
Lawrence Berkeley National Laboratory
Recent Work

Title
A Conference Overview with a Personal Perspective on the Role of Chemistry in High-
Temperature Materials Science and Technology

Permalink
https://escholarship.org/uc/item/33c7n3w5

Author
Brewer, L.

Publication Date
1989-04-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/33c7n3w5
https://escholarship.org
http://www.cdlib.org/


UC-"-/0¥ 
LBL-27787 

Lawrence Berkeley Laboratory 
UNIVERSITY OF CALIFORNIA 

Materials 
Sciences 

& Chemical 
Division 

Presented at the Sixth International Conference on 
High Temperatures-Chemistry of Inorganic Materials, 

For Reference 

Not to be taken from this room 

Gaithersburg, :MD, Apri13-7, 1989, and to be '--------------
published in the Proceedings 

A Conference Overview with a Personal Perspective on 
the Role of Chemistry in High-Temperature Materials 
Science and Technology 

L. Brewer 

Apri11989 

Prepared for the U.S. Department of Energy under Contract Number DE-AC03-76SF00098. 

IJj 
....... 
0. 

iO . . 
lfl 
IS! 

r 
1-'• 

ern 
"" 0 ' !lJ"' 
)--< 
'< . 1-" 

r 
1):1 
r 
I 

f(! ......, 
-...J 
co 
-...J 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 

.. . . 



... 

A Conference Overview with a Personal Perspective on the Role of 

Chemistry in High-Temperature Materials Science and Technology 

Leo Brewer 

Department of Chemistry, University of California, and Materials and Chemical 
Sciences Division, Lawrence Berkeley Laboratory, 1 Cyclotron Road, Berkeley, CA 94720 

I don't want to compete with the fascinating historic account that John Drowart gave us 

last night, but I would like to go through the history of high-temperature symposia. I hope I 

don't get the reaction that I get from some of my classes when I say, "Remember when such-

and-such happened during the War?" And I get this blank look, and one of the students will say,· 

"I wasn't born until after the Korean War." Nevertheless, during World War II, many people in 

the high-temperature field had their first initiation. But there was one handicap. Due to security 

measures, they were not able to interact with one another. Following the War, it was recognized 

that the high-temperature field was going to expand to meet the demands for materials with 

unique properties. To meet the demands for new fabrication techniques, it was important to 

establish better communications ~ong various people. High-temperature symposia were 

established at that time and have continued vecy frequently, and I'd like to point out why they 

are especially important for this field. 

One problem is that it is not easy to work at high temperatures. There are many unusual 

aspects of high-temperature science that often are not recognized by those who have not had 

extensive experience in the field. It's vecy important to be acquainted with the instrumentation 

and techniques that might be useful One of the pwposes then of these symposia was to acquaint 
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people with the new techniques that had developed. This conference has been very successful 

in that regard. We've had both poster and oral presentations that were clearly presentations of 

new techniques. They emphasize the value of these techniques that weren't even in use at the 

time following the War, for example the lasers. One of the areas in which high-temperature 

chemistry is particularly handicapped is the problem of containers. How do you contain these 

materials without contamination? The use of fast-pulse heating and levitation are certainly 

techniques that are going to be gready expanded to overcome this. But there are some other 

problems that require adequate communication between people in the field .. Another important 

aspect of these high-temperature symposia are not only the formal presentations; it is very easy 

to get together during coffee breaks, at meals and during social hours to get acquainted with 

other people in the field and to get acquainted with what facilities they have. As we saw in 

many of the presentations here, there is collaboration between. people at various institutions. 

Because often it is very difficult to have these very specialized pieces of equipment in all the 

laboratories, collaboration in use of facilities is very important. 

There are some other aspects of high-temperature chemistry that make these symposia 

particularly important. Fritz Franzen mentioned my definition of high-temperature chemistry. At 

what temperature should research be labelled as high temperature? Everyone is accustomed to 

the behavior of materials at room temperature and usually assume that they can extrapolate to 

higher temperatures. However, in many systems, quite unexpected behavior is observed upon 

raising the temperature. Such behavior marks the boundary of high-temperature science. So the 

definition of high-temperature science is "when things start behaving the way you don't expect 

them to behave," and I usually cite the case of boron chemistry where its high-temperature 

behavior starts below room temperature. So we do have to recognize that we have things 

~ / .. 
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happening that people don't nonnally expect or believe. An example of this came after the War 

when people heard that there were people interested in studying gases at high temperatures. 

The usual . reaction was, "Oh, that's a waste of time. If you go up to high temperatures, 

everything will decompose to atoms and there won't be anything to study." But what they didn't 

recognize is that these gases are usually in contact with condensed phases. One can show 

through simple thermodynamics that the higher you go in temperature the more complex the 

vapor becomes. It becomes more complex with respect· to the number of different of species that 

are significant, as well as the size and the complexity of the molecules that are there. Even today, 

it frustrates people that this is so. The lack of recognition of the complexity of high-temperature * t: 

vapors has handicapped many industrial processes where unexpected reactions were taking place •?' ~ 

.( 

• at high temperatures. On setting up new pilot plants they've really gone astray because things 

r. .. 
"' have not behaved at high temperatures as they would at room temperature. The clarification of 

~~ 
,, 
't the role of complex gaseous species in high-temperature systems has not been an easy chore and 

much more work is needed to characterize the structures and properties of these species. The 

presentations at this conference illustrate the recognition of the importance of this problem. Both 

equilibrium species as well as clusters formed by expansion of vapors have been covered. Over 

thirty papers and posters deal with the problem of characterization of complex species in high-

temperature gases. 

This complexity of high-temperature systems requires a very broad outlook on the part of 

investigators of these systems. One must consider a wide variety of species to gain an adequate 

understanding of high-temperature behavior. High-temperature science is going to be important, 

but it is going to be important in unexpected directions. I think the high-temperature 

superconductor is an illustration of why we must maintain a broad outlook on how we are going 
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to ·use high-temperature science because we can't anticipate the leads that will come up and the 

new directions that will arrive. Students often come in to talk to me and ask, "In what direction 

should I concentrate? What's going to be the important direction?" I have a mobile in my office 

that has seven hands pointing in different directions. I tell them, "Those are the directions you 
( .: 

~· 

should be interested in." You want a broad base because you can never anticipate what things 

will be important and you should be prepared to aim for the new things that are coming up in 

the future. High-temperature research is difficult. One not only has to consider the possibility 

of many unusual species, but the experimental conditions are difficult to control. A common 

difficulty is the matter of containment without excessive contamination. One of the areas that 

was covered very extensively in this symposium is the problem of interactions between vapors and 

solids. Clearly, not only in erosion and corrosion, but also in preparation of. materials, this is a 

very important topic and we had fifty presentations at this symposium. This was very successful 

in presenting the topics that are important for this field. 

Understanding of the kinetics of reactions at interfaces is particularly important and is an 
. . 

area that needs much more work to develop a broader understanding of high-temperature 

reactions whose rates vaxy rapidly with temperature. The emphasis on thermodynamics is that 

we have a foundation that ties it together, whereas in kinetics it is very diverse and they are 

really handicapped there. Obviously, from many of the presentations the lack of understanding 

in kinetics is a critical barrier that is going to be a very difficult obstacle to overcome. There will 

certainly have to be more work in those directions. Even the problem of adequately 

characterizing the temperature can be a difficult job. The complexity of the systems and the 

difficulty of making reliable measurements set severe limits on the amount of information that 

can be obtained by direct experiment. But present-day technology requires a great deal of 
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information about high-temperature behavior to prepare materials by high-temperature processes 

and to improve the efficiency of energy utilization and other high-temperature operations. 

It's obviously very important to get data. Because of the fact that the behavior is 

, unexpected, we need measurements of what really goes on at high temperatures. But if one 
'-,"'!) 

considers the various combinations of the elements just in binary and ternary systems we are up 

to astronomical numbers. And as we go to higher components it is clear that nobody is going 

to be able to measure all these properties that we would like to know, particularly considering 

the difficulties in many cases of doing these measurements at high temperatures. So it becomes 

very important to pick decisive measurements, not just to pick anything at random and measure 

it. You must be systematic in that when you work with a phase diagram you not only want to 

pick one phase, but pick related phases, and how they relate to one another. It is particularly 

important to develop predictive models since it is not possible to hope to get all the. data one 

needs. In other words, the measurements can be increased in value manyfold if they will help 

improve our ability to predict reactions which haven't been measured, or, in some cases, can't 

be conveniently measured. So it is very important then to do measurements, perhaps for a 

sequence of elements in the periodic table, to give one an idea of what the trends are so that you 

can get some insight into the chemical bonding and then develop some better ways of predicting. 

We had at this symposium forty presentations of various types of predictive models that will help 

improve our ability. 

One of the areas which is most important for high-temperature science is thermodynamics. 

Thermodynamics is a most powerful tool in allowing you to take measurements that are made at 

low temperatures and use those to predict what will happen at high temperatures. One of my 

regrets is that there has been such a decline in room temperature calorimetry, because that has 
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been a very important source of information for high temperatures. If you can determine the 

enthalpy of formation, even if you do it at room temperature, determine the entropies from 

spectroscopic data or by using the third law, and estimate high-temperature heat capacities, you 

can often make much more accurate predictions of high-temperature behavior than you could 

hope to measure. However, the importance of thermodynamics is well-recognized by the high

temperature community. This is illustrated by more than fifty papers and posters that deal with 

characterization of the thermodynamics of systems of importance for high-temperature chemistry 

or deal with the important job of providing data banks. 

The availability of data banks is most important. The lack of needed information is a 

serious problem for all disciplines, but it is a particularly critical problem for high-temperature 

scientists. Even information that may be available is not always readily accessible. What we 

need, and there have been attempts, is a large-scale effort to establish data bases. At the end of 

World War I, a substantial effort was made and produced a large amount of data, but it was not 

maintained. Then the Bureau of Standards started an effort in this direction, but they were never 

adequately funded. One time when their funds were being reduced, when I was in Washington 

on other business, I had an appointment with the person in charge of their budget. He agreed 

to talk to me and I found out that he knew nothing whatever about what was going on in the 

Bureau. He called in some of the people under him who did know something about the Bureau 

and they discussed it. Their 'reaction was, "We don't think that the work is worth supporting 

because we never hear from industry that it is of any use to them." Well, these people in 

industry, of course, get these tables and they think that there is nothing to putting these numbers 

together and they never point out to anyone how important it is to have these data. 
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What are we going to do? We want a centrally coordinated organization to provide a 

consistent data base. But it is impractical. We're never going to get the funding for it. One 

other problem is that we are never going to get enough qualified people together in one place 

~) to do all the things that would have to be done. So we have to compromise. I wish to discuss 

the responsibility of scientists in the matter of making information more readily available. Each 

one of us goes through the literature for data that is important for your particular measurement. 

What one has to recognize is that after that effort has been made it is important to make a little 

more effort to put those data in a form where they can be published so that other people can use 

them. What we have to do is really recruit evecybody in the field to do their part in the 

preparation of these data bases. 

There are some disadvantages. We are ·not going to have the consistency that we would 

like to have. But I don't think that we are going to be able to ever get one group that will put 

these all together and get them consistent. It will be useful to take these data, though they may 

be not quite consistent, and make some little shifts and get them on a consistent basis. But I 

think that to meet this demand for these critical data that people will need, we all have to get 

in here and tcy to contribute. The Bureau of Standards has had a program where they've tried 

to stimulate work of this type. I don't know whether future budgets will supply much money for 

it, but it is important to have some coordinating ageno/ that will at least tie together these 

evaluations, so that it will at least have a similar format for presenting the information. 

It is impractical for most scientists and engineers to retrieve, critically evaluate, and put 

into usable form any significant fraction of the information they need. The retrieval of 

information from the literature is often a serious bottleneck. It is not only the tedious and time-

consuming work of finding papers dispersed in many journals and published in many languages 

' ...... 
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that stands in the way of utilizing the exponentially growing mass of information. A more serious 

obstacle is the need for a broad experience in the field to be able to evaluate critically the 

reliability of the measurements. A large fraction of the data in the primary literature is unreliable. 

Tiris is particularly true of high-temperature literature because of the difficulty of obtaining 

measurements under extreme conditions. It requires a great deal of experience to extract reliable 

information from the literature. Most people are not familiar enough with the experimental or 

theoretical techniques to be able to critically evaluate the various often conflicting values. 

Reliable data are ~ven more important when no measurements exist for the compounds of interest 

and one must use various predictive correlation models to obtain the needed information. If the 

input data for the model are in error, the predictions can be greatly in error. 

Bob Lamoreaux and I found many examples where a large fraction of the published data 

were seriously in error in the review of the thermodynamic data and phase diagrams for the 

binary systems of molybdenum that was published in Atomic Energy Review Special Issue No. 7 

by the International Atomic Energy Agency. As an example, we found thirteen papers all using 

the same technique, high-temperature solid-electrolyte cells, to determine the Gibbs energy of 

formation. We critically evaluated those papers: what sort of containers they used; how pure the 

materials were; did they use techniques like the simple technique of varying the gas flow through 

their system to see if degassing was affecting the potential and various other techniques of that 

type; many of the papers gave no indication that they had done that. So that is an example 6') 

where it is easy to take measurements, but the measurements can often be useless. Of the 

thirteen papers we found only three that we felt were accurate. It is very important not only to 

review all the data, but to apply appropriate weighting factors which can vary by many orders 

of magnitude. One of the other examples was molybdenum diiodide, where we had to reject 
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every publication of measured values, because we did have some predictive models as to what 

would be reasonable bonding energies for Mol2• All these measurements used transpiration 

experiments that indicated they were getting Mol2• But from our previous experience, and it was 

possible to confirm this later, we recognized that they were working in quartz tubes that would 

yield enough oxygen so that they were measuring Mo012, not Mol2• In some cases you have to 

throw away all of the data. And finally, one other example, the chromium-molybdenum system, 

where there have been seven determinations of the liquidus and solidus. We went through and 

reviewed again the purities of materials, the containers they used, and previous work by the same 

investigators to see whether there was similar consistency as far as doing careful experiments. 

We concluded that we would reject six of them, and only take one of them. 

Thus it is clear that it is most important to have data banks available that have been 

prepared by persons with adequate background to critically evaluate the data. A critical 

evaluation is not an easy chore. One must often reject most or all of the reported results. One 

must review carefully the experimental procedures used and examine the publication or previous 

publications by the same authors to detennine whether they have been taking the effort to pin 

down systematic errors. It is necessary to utilize any reliable predictive models to detennine if 

the experimental data are reasonable even within an order of magnitude. It is most important 

to give the reader some feeling for the possible uncertainty of the final accepted value_s. The ± 

values assigned should not be just the statistical uncertainty (which is a measure of the scatter 

around the average). The uncertainty cited should include an estimate of possible systematic 

errors. It is particularly important to not arrive at the recommended value by just averaging all 

the reported results; that would just mix the reasonably correct results with those in serious error. 
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There is a tremendous economic saving if each user of data need not take the time to 

search the literature independently. There is an even greater saving if the user is directed to the 

most reliable data and is not misled by the erroneous values. The wrong choice between 

divergent values could make the difference between success and failure of a proposed process. 

Each of us has to critically evaluate data of interest to our particular subfield. It is important to 

make the results of our evaluations generally available to others who would not be as expert in 

our subfield to arrive at a reliable evaluation. 

Because of the difficulty of obtaining reliable data for high-temperature systems, there are 

two approaches to compilations of thermodynamic data. One is the compilation in which the -data 

are critically evaluated in terms of the experimental methods used and possible systematic errors 

and evaluation of other results from the same laboratory compared to laboratories with 

established reliability. Such compilations can be carried out independently of any models to 

establish what appear to be the best experimental thermodynamic results. Another type of 

compilation is carried out in the context of some model where the data are examined with respect 

to the expectations of the modeL An example where this is now routinely done is in the 

treatment of aqueous electrolyte data in terms of the Debye-Hiickel theory. In this instance, the 

model is of very great importance because its greatest validity is in the extremely dilute range 

where it is particularly difficult to obtain reliable experimental data. 

Another example is the use of pair-interaction theory as a basis for use of a second virial

coeffi.cient equation of state for extrapolation of gaseous thermodynamic data to the low pressure 

gaseous standard state. A similar pair-interaction theory is often used as the basis for a Gibbs 

energy of dilution equation for solutions corresponding to a linear deviation from the Henry's Law 

slope. In using models of these types in compilations, one must be cautious about the 
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implications of some of the assumptions of the model. In evaluating uncertainty limits for the 

compiled results, one must include uncertainties introduced by the model. As an example, one 

would not use an equation of state based on just a second virial coefficient for an ionized gas 

just as a linear deviation from Henry's Law is not applicable to an aqueous electrolyte. In the 

extrapolation of the thermodynamic data to the infinitely dilute or solute standard state, one must 

consider which systems might have long-range forces which would cause substantial deviations 

from Henry's Law even at the most dilute concentrations which can be studied experimentally. 

There is also the problem that the component being assumed may be dissociated at the low 

concentrations such as to make Henry's Law inoperable even in the limit of infinite dilution. It 

is important to use bonding models as a guide that warns when difficulties can be expected and 

provides for reformulation of the thermodynamic data in terms of a component which is actually 

the major species at the lowest concentrations. These are standard thermodynamic problems, but 

it is very important that the role of these essential models be clearly defined by the compiler. 

Models are of value to the compiler aside -from the problem of extrapolating to the 

infinitely dilute standard state or for carrying out the Gibbs-Duhem integration to infinite dilution. 

For example, it is sometimes convenient to express solution data in terms of the solubility 

parameter of the regular solution theory as a valuable means of tabulating the data more 

compactly. However, one must consider the implications of entropy assumptions that are implicit 

in the model. All of these models are useful in compilation efforts, but the possible influence of 

the model upon the resulting values must be clearly spelled out. 

Much valuable data have been reported at this conference. These data are not only of 

value for the specific systems studied, but when used to develop or improve predictive models, 

the value of the data aie increased manyfold. At least forty of the papers and posters at this 

'·.·!:: 
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conference were tied to models that were used to interpret and evaluate the measurements or the 

measurements were used to check existing models or develop new models that can yield useful 

data. 

There are several other important areas covered in this conference. A most common 
( / ,., 

problem in high-temperature processing is the understanding of interactions between condensed 

and gaseous phases. Over fifty of the presentations at this conference have dealt with various 

aspects of the problems of contact between condensed and gaseous phases. It is clear that the 

high-temperature community is addressing that problem. Because of the difficulty of obtaining 

reliable measurements at high temperatures, it is most important to have a variety of techniques 

available. Almost thirty presentations dealt with new techniques or improvements of previous 

techniques. The laser is becoming a widely used tool for characterizing high-temperature systems .. 

For those of us who. promoted high-temperature conferences in the past, the success of 

the present conference is a pleasant experience. It has been a wonderful opportunity for high-

temperatUre workers around the world to get together and share new developments that will be 

useful to all. One can always ask for expansion of research in the high-temperature field to meet 

the many industrial demands for new materials, but we must fact the budgetary restrictions· that 

have been with us and might get worse. There is one area where we must press strongly for 

increased support. It is most important to have an expansion of the programs to develop data 

bases. Any money invested in these programs will be paid off manyfold by the savings of time 

for the users who would not have to dig through the literature and who would not be misled 

by erroneous data that would be screened by the experienced people compiling the data bases. 

The other area that should be strongly supported is the development of chemical bonding models 

that would allow predictions of thermodynamic data for the multitude of systems where data do 
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not exist. There are many fruitful opportunities in that direction. Of course, neither the data 

base compilations nor the development of models can be carried out adequately without the 

continued influx of new data measurements. 
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