +

There seems to be little experimental support for the suggestion

by Hoch et a1 3 that Cp's for liquid metals fit an equation like

Cp1 = a + bT + cT
- 2

which describes a few low-melting metals over temperature ranges

of a few hundred degrees.
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Unfortunately, there is a paucity of experimental data

for a, V or BT at high temperatures for solids and only a few in-

vestigators have studied liquid metals. For example, there are

Cartesian Diver density determinations for a few liquid metals by

Kirschenbaum, Cahill and Grosse.4 There are a few density

measurements for liquid metals by suspended drop techniques; 5 and

a few photographic density determinations on levitated liquid

metal drops. 6 In most cases the measurement, are within a few

hundred degrees of the melting points. Gathers, Shaner, et al. 2

have used the exploding wire technique supplemented by fast

photographic observations and fast multicolor optical pyrometry

to obtain values for liquid metal densities and for liquid metal

expansion coefficients over the range 500-50000 K for V, Fe, Nb,

Mo, Ta, Ir, W, Pb and U.

There seem to be few experimental determinations of bulk

moduli over ranges of temperatures, although one has the intui-

tive feeling that they should decrease as temperature increases.

Again, the exploding wire studies 2 which yield equations of state

as well as other thermodynamic properties offer a unique source

of experimental values for BT and for aT in the 2000-7000 0 K

range.

The electronic contributions to Cp are expected to be

given by yT where y is the well-known coefficient derivable from

low-temperature Cp-measurements. yT-contributions at low temper-

atures may be enhanced by electon-phonon interactions but this

should not be important in high temperature liquids. Typical
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values for y from low temperature studies are in the range 10-3

to 10- 4 cal mol - I K- 2 .

By collecting these ideas and utilizing both levitation

and exploding wire data for liquid transition metals, one can

estimate the Cp-values listed in Table I.

Since Cp (5000) falls in the range 8R to 1OR for many

liquid metals, one can more confidently assign heat loads and

predict structure survival during extreme temperature excursions

caused by nuclear, laser or particle irradiation.
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TABLE I

CP's for Liquid Transition Metals

Cp in Cal mole-I deg-1

Element MP K Near MP 3000 K 4000 K 5000 K HT Avg.

Sc 1812 (10) (12) (14) (16)ITi 1933 11.1-L (14) (17) (22)

V 2190 11.2-L;ll.3-E 14.6-E 16.6-E (22) (15.8)-E

Cr 2176 (9.4) (12) (14) (16)

Mn 1517 (11) (13) (15) (17)

Fe 1809 11.1-L (14) (17) (22)

Co 1768 12.0-L (15) (18) (23)

Ni 1725 9.4-L (13) (15) (17)

Cu 1357 8.3-L (12)

Zn 693 7.5-D

Y 1803 10.3-D (12) (14) (16)

Zr 2125 9.7-L 15.3-L (17) (20)

Nb 2740 9.7-L (10) (13) (16) (13.6)-E

Mo 2892 9.0-L (12) (16) (20) (17.0)-E

Tc (9) (10) (12) (15)

Ru 2700 (8.5) (10;, (13) (17)

Rh 2239 (10) (12) (15) (18)

Pd 1823 9.9-L (12) (15) (18)

Ag 1234 (7.3) (10)

Cd 594 7.1-D

F 238



Cp in Cal mole - I deg -

Element MP K Near MP 3000 K 4000 K 5000 K HT Avg.

La 1193 (8.3) (11) (13) (15)

Hf 2500 (9.5) (12) (15) (18)

Ta 3269 (10.5) (13) (18) (16.6)-E

W 3680 (10) (13) (16) (13.4)-E

Re 3453 (10.8) (13) (16)

Os 3300 (8.6) (12) (15)

Ir 2727 7.2-E (8) 10.1-E 11.1-E (11.4)-E

Pt 2043 9.3-L (11) (13) (15)

Au 1336 9.0-D i9.0) (10.0)

Hg 234 6.8-D

Th 1968 (12) (16) (18) (22)

U 1405 11.3-L;11.5-E 16.2-E 17.5-E 23.1-E (11.8)-E

L = Levitation Measurements
E = Exploding Wire Measurements
D = Drop Calorimetry Measurements

)= Estimated Values
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NEW REACTIONS OF ASTROCHEMICAL INTEREST

J. W. Kauffman, R. H. Hauge, M. M. Konarski,

W. E. Billups and J. L. Margrave

As radio astronomers have surveyed the various emissions

and absorptions of electromagnetic radiation from space with

more sensitivity and resolution over wider ranges of wave

length, it has become clear that many chemical processes are

proceeding in that mix of atoms, ions, electrons and molecules.

I The ultraviolet radiation from the sun provides an initiating

process which keeps a supply of high energy species, both neu-

tral and charged, available for reaction. We have discovered

several new chemical processes in the laboratory which, if du-

plicated in the space environment could provide it with a poten-

tial for chemical systhesis almost as rich as on earth, includ-

ing good yields of complex molecules under appropriate condi-

tions.' Other recent papers have discussed ion-molecule type

reactions and shown that such processes can account for the

presence of simple organic molecules., 3 Residual organic

species in meteorite samples have been reported by many investi-

gators.

in space one has fairly low effective translational

temperatures, various sorts of radiation environments and very

low density gases, with occasional "dust" particles. Since

these "dust" particles are being exposed to ultraviolet or x-

radiation under relatively high vacuum conditions, it seems

probable that some of them are in fact metallic in nature and,

of course, there is a wide distribution of sizes from a few
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hundred or thousand Angstroms in dimension up to a few microns,

and even a few macroscopic chunks. Such metallic clusters would

represent ideal spots for the same kinds of catalytic chemistry

which have been observed in our laboratory matrix isolation ex-

periments. A close encounter of a water molecule or a methanol

molecule or an ammonia molecule with a small metallic cluster

(M, M2,...Mx) should result in the formation of a neutral ad-

duct, stable at low temperatures. When this adduct is activated

by an ultraviolet photon, the oxidative insertion process shown

below occurs:

Mx + H20 =(MX:0H2) = HMxOH

Some metals (Al and Si, for example) react spontaneously to form

the insertion product. obviously, if there is excess metal one

might get products like HMxOMxR, e.g., if the clusters break off

in dimeric or trimeric units, one might find species like

HM2 0M2 H{ or HM3OM3H. Several of these types of molecules have

been observed under laboratory conditions in matrix isolation

studies and infrared absorption frequencies, isotope shift data,

etc., have been recorded for identification purposes.

Specifically, we have observed in the laboratory a large

number of spontaneous low temperature interactions of metal

atoms with water, with ammonia, with methane, with CO, with

alcohols, with ethers and with a variety of other Lewis

bases. 4  These processes not only provide ways for utilizingA the low concentration of metal atoms in space for catalytic

* purposes but also can provide possibilities for creating a great
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variety of organic and inorganic materials, including alkenes,

& Jfynes and long chain saturated hydrocarbons, as well as

oxides, hydroxides, amines, etc. The presence of metal atoms in

space environments is now well-documented and the chemistry

which it makes possible is extremely extensive. Our work estab-

lishes the generality of metal atom interactions with Lewis

bases across the Periodic Table; Fig. 1 shows in a general way

some interactions which have been observed between metal atoms

or diatomic molecules of the metal and water molecules, either

themselves monomeric or dimeric, depending upon pressure and

concentration. Some metals form the adduct at 10K but undergo

further reaction on annealing or with UV-irradiation. Certain

elements are especially active and undergo unique reactions.

The very active metals--aluminum, scandium, titanium, vanadium,

etc., undergo spontaneous reactions with water even at very low

temperatures, 10K, and form hydrido-hydroxides or even oxides.

As one forms such species there are several kinds of

questions. (1) How general is the phenomenon? (2) How stable

are the adducts and insertion products? (3) What further

chemistry can result after adduct formation and/or oxidative in-

sertion has occurred?

To answer these questions we have concentrated our ef-

forts on certain metal atoms and studied their reactions with a

variety of Lewis bases. For example, iron atoms have been re-

acted with the isoelectronic sequence CH4 , NH3 , OH2 and FH as

well as with the organo-analogs of water--CH 3OH, CH3OCH 3 ,
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Figure 1. Reactions of metal atoms with water at low tempera-

tures.
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CH3OC2H5 , C2H5OC2H5 , etc.
7 , 8 The results of such studies indi-

cate that iron atoms can be inserted with the aid of an ultra-

violet photolysis step into the CH bond, the NH bond, the OH

bond and the HF bond to yield the products HFeCH 3 , HFeNH2 ,

HFeOH, and HFeF, respectively. These are all new molecular spec

ies and are capable of undergoing a variety of further chemical

reactions. Mn, Co, Ag, Cu, As and Au behave similarly and

studies with Si, Ge, Sn and Pb-atoms are in progress. 8 When one

reacts iron or certain other transition metals with methanol the

insertion product CH3 FeOH and the products CH3OFeH are both

formed. These adducts can be warmed to room temperature and re-

covered as grayish powders, somewhat pyrophoric and very hydro-

lytically sensitive. With CH3OCH 3 and Fe-atoms, one forms

CH3 FeOCH 3 after ultraviolet photolysis. This product is re-

coverable as a grayish crystalline powder and can be hydrolyzed

with the formation of appreciable quantities of C5H12 , C6 H14 ,

C7 H16 , as well as lighter alkanes, alkenes and alkynes. 7 When

calcium, strontium or barium are co-deposited with dimethyl

ether one produces adducts which primarily form alkenes and

alkynes with a minimum of alkanes on hydrolysis. 6

It seems clear that a new set of chemical processes

which could play an important role in interpreting astrochemical

phenomena has been identified through this work. The availa-

bility in space of simple reactive species like water, ammonia,

methane, CH3OH, etc., has been demonstrated by various spectro-

scopic measurements. The existence of metallic clusters, some
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in the range of a few hundred to a few thousand square Angstroms

in cross section while others are micron size ranges, is also

well-documented. The interaction of simple molecules and metal-

lic surfaces which are probably quite clean after degassing in

vacuum for long periods along with the ultraviolet radiation,

should make formation of the chemical molecules in space which

we have described in this work not only straightforward but

totally plausible. From such adducts and insertion products one

can develop all of the areas of organic and organometallic chem-

istry, hydrocarbon chemistry, and nitrogen chemistry (including

the possibility of forming amines, amides and amino acids) as

well as specific ways to create unique chemical reducing agents

like metal alkyl hydrides and utimately, inorganic species like

oxides, hydroxides, nitrides, etc.
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PYROELECTRIC COMPOSITES FOR LOW TEMPERATURE APPLICATIONS

L. E. Cross

Initial work has been concentrated on the antimony

sulpho-iodide (SbSI) family, using Br substitution for I and As

substitution for Sb to reduce the ferroelectric curie point.

Composites on the scale suitable for pyroelectric point and im-

age detectors are being fabricated by directed recrystallization

of SbSI glasses in very high thermal gradients. The glass cer-

amics show a good separation in the maxima of pyroelectric coef-

ficient P3 and permitivity E3 so that the figure of merit p/E

can be optimized.

Future work will be extended to include compositions in

the potassium ferrocyanide and the colemanite families of ferro-

electric crystals. Composites in the Fresnoite and barium

titanium germonate families which show increasing p down to 800 K

will be characterized in the 4.2 to 800K temperature range.
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