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"Advanced materials are the catalysts of new products and new processes which figure 
prominently in the world of the future. They are certainly the critical building blocks of our 
technology-driven future.

"The factors that will determine who implements advanced materials techniques and 
reaps the economic benefits because of successful implementation are beyond the control of 
technologists.

"The message to business executives should be to clearly understand how important 
advanced materials are to their firms' competitive strategies and to appreciate the need for 
patience.

"The message to scientists and engineers, on the other hand, must be to focus on oppor 
tunities that can be determined only by carefully analyzing customer needs."

From a lecture by Prof. H. Kent Bowen, Massachusetts Institute of Technology.
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Executive Summary

IMPACT ON ONTARIO INDUSTRY

Advanced materials represent a generic family of technologies 
which underlie the performance of all industrial sectors. Ad 
vanced materials such as ceramics are thus seen as strategic as 
sets. The development of an enhanced capability to produce and 
fabricate these materials is one of strategic importance to On 
tario and to Canada.

Advanced ceramics, together with other new structural and 
functional materials such as polymer matrix composites, amor 
phous metals, and metal matrix composites, will be a key ingre 
dient in international technological and industrial supremacy 
during the next two decades. Advanced materials are at the heart 
of new high performance industrial and consumer products such 
as semiconductors, aerospace and automotive components, gas 
turbines, opto-electronics and sensors, and bio-compatible 
prostheses.

Ontario's major trading partners have recognized the stra 
tegic importance of mastering the new materials technologies. 
Nowhere is this more evident than in Japan. The US and Europe 
are investing heavily in new materials technology in an effort to 
keep pace with the Japanese. While it is not yet clear who will be 
the ultimate winners in this technology race, it is clear that On 
tario and Canada are falling behind and that we are at risk of los 
ing capability to compete in the industries of the future.

Traditional materials are declining in importance.

Basic industrial materials such as steel, copper, nickel, alumi 
num, and cement are declining in importance. This is true for all 
major industrialized economies in terms of per capita consump 
tion and in terms of Canada being a principal supplier of such 
materials. The production of basic industrial materials and 
products is becoming centered in developing countries which 
have significantly different market imperatives than do Cana 
dian producers. Advanced materials such as ceramics and poly 
mer matrices offer an opportunity for Canadian raw material 
and semi-finished product producers to develop new markets 
and to capture the value-added materials markets of the future.

Ontario must develop value-added products based on its 
unique strengths if the province is not to suffer a decline in living 
standards due to reduced demand for basic and semi-finished

raw materials. Our competitors have substantial leads in many 
areas of advanced ceramics science and technology.

Canada and Ontario have an opportunity to be suc 
cessful competitors in the field given effective exploi 
tation of the province's distinctive advantages, which 
include:

a low and stable electric power rates

n a base of research and technology expertise which can 
be developed

D ready access to the US market

3 lower labour and manufacturing costs than in the US 
and some European countries

n a favourable exchange rate vs. the US and Japan.

Ontario cannot count on these advantages to continue in 
definitely and must begin to develop a long-term strategy for 
this critical industry. It will be essential for the success of the 
industry to exploit Ontario's competitive advantages during the 
pivotal phase of the industry's development expected in the next 
5 years.

Advanced ceramics markets will be large.

First generation material compositions and process technologies 
for advanced ceramics have been developed and have found 
many useful industrial and engineering applications. Rapid and 
significant market growth is forecast for advanced ceramics in 
the US and Japan and western Europe. Projections for the US 
and Japan (Figure 1) indicate finished product markets of:

1990
2000

US (S1980)
52.5 billion 
55.9 billion

Japan (US$1985) 
S10.6 billion 
525.7 billion

Canadian markets for structural ceramics products alone 
are expected to total approximately S200 million annually 
(US$1985) by the year 2000. Functional ceramics market op 
portunities, primarily electronics, have largely been lost by Ca 
nadian industry. However, significant niche markets remain to 
be developed. Significant reductions in powder and fabrication 
costs and improvements in the reliability of advanced ceramics 
are required for the full market potential to be realized.

There is general consensus in the technical community that 
the necessary solutions to purely technological problems will be 
found in the next few years. However, cost problems are ex 
pected to persist and influence the extent of market penetration 
of advanced ceramic materials. For example, the manufactur-
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UNITED STATES

CUTTING TOOLS

WEAR PARTS

JAPAN

1990

ELECTRONICS

HEAT ENGINES 2000

ELECTRONICS

X 61,261 x 100 MILLION (J25.7 BILLION)
(1985*) 11985 US$1

Figure 1. Projected markets for advanced ceramics, by end-use application. 
Sources: US Department of Commerce; Japan Fine Ceramics Association.

ing cost of advanced ceramic components, particularly for heat 
engine applications, is estimated to be US$100-150 per kilo 
gram of finished component; compared to US$10-15 per kilo 
gram for metal components. Unless the cost of ceramic compo 
nents is reduced, market acceptance and penetration will be dif 
ficult.

Non-engine applications are expected to grow rapidly be 
cause the required materials technology already exists, and be 
cause reliability requirements are less stringent. From a proc 
essing point of view significant progress has been made in the 
development of lower cost fabrication techniques such as pres- 
sureless sintering. These developments are expected to improve 
the competitive position of advanced ceramic materials.

Automotive uses will not be the dominant structural 
applications in the forecast timeframe.

This study estimates demand for ceramic auto parts in North 
America will be approximately US$155-160 million in 1995 
(S 1985). This study also estimates that demand for ceramic parts 
will be confined almost exclusively to small non-rotating parts 
of gasoline and diesel engines, and a very limited number of ce 
ramic turbocharger rotors. More significant and near-term op 
portunities lie with the supply of other structural parts such as

process equipment components and the supply of powders and 
specialized functional ceramics. In particular, Ontario industry 
is competitively positioned to develop its capabilities for the sup 
ply of:

n /3-silicon carbide powder

n silicon nitride powder

Q boron nitride powder

n aluminum nitride powder

a sintering aids such as yttrium oxide powder

n silicates for structural and electrical products

n piezoelectric ceramics and sensor based products

Q semi-conductor materials such as gallium arsenide

n non-destructive testing equipment

n selected process industry equipment

n selected structural ceramic auto parts

A summary of the benefit-cost analysis conducted in sup 
port of identification of the opportunities and impacts of ad 
vanced ceramics on Ontario industry is provided in Figure 2. 
This illustrates the relative benefits and costs of developing spe 
cific advanced ceramics opportunities in Ontario, and the ex 
pected shift in relative importance of each opportunity during 
the next 10 to 15 years.

Impact on Ontario Industry



BENEFIT/COST TO PROVINCE: INDUSTRY

HIGH ( l) MEDIUM (2) LOW (3)

Figure 2. Ceramic opportu 
nities: application priorities 
matrix. Arrows indicate rela 
tive shift in emphasis over 

next 10-15 years.

Indirect impacts will be most important.

The impact of advanced ceramics on Ontario can be summa 
rized as follows:

1. The direct impact of increased utilization of ceramics will 
be expressed in the near term (next 10-15 years) by:
D imports of ceramic structural parts for automotive and 

process industry components, and ceramic cutting 
tools;

n loss of business for some segments of the Canadian 
auto parts industry and the steel industry;

n an increase in the trade deficit in fully manufactured 
products.

2. The indirect impact of the increased utilization of ceramics 
will be expressed in:
n imports of finished products incorporating ceramics; 

n failure to capture value-added opportunities.

The likely scenario for the development of advanced ce 
ramics markets in Ontario, especially for auto parts, is one of 
imports of the ceramic parts and the fully manufactured prod 
ucts from the US, Japan, and Europe; this will be followed sev 

eral years later by the establishment of domestic manufacturing 
facilities to service the local market. This form of industrial evo 
lution would provide Ontario manufacturers with fewer techno 
logical and market opportunities than would independent devel 
opment of advanced ceramics. The challenge for Ontario will be 
to develop a domestic capability given the constraints of its cur 
rent industrial structure.

There is a window of opportunity for Ontario in the next 5 
years to establish the critical linkages with advanced ceramics 
companies in other countries and to make the commitment to the 
development of the domestic industry. Failure to take advantage 
of these opportunities may mean a significant loss in the overall 
competitive capability of the province's manufacturing sector.

CONSTRAINTS TO DEVELOPMENT

The major constraints to development of an Ontario or Canadian 
advanced ceramics industry are:

l. Product development in the advanced ceramics industry is 
very expensive. Many of the Canadian companies cur 
rently, or potentially, involved in the advanced ceramics in 
dustry are too small to be able to finance major product de-

Advanced Ceramics:



velopment programs or lack the staff with an adequate 
knowledge of ceramics.

2. Technology development is taking place at a very fast pace 
in other countries and Canadian companies are falling fur 
ther behind because of their relatively small research and 
development expenditures. This places the companies at a 
distinct disadvantage to their better funded competitors in 
other countries.

3. Technological awareness of advanced ceramics is very 
low. Most Canadian industrial companies, with the excep 
tion of advanced ceramics manufacturers, are not aware of 
the developments in advanced ceramics. Their corporate 
responses to advanced ceramics are based on "informed ig 
norance". Hence, they cannot assess the impact of ad 
vanced ceramics on their companies or industries, either in 
terms of advantages in using ceramics or in terms of oppor 
tunities for business growth or diversification.

4. Market and business opportunities are missed even by those 
companies which are aware of the scope of advanced ce 
ramics because the companies have insufficient specific in 
formation regarding market size, structure,and develop 
ments.

5. The lack of an engineering database for ceramic powders 
and finished components inhibits the use of ceramics in 
structural and functional applications. Widely available en 
gineering data respecting physical, mechanical, electrical, 
and chemical properties of ceramics will be required before 
designers will incorporate these materials into current and 
new products. Such data is currently not available for many 
ceramics powders and products.

Efforts are underway in the US, Japan, and Europe to de 
velop data on the engineering properties of ceramic pow 
ders and components. Canada will need access to these data 
if the domestic capability is to be expanded.

6. The general lack of engineering design responsibility 
within the Ontario or Canadian operations of many of the 
companies in the principal end-use industries hinders the 
development of applications for ceramics in Ontario.

The automotive industry and many parts of the machinery 
and equipment industry are significant examples of this 
problem. Without in-house engineering design responsibil 
ity the Canadian operations are confined to being essen 
tially "build-to-print" companies. The de velopment of the 
necessary linkages between parts suppliers and end-users 
becomes very difficult at the early adoption stage of product 
development. The linkages provide much of the necessary 
engineering data upon which new powder formulations and 
particle properties are developed. The linkages are also es 
sential to provide a capability for in-service testing of the 
finished products and the development of performance 
data. Without these linkages, Canadian ceramics suppliers

and end-users will be at a disadvantage in comparison to 
their competitors in the US, Europe, and Japan.

7. There is a shortage of design engineers knowledgeable in 
ceramics and mechanical design. At the present time design 
engineers are well versed in metal properties. Experience 
with ceramics is very limited. Until there is a larger group 
of engineers with a knowledge of the properties and per 
formance of advanced ceramics, the use of the new materi 
als for structural components will remain limited.

8. The foreign location of major end-use markets and major 
manufacturers of ceramic components, combined with a 
national emphasis on development of advanced ceramics in 
many countries is a barrier to the development of the ce 
ramics industry in Ontario.
Early applications and manufacturing capability and expe 
rience will tend to be developed and accumulated outside of 
Canada. Even where there are Canadian subsidiaries, it is 
likely that transfer of the technology and manufacturing re 
sponsibility to Canadian subsidiaries will be a slow process.
Since the learning curve for cost-effective manufacture of 
ceramic components is steep, Canadian companies will be 
at a perpetual disadvantage vis-a-vis the industry in other 
jurisdictions unless they participate in the early develop 
ment of the industry.

9. Currently, manufacturing costs for ceramics are too high 
and reliability of the materials is too low to compete directly 
with metals. Both powder and finished part costs must de 
cline substantially before ceramics will achieve widespread 
market acceptance. Reliability of the components needs to 
be substantially improved and much cheaper, and easier to 
use, non- destructive testing methods need to be developed.

10. Canadian companies have been very slow to licence ceram 
ics technology. US companies, in contrast, have been very 
active in establishing licencing and joint-venture arrange 
ments with Japanese and European concerns. In most cases 
these agreements cover both Canada and the US. Perhaps 
more importantly, the US patent laws have been changed to 
allow process patents to cover products made from materi 
als derived from the patented process. This could be a sig 
nificant non-tariff barrier to Canadian companies selling 
finished products into the US.

11. The industry base is currently too small to support large- 
scale ceramics adoption. Until more merchant powder and 
ceramic fibre producers enter the market, major end-use 
industries such as automobiles will be reluctant to commit 
to large scale use of ceramic components for strategic rea 
sons. These companies do not want to become too depend 
ent upon a small number of suppliers of ceramic raw mate 
rials.

12. The availability of processing techniques and equipment is 
still limited. Technological advances to allow for the manu 
facture and processing of a wider range of powders are re-
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quired. Less expensive equipment for the net shape manu 
facture of components is required.

REQUIREMENTS FOR DEVELOPMENT

Major requirements for the enhanced development of Ontario's 
capability to exploit the emerging advanced ceramics opportuni 
ties include the following.

Increased Technology Awareness

The general level of awareness in Ontario industry of advanced 
ceramics and the opportunites and threats posed by advanced ce 
ramics can be charcterized as "informed ignorance". There is a 
need to increase the level of technical and market knowledge of 
Ontario industry regarding advanced ceramics materials and 
products, and a need for industry to develop a market intelli 
gence program covering both product and business opportuni 
ties.

Development of Strategic Linkages

Technology and markets for advanced ceramics are evolving 
rapidly. Strategic linkages between companies in the US, Japan, 
and western Europe are being formed to exploit the markets and 
develop the necessary technology. Ontario companies have 
largely been bystanders to this activity, either due to their small 
size or to lack of awareness. Successful development of an en 
hanced Ontario-based advanced ceramics capability will be de 
pendent upon participation in these international ventures.

Enhanced Technology and Product Development

Advanced ceramics technology and product development is ex 
pensive. Many Ontario companies lack the human and financial 
resources to support effective research. Generic research at the 
university level needs to be increased and an expansion of ce 
ramics engineering and science programs at Ontario universi 
ties is essential.

CONCLUSIONS

1. Advanced ceramic materials will play a critical role in the 
economic growth of the industrialized countries within 15 
years.

2. Active research and development and commercialization 
programs are in place in Japan, the US, and Europe. Japan 
is much more advanced in these programs than other coun 
tries and threatens to take an insurmountable leading posi 
tion in all sectors of the advanced ceramics industry.

3. Ontario industry is behind other countries and therefore at 
risk regarding the introduction of advanced ceramics. The 
industries most likely to be affected are:

n auto parts

n steel

n non-ferrous metals

n manufacturers of process equipment.

4. At the present time Canada and Ontario are largely bystand 
ers to the worldwide activity in advanced ceramics. The 
general lack of concern regarding the potential impact of 
ceramics and the business implications represented by the 
development of the industry is a major problem.

5. Ontario has a number of distinct advantages over other lo 
cations which make the development of an advanced ce 
ramics industry possible. These advantages include:

n low and stable electric power rates

n a base of research and technology expertise which can 
be developed

a ready access to the US market

n lower labour and manufacturing costs than in the US 
and some European countries

n a favourable exchange rate vs. the US and Japan.

6. Ontario has identifiable niche opportunities in advanced ce 
ramics for the following.

n Supply of powders:

/3-silicon carbide

silicon nitride

boron nitride

silicates

aluminum nitride 

n Supply of sintering aids:

yttrium oxide

magnesium oxide

calcium oxide 

n Supply of structural ceramic auto parts

Q Supply of piezoelectric and other types of ceramic sen 
sor materials and sensors

n Supply of non-destructive testing equipment

n Supply of selected process industry structural ceramic 
components, especially for the pulp and paper and met 
allurgical industries.

7. The development of these opportunities will be dependent 
upon the establishment of key linkages and technology 
transfer agreements with companies in the US, Japan, and 
Europe.
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1. Introduction

In September 1986 the Technology Policy Branch of the Ontario 
Ministry of Industry, Trade and Technology and the Mineral 
Development and Lands Branch of the Ontario Ministry of 
Northern Development and Mines retained Hains Technology 
Associates and MKM Consultants International to carry out a 
study of the impact of advanced ceramics on Ontario industry. 
This report, completed in April 1987, summarizes the findings, 
conclusions, and recommendations of that study.

Economic and strategic considerations are spurring the 
rapid development and commercialization of a wide range of ad 
vanced industrial materials. Advanced ceramics are one of the 
principal materials of interest. The timing of the present surge in 
interest in these materials is a result of the marriage between in 
dustry needs and technological opportunity.

The need for materials with superior chemical, mechani 
cal, electrical, optical, and magnetic properties is greater than 
ever due to the increased performance demands of end-use in 
dustries such as electronics, heat engines, and process equip 
ment. Technological breakthroughs in processing and 
microstructural control of advanced materials provide the op 
portunity to fulfill those needs. These factors are especially true 
in the case of advanced ceramics. Need and opportunity have 
now combined to create a very large potential market, estimated 
at over US$20 billion by the year 2000, for advanced ceramics.

Several recent reports have reviewed the scope of advanced 
ceramics and their impact on industry from a general point of 
view 1 . It is clear from these studies that a healthy advanced ce 
ramics industry will be essential for the development and well- 
being of other high technology industries; that participation in 
the growing advanced ceramics market offers a number of 
manufacturing opportunities to Canadian industry; and that Ca 
nadian raw material suppliers can benefit by becoming suppliers 
of synthetic value-added powders required in the manufacture 
of advanced ceramics.

At present, Ontario is the heartland of manufacturing in 
Canada. Ontario industries produce a wide range of products 
which are used in every segment of the Canadian economy from 
raw materials to finished products, components, and systems. 
The present international activities in advanced ceramics are ex 
pected to impact on Ontario's economy in three ways.

l. They are expected to have a negative impact on existing 
metal industries, particularly auto parts and steel, through 
material substitution.

1. See especially "Advanced Ceramics", Report 3/86, Office of Industrial 
Innovation, Canada Department of Regional Industrial Expansion, Ottawa, 
1986.

2. As an enabling industry, advanced ceramics will provide 
the materials essential to support existing and new high 
technology industries. The use of advanced ceramic cutting 
tools and dies is expected to increase productivity and qual 
ity in many manufacturing sectors. Advanced ceramics also 
provide an opportunity for new industries to manufacture 
ceramic components for use in a wide variety of Ontario- 
based resource processing and manufacturing concerns.

3. Advanced ceramics offer an opportunity to a number of On 
tario industries to diversify into more profitable areas. In 
particular, the mineral resource industries in Ontario could 
benefit significantly by becoming suppliers of the raw ma 
terials required by the growing advanced ceramic industry 
world-wide.

OBJECTIVES AND METHODOLOGY

The overall objective of the study was to:

"Identify and evaluate the potential impact of an advanced ce 
ramics industry and applications of advanced ceramics on On 
tario 's industrial and resource base. "

This broad objective was designed to provide base line data 
respecting the development and/or adoption of advanced ceram 
ics in existing and new industries. The study was expected to 
provide sufficient information to identify and quantify the sig 
nificant opportunities and threats posed by advanced ceramics. 
It was not expected, however, that the study would provide a de 
finitive analysis respecting the impact of advanced ceramics on 
any individual industry sector.

In order to meet the objectives of the study it was necessary 
to address the following issues:

1. material and process technologies for advanced ceramics

2. macroeconomic impacts of advanced ceramics

3. microeconomic impacts of advanced ceramics.

Technical and market information used in the preparation 
of this report was obtained from published technical literature, 
published studies on ceramics, and discussions with technical 
experts and marketing representatives of companies involved in 
the advanced ceramics industry.

Additional information was obtained from interviews with 
senior executives of companies potentially affected by the use of 
advanced ceramics, and by discussions with university re 
searchers.

Analysis of the opportunities in advanced ceramics avail 
able to Ontario industry was conducted on the basis of first de 
fining the strategic attractiveness of various ceramics applica 
tions to the province and to Ontario industry, and then determin 
ing Ontario's competitive capability to supply the application.
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These factors were then related to each other on a matrix to pro 
vide the relative positioning of each application.

A benefit-cost analysis was then conducted to place each of 
the identified applications in priority. This was accomplished by 
relating the benefit/cost to Ontario industry of developing each 
of the applications to the likelihood that the application will be 
successfully implemented in Ontario. This process also allowed 
for analysis of the likely shift over time of the relationship be 
tween benefit/cost and the successful implementation of each 
application. In this manner, each application was placed on a 
matrix showing the relative priority of its development in On 

tario. The detailed analysis of each opportunity is provided in 
Appendix II.

The preliminary conclusions developed during this re 
search and analytical process were presented to a Technology 
Panel composed of representatives of industry, universities, and 
government. The input received from the panel discussions has 
been incorporated in this report.

This report is the responsibility of the consultants and does 
not necessarily reflect the views of the Ontario Government, its 
agencies, or any of the companies and individuals interviewed 
during the course of the research.
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2. Description of Advanced Ceramics

This chapter provides a brief overview of advanced ceramics 
materials and their uses. It is intended to acquaint the reader 
with the range of application of advanced ceramics, and the gen 
eral properties of the materials. The reader is referred to Appen 
dix I for a detailed discussion on the technological status of ad 
vanced ceramics powders, production and processing technolo 
gies, and the properties of the materials discussed in this report.

DEFINITION AND SCOPE

Ceramics, from the Greek word keramos, is a term which en 
compasses a wide variety of inorganic materials. The present 
definition is broader than the historic one: "the art and science 
of making and using solid articles by the action of heat on earthy 
raw materials". The current generally accepted definition is: 
"an inorganic, non-metallic material processed or consolidated 
at high temperatures."

Today ceramics are divided into two groups: traditional and 
advanced ceramics. To the family of traditional ceramics, as 
shown in Figure 3, belong materials which have been used by 
the general public (consumer market) and primary industries for 
generations. They are made from naturally occurring raw mate 
rials.

Advanced ceramics are distinguished from traditional ce 
ramics in that they are made from synthetic raw materials. No 
formal definition which has international acceptance has yet 
been adopted. In practice, however, the following definition is 
used:

"Advanced ceramic materials are distinguished from conven 
tional ceramics by the superior properties and performance of

TRADITIONAL
CERAMICS

———— TILES l

———— KITCHEN WARE j

H ELECTRICAL \ 
PORCELAIN 1

Figure 3. Scope of traditional ceramics.

the final products derived from new and/or improved materials 
and processes. "

In North America advanced ceramics are frequently called 
"high performance ceramics"; whereas in Japan they are called 
"fine ceramics," because they are usually prepared from very 
fine powders.

The scope of advanced ceramics in terms of properties and 
applications is illustrated in Figure 4.

PROPERTIES OF ADVANCED CERAMICS
Some of the unique properties of advanced ceramics which 
make them especially useful for various high performance ap 
plications are listed below:

n high degree of hardness

n high toughness

a high temperature mechanical strength

Q high melting point

Q high corrosion and erosion resistance

n low density

D low or high thermal conductivity

n high electrical resistivity

n high piezoelectric coupling coefficient

n high magnetic permeability

n optical transparency

Q fast ion conduction

Q good semi-conducting properties.

These properties are used to classify advanced ceramics 
into two major groups (although the properties of a material can 
be common to both groups):

n structural ceramics

n functional ceramics.

Structural Ceramics

Structural ceramics are characterized by good mechanical and/ 
or thermal properties. In use, they also have to satisfy chemical 
property requirements; e.g., corrosion resistance in the envi 
ronments where they are used. The three most important me 
chanical properties are: high hardness and toughness, high ero 
sion resistance, and high temperature strength. The three most 
important thermal property requirements are: a range of ther 
mal expansion coefficients; a range of thermal conductivities; 
and stability in use at high temperatures.

Depending upon end-use applications, the materials must 
meet both mechanical and thermal property requirements. Ex 
tensive research and development programs are in place for the
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further development of advanced ceramic structural materials, 
their processing into components, and the testing and evaluation 
of the components for various applications.

From a technical and processing point of view, the struc 
tural ceramics that are being developed can be divided into two 
groups:

Oxide ceramics, e.g.

Al2Os (aluminum oxide), 
ZrO2 (zirconium oxide), 
LiAl2SiO6 , MgAl 2SiO6 (silicates), 
fibre composites

Non-oxide ceramics, e.g.

SiC (silicon carbide), 
Si 3N4 (silicon nitride), 
Si 6-Al x NH-xOx (sialons, 
A1N (aluminum nitride), 
BN (boron nitride), 
B4C (boron carbide), 
fibre composites.

Oxide ceramics were the first to be developed and are the 
best understood from a scientific viewpoint. Oxide ceramics 
have a predominately ionic bonding structure. The atoms are 
held relatively loosely in place by the electrostatic forces be 
tween them. The structure of oxide ceramics makes them rela 
tively easy to process and fabricate into structural components.

Non-oxide ceramics, in contrast, have a predominately co- 
valent bonding structure. Covalent bonds tend to be highly di 
rectional and resist the sliding of planes of atoms past one an 
other. This structure results in the development of significantly 
different properties compared to ionicly bonded ceramics. In 
general, non-oxide ceramic materials are much more difficult 
to process and fabricate than are oxide ceramics. Active re 
search is underway around the world to develop new technolo 
gies for the processing and fabrication of non-oxide ceramics 
for structural applications.

Functional Ceramics

Advanced functional ceramics make use of the electrical, elec 
tronic, magnetic, optical, chemical, biological, and nuclear

Nuclear fuel
Nuclear fuel 
cladding

Control material
Moderating material 

Radiation ^^ Reactor mining

Industrial 
furnace lining

Heat sink for 
electronic parts Refractoriness 

Insulation 
Heat collection 
Thermal

resistance 

Refractoriness

High-temperature 
strength

conductivity

Thermal

Light -
emitting
diode

Low thermal 
expension

Heat- 
resistant 
translucent 
porcelain

Precision
instrument
parts

Optical
communication
cable

Biological 
compatibility

Electrical conductivity 
Semiconductivity 
Piezoelectric 
Dielectric

Catalysis adsorption

Artificial 
bone and 
tooth

Integrated
circuit
substrate

Corrosion 
resistance

Fixed catalyst-carrier Resistance heating 
elementsGeothermal 

and offshore 
development 
equipment Piezoelectric filter 

Memory elementChemical 
equipment

Figure 4. Functional applications of ad 
vanced ceramics ("fine " ceramics in Japa 
nese usage). Source: Fine Ceramics Office, 
Japan Ministry of International Trade and 
Industry, Tokyo.
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Figure 5. Different types of electronic ceramics.

properties of the materials. There are three main classes of func 
tional ceramics:

n electronic ceramics

n chemical and biological ceramics

n nuclear ceramics.

Electronic Ceramics

Eight different types of electronic ceramics can be identified as 
shown in Figure 5. Electronic ceramics represent the largest 
proportion of the advanced ceramics market, accounting for 
over 70 % of total sales at present. Industry observers have pro 
jected the market for electronic ceramics will grow at a rate of 
lQ-15% per year in the next two decades.

Japan is considered to be the world leader in both the tech 
nology of electronic ceramics and in the manufacture of compo 
nents and integrated circuits using advanced ceramics. The US 
industry is reading vigorously to the Japanese challenge and is 
mounting an intensive research and development program to re 
gain its technological superiority. The three technological areas 
where there is intense research and development activity related 
to the development of new materials and process technology 
are:

Q multi-layer integrated circuits

D sensors

n integrated optics.

The materials research and development programs that are 
now being pursued to meet the future needs of the electronic ce 
ramics industry can be grouped into the following catagories:

n Material development:
composition development 
raw material development

n Process development.

Materials composition development is being pursued with 
vigour and has met with considerable success because the re 
quired material science principles such as crystal chemistry and 
solid state physics are well established. Raw material and proc 
ess technology developments, however, have not kept pace, and 
there is general consensus in the scientific and technical commu 
nities that these areas should receive greater emphasis.

Chemical and Biological Ceramics

The use of ceramics as catalysts in chemical processes is well 
established. For example, clays have been used as catalyst sup 
ports in the petrochemical industry for decades. However, the 
use of ceramics as the actual catalyst and/or the use of ceramics 
as electrodes is relatively new. Ceramics can offer significant 
improvements in process efficiency and part life in these appli 
cations, and their use is expected to increase substantially in the 
next decade.

Ceramic teeth have been used in dentistry for several dec 
ades. With the availability of advanced ceramics with specific 
properties, their use as implants and roots for teeth is receiving 
considerable interest. In Japan, tooth implants made from 
apatite (similar in composition to natural teeth) are being used 
and the market for this product alone is expected to be several 
hundred million dollars by the end of this decade. Hip joint im 
plants made of inert alumina have been in use for some time. 
Active research and development is in place to develop longer 
lasting bioglass materials for various bone replacement applica 
tions.

The scope of chemical and biological ceramics is illustrated 
in Figure 6.

Nuclear Ceramics

Nuclear fuels are made of uranium oxide, plutonium oxide, tho 
rium oxide and in various combinations. Technologies for the 
manufacture of these ceramics are well established. Nuclear ce 
ramics are also used to control the reaction and to provide heat 
and radiation protection for the reactor. Components made of 
high neutron absorbing materials such as boron nitride and bo 
ron carbide are currently used in reactors.

Advanced ceramics will be required for the development of 
the fusion reactor for the control of neutron release and heat 
transfer. Materials for these applications are under active devel 
opment and include ceramics such as lithium aluminum silicate 
compositions.

Perhaps the most potentially important use of nuclear ce 
ramics will be for the encapsulation of spent nuclear fuel. The 
development of these materials is of major interest in Canada 
and other countries. Ceramics show particular promise for the 
safe, cheap, and eternal disposal of spent fuel. Two candidate 
materials under active development are zirconolite 
(CaZrTi 2Ov) and perovskite (CaTiO3).
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FUNCTION PROPERTY S MATERIALS APPLICATIONS

Inertness

AI 2 0 3 , ZrOz 
Silicates

Catalysis

MgO, AI 2 0 3 , Si0 2 
Silicates

Corrosion Protection
Containment of Corrosive

Materials

Figure 6. Scope of chemical 
and biological ceramics.
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3. International Perspective

Because of the large market potential and the direct and indirect 
socio-economic benefits to be gained, there is intense interna 
tional competition for the development and commercialization 
of advanced ceramics. It is now universally recognized that Ja 
pan has achieved world leadership in the development and com 
mercialization of advanced ceramics. This development has 
caused concern in other major industrialized countries and in 
dustry-government initiatives have been implemented to offset 
the Japanese achievements to date.

This chapter provides a brief review of advanced ceramics 
activities and markets in some of the major industrialized coun 
tries. This review is intended to place in context the relative 
scope of foreign and Canadian advanced ceramics activities. It 
is also intended to highlight the strategic importance attached to 
the development of advanced materials by other countries. Fi 
nally, this chapter provides an introduction to the markets and 
products for advanced ceramics. In this manner, the reader will 
be able to better place in context the market opportunities and 
constraints facing the development of an advanced ceramics in 
dustry in Canada.

JAPAN

The development and commercialization of advanced materi 
als, and advanced ceramics in particular, forms the centrepiece 
of Japan's industrial strategy. Both industry and government are 
cooperating in making this strategy work.

Japan is widely perceived as having mounted a committed 
national effort, public as well as private, to dominate the ad 
vanced ceramics market internationally. This is demonstrated 
by the fact that Japan is now estimated to have captured about 
50 7c of the present world market for advanced ceramics. The 
Japanese government, and more importantly, the banking com 
munity, seem to have made a commitment to ensure success by 
funding substantial research and development, through pur 
chasing and pricing strategies, and by creating vigorous educa 
tional programs to provide the required technical talent. Some 
of the important ceramics development projects sponsored by 
the Japanese government are listed in Figure 7.

Ceramic Powders

The value of the raw materials used by the advanced ceramics 
industry in Japan was 35.6 billion yen (CdnS198 million) in 
1983, and was estimated at 77.3 billion yen (CdnS455 million) 
in 1985. The consumption of different types of raw materials for 
the years 1983-1985 is given in Table 1. It is readily seen that 
oxide raw material consumption is growing rapidly. The growth 
in non-oxide powder consumption is not as pronounced.

The market data for some major powders as projected by 
Mitsui Toatsu Chemical Inc., a producer of silicon carbide and 
silicon nitride powders, is given in Table 2. It is generally as 
sumed by the advanced ceramics industry that world consump 
tion is twice that of Japan.

Ceramic Components

The market projections for Japan made by the Japanese Ministry 
of International Trade and Industry (MITI) in 1984 are given in 
Figure 8. MITI officials believe that the sales projections are 
following the higher projection line as of 1985. MITI also be 
lieves that the market for advanced ceramics will be divided 
75 7o functional and 25 % structural in 2000. The MITI projec 
tions can be summarized as follows in Canadian dollars (CdnSl 
^ 110 yen):
ceramic type 1990 2000
functional ceramics S9-12 billion S18.75-33.75 billion
structural ceramics S3-4 billion S 6.25-11.25 billion

TABLE 1. CONSUMPTION OF DIFFERENT TYPES OF CERAMIC 
POWDERS IN JAPAN.

1983 
(actual)

1984 
(expected)

1985 
(estimated)

billion yen (percent)

Oxide
Non-oxide
Others
Total

31.39
3.11
1.10

35.60

(88.2)
(8.7)
(3-D
(100)

49.02
3.78
2.10

54.90

(89.3)
(6.9)
(3.8)
(100)

69.65
4.45
3.20

77.30

(90.1)
(5.8)
(4.1)
(100)

Source: Japan Fine Ceramics Association

77,300 MM V

WC (46 0Xo) 

GRAPHITE 
Si 3N4 . 
SiC

Source: Japan Ministry of International Trade and Industry.
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Agency of Industrial 1 
Science and Technology 1

Industrial Base 1 
Technology 1 

Development Project 1 
1984-1990 1

— New Materials 1

High Technology 
Ceramics (Fine Ceramics)

Polymers for Special 
Functions

Special Metallic Materials 

Special Composite Materials

— Biotechnology 1

— New Functional 1 
Units 1

Moonlight 1 
Project 1 

1978-1984 1

-

Advanced Gas 1 
Turbines 1

Waste Heat 1 
Technology 1 

System 1

MHD 1

New Type b 
Battery and 1 

Power Storage 1 
System 1

Fuel Cells 1

Sunshine 1 
Project 1 

1974- 1

— Coal 1

— Solar 1

— Geothermal 1

Figure 7. Advanced ceramics programs in Japan sponsored by the Ministry of International Trade and Industry. 

Y Trillion

Upper limit of estimates 
taking into account greater growth 
in parts and technological effects

JY 5 trillion

Y 4.2 trillion

Scale of the market 
according to estimates 
of greater growth 
in material and parts

1983 Startof the 1990s Mid-1990s Start of the 21st century 

Figure 8. Market projection data for advanced ceramics. Source: Japan Ministry of International Trade and Industry, 1984.
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TABLE 2. MARKET DATA FOR SiC, Si,N4 , AND ZrO2 POWDERS IN JAPAN.

1984

250

tt-210

0-40

SiC 
1985
tonnes/yr

300

a -240

0-60

1986

390

a -300

0-90

1990

950

a-710

0-240

1984

280
oc-80

0-200

Si ;,N4 
1985
tonnes/yr

310

tt-120

0-190

1986

380

a -200

0-180

1990

760

a -540

0-220

ZrO2 (precipitation) 
1984 1985 1986

tonnes/yr

90 120 150

1990

430

Price a-SiC 2500-10000 yen/kg 

0-SiC 6000-10000 yen/kg

tt-Si :,N4 2000-20000 yen/kg 

0-SiHN4 1500-2500 yen/kg

7000-15000 yen/kg 

Toy o Soda: 7000 yen/kg

Application

Heat resistant
materials

Wear resistant
materials

Corrosion
resistant mat'ls

Misc.

Manufacturers
Showa Denko
Ibiden
Shinetsu Chem.
Taiheiyo Random
Shinano Denki
Seiren
Fukushima Denko
Fujimi Kenmazai
Nihon Denko
Mitsui Toatsu
Central Glass
Kyoritsu Yogyo

Source: Mitsui Toatsu

kg/yr

13,500

12,400

5,200
1,400

tt kg/mo

17,000

1,000
900
800
n/a

900
900
n/a

Chemical Inc.

*?c

41.5

38.2

16.0
4.3

0 kg/mo
1,800
4,900

100

n/a
n/a
n/a

Application

Heat resistant
materials

Wear resistant
materials

Corrosion
resistant mat'ls

Misc.

Manufacturers
Denki Kagaku
Starck Japan
Nihon Denko
Ube Kosan
Toshiba Ceramics
Showa Denko
Toyo Soda
Shinetsu Kagaku
Nihon Kokan
Toray
Kyoritsu Yogyo
Onoda Cement

kg/yr

17,700

7,600

7,000
400

tt kg/mo

7,800
2,500
1,000
1,000

950
800
750
600
n/a
n/a
n/a
n/a

Ve Application

Grinding balls
53.2 Knives A

cutters
23.8 Dies, plugs A

guide rollers
21.2 Sensors

1 . 1 Mechanical parts
A Misc.

0 kg/mo Manufacturers
12,500 Toyo Soda

Daiichi Kigenso
1,800 Shin Nihon Chem.

Dowa Chemical
Hokko Chemical
Starck Japan
Morimura
Toray
Kyoritsu Yogyo
Asahi Kasei

kg/yr

5,400

1,800

1,200
2,800

800

kg/mo
4,800
4,200
1,000

800
600
n/a
n/a
n/a
n/a
n/a

*!i,

45.0

15.0

10.0
23.3

6.7

1985 data for the Japanese market are available from the 
Japan Fine Ceramics Association and from MITI. The break 
down of market data based on product lines, and a forecast to the 
year 2000 is given in Table 3 (see also Figure 1). Advanced ce 

ramics market data for the first quarter of 1986 published by 
MITI is given in Table 4. The very high value per kilogram of 
some advanced ceramics products is especially noteable.
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TABLE 3. ADVANCED CERAMICS MARKETS BY END-USE APPLICATION.

Classification of products 1985 1990
JAPAN 

1995 2000
(100 million yen)

Electronic Se. magnetic ceramics
1C substrates, packages, etc.
Thermistors, varistors, etc.
Magnets etc.
Condensers, piezoelectric parts, etc.
Spark plugs

Mechanical ceramics
Tools, hard material parts
Wear resistant parts
Others

Thermal ceramics
Refractory parts for semi 

conductor heat treatment
High temperature corrosion

resistant parts
Others

Chemical and medical ceramics
Sensors
Catalysts, catalyst carriers
Teeth, bones, joints

Optical ceramics
Optical fibers
Others

Miscellaneous
Nuclear field
Others

Total

Source: Ceramics Industry, August 1986.

8,586
461
743

1,831
5,314

237

580
453

91
36

468
161

191

111

437
318
119

0

229
197
32

175
0

175

10,415

16,898
1,186
1,627
4,339
9,233

513

1,020
704
230

86

2,771
796

1,755

220

1,912
703
209

1,000

1,672
1,620

52

990
590
400

25,263

TABLE 4. ADVANCED CERAMICS SALES IN JAPAN, JAN-APRIL,

Items Production Sales Total
(tonnes)

Functional
1C Package 575
Substrate 776
Capacitor 9,856
Piezoelectric 457
Gas sensor 4
Others 339
Total functional 12,007

Structural
Catalyst carrier 9
Thermal resistant 175
Tools 3,730
Wear/corrosion resistant 350
Others 107
Total structural 4,371
Grand total 16,379

Source: Japan Ministry of International Trade A

26,265
2,400
1,960
7,100

14,200
605

1,645
949
560
136

6,235
1,820

4,143

272

2,920
840
330

1,750

4,692
4,620

72

1,489
864
625

43,246

1986.

Sales Export
(million yen)

Industry;

30,872
7,370

32,055
15,018
3,106
7,402

95,823

5,951
5,762
5,764
6,418

985
24,880

120,703

17,351
1,299
1,838
1,582
1,256

616
23,942

2,172
2,063
1,205
1,141

50
6,631

30,573

37,669
4,680
2,275

10,000
20,000

714

2,082
1,196

700
186

9,019
3,800

4,887

332

3,959
975
484

2,500

6,342
6,250

92

2,190
1,340

850

61,261

Avg. Price
(yen/kg)

53,684
9,500
3,252

32,330
866,146
21,813

7,980

626,751
32,973

1,543
18,314
9,225
5,692
7,370

Chemical Daily report 7/26/1986.
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UNITED STATES

Government and industry in the US have reacted positively in 
the last few years to counteract the perceived threats from Ja 
pan. The federal government support for structural ceramic re 
search and development was S60 million in 1986. Research and 
development in industry is believed to be about S100 million. 
The federal funding supported by various US government agen 
cies is listed in Table 5.

Ceramics research and development activities in federal 
government laboratories has increased substantially. A national 
centre on advanced ceramics has been created at Oak Ridge Na 
tional Laboratory to provide assistance to industry for both new 
materials and process technology. The US government is also 
supporting industry-university centres to promote the develop 
ment of advanced ceramics. The five universities with formal 
university-industry cooperative programs are:

3 Massachusetts Institute of Technology

n Rutgers University

n Alfred University

^ Case Western Reserve University

n Pennsylvania State University.

US industry also has increased its commitment to the devel 
opment and commercialization of advanced ceramic materials. 
It is estimated that almost 100 of the Fortune 500 companies in 
the US are participating in advanced ceramics activities. Com 
panies already in the ceramics field have increased their activi 
ties. More importantly, a large number of companies which 
have not traditionally been in ceramics have acquired existing 
ceramics companies and/or are establishing joint-ventures in 
the field.

Ceramics Markets

The most reliable data giving sales projections for advanced ce 
ramics in the US is considered to be that provided by the US De 
partment of Commerce and listed in Table 6. Sales are expected 
to increase from about US$0.6 billion in 1980 to US$2.53 bil 
lion in 1990 and $5.9 billion by 2000 (constant 1980$). Actual 
sales in 1985 were $3.9 billion, as calculated by Ceramic Indus 
try, an industry trade magazine. The breakdown of the sales data 
is shown in Figure 9.

EUROPEAN ECONOMIC COMMUNITY

In addition to the existing national programs, discussed below, 
the EEC is funding targeted programs and EUREKA, an ad-

TABLE 5. US GOVERNMENT FUNDED RESEARCH AND DEVELOPMENT IN STRUCTURAL CERAMIC TECHNOLOGY.

Fiscal Year 1983 1984 1985 1986 
Estimated

(millions of dollars)

1987

Department of Energy:
Conservation and renewable energy:

Vehicle propulsion
Advanced materials
Industrial programs
Energy utilization research 

Fossil energy:
Advanced research and technology development 

Energy research:
Basic energy science 

NASA:
Lewis Research Center 

National Science Foundation 
National Bureau of Standards 
Department of Defense:

Defense ARPA
US Air Force
US Army
US Navy 

TOTAL

* Includes 31.6 for manpower salaries.
t Includes M.Ofor TACOM diesel.
Source: Robert B. Schulz, US Department of Energy.

11.4 
3.2 
1.0 
0.5

1.0 

3.0

3.0 
2.9

7.7 
3.0 
4.7 
1.2 

42.6

12.7 
5.1 
2.3 
1.5

1.1

4.4

2.5 
3.3

8.2 
3.4 
6.0
1.3

11.9 
6.0
1.7
1.8

1.5 

4.6

5.4 
3.6

9.4
4.7
2.5
1.4

54.5

10.0 
8.7 
1.5 
1.8

1.2 

4.5

4.5* 

3.6
2.2

10.0
4.7 
4.4f 
2.3 

59.4

5.2 
6.5 
0.8 
1.0

0.9

4.5

4.6*

3.7
3.0

5.0 
5.0
4.7t 
2.3 

47.2
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TABLE 6. US SHIPMENTS OF ADVANCED CERAMICS BY END USE TO THE YEAR 2000.

End Use 1980 1990 2000 
millions of 1980 dollars (percent)

Electronics
Cutting
Wear parts
Heat engines
Other
Total

Source: Industry Analysis Division,

534
45
20

0
2

601

(88)
(7.5)
(3)
(0)
(0-5)

(100)

1,900
380
180
56
15

2,531

(75)
(15)

(7)
(2)

(D
(100)

3,485
960
540
840
70

5,895

(59)
(16)

(9)
(15)

(D
(100)

US Department of Commerce.

vanced industrial materials program of CdnS38 million over 4 
years. The priorities are rapid solidification technology, ad 
vanced ceramics, powder metallurgy, and composites.

WEST GERMANY
West Germany has embarked upon a new 10-year program to 
develop and commercialize advanced industrial materials. Ce 
ramics is a part of this program. Almost all of the participants in 
the first national program, which ended in 1982, are involved in 
the new program. In 1985 approximately CdnS55 million was 
spent by government on new advanced industrial materials re 
search and development, of which about SlO million was for ad 
vanced ceramics.

SWEDEN
Sweden is continuing its national program on the development 
of advanced ceramics for heat engine applications. The most

High-voltage 
Electrical Porcelain

Ferrites 
10 7o Low-voltage 

Electrical Porcelain 
24 7o

Other Electrical l 
Electronic Ceramics 
12 7o

Figure 9. 7985 distribution of advanced ceramics sales in the US. Total 
sales: 33,896 million. Source: Ceramic Industry, September, 1986.

noteworthy development in the past few years is the commercial 
hot isostatic pressing technology developed by ASH A Ceram. 
The company has licenced its technology to a number of US and 
Japanese companies.

UNITED KINGDOM
The UK has established two national programs in advanced ce 
ramics. One program is devoted to the development of advanced 
ceramics for gas turbine engines, and the other to the develop 
ment of ceramics for reciprocating engines. More than 30 in 
dustrial companies are participating in these programs.

FRANCE
The French Ministry of Industry and Research has begun a top- 
priority research program for new advanced ceramic materials 
and powders. The funding for this program is estimated to be 
about l billion francs (CdnS220 million) spread over 3 years. 
French industry also has increased its participation in advanced 
ceramics both in the development of ceramic powders and ce 
ramics.

CANADA
Advanced ceramics activities in Canada are characterized by a 
wide range of interests in terms of powders and applications. 
However, most of this activity is conducted under conditions of 
severe budget constraints in comparison to our major industrial 
competitors. The federal government sponsors work on ad 
vanced structural and functional ceramics at the National Re 
search Council, the Department of Energy, Mines and Re 
sources (CANMET), the Defense Research Establishment 
(ORE), and Atomic Energy of Canada (AECL). Much of the 
work currently being conducted at NRC, CANMET, and ORE 
is connected with the development of monolithic and coated 
parts for heat engines, especially diesel and turbine engines. 
NRC has also conducted extensive work on the development of 
wear and corrosion resistant process equipment parts such as 
pulverized coal burner nozzles. Work on functional ceramics 
has concentrated on the development of piezoceramic materials
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and complete sensor units. The work at AECL has been oriented 
to the development of non-destructive testing equipment such as 
computerized tomography; the development of ceramic materi 
als for use in fusion reactors, and the development of ceramics 
for the encapsulation of spent nuclear fuel. Almost all of the 
foregoing work is still at the research and development stage and 
has not yet been comercialized. This is in contrast to our major 
international competitors who have developed semi-commer 
cial and commercial markets (at least on a national basis) for 
many advanced ceramics materials, products, and processes.

Work in ceramics is conducted at some of the provincial re 
search organizations, especially the Ontario Research Founda 
tion and the Nova Scotia Research Foundation, and at some of 
the provincial utilities, notably Ontario Hydro and Hydro 
Quebec. The work at ORF is quite wide-ranging and covers 
both fundamental research and applied contract research for 
both structural and functional ceramics.

Industrial research in ceramics is generally restricted to the 
existing advanced ceramics companies, although interest is de 
veloping in other companies, especially the major resource 
companies.

Several universities have well established ceramics re 
search programs. Among these are:

n McMaster University
n Queen's University
n Universite de Montreal
n Technical University of Nova Scotia
Q University of British Columbia

One of the most significant recent developments has been 
the creation of the Canadian University-Industry Council on 
Advanced Ceramics (CUICAC). This organization brings to 
gether university, industry and government researchers and 
shows promise of being a major force in creating greater aware 

ness within industry and government of the importance of ad 
vanced ceramics.

The federal government and the Canadian Manufacturers' 
Association have been involved in the formation of the Canadian 
Advanced Materials Forum. This organization has been created 
to promote greater interest and awareness within industry, gov 
ernment and the public of the critical importance to Canada's 
industrial future of all advanced materials, including advanced 
ceramics.

A summary of the major Ontario players in advanced ce 
ramics, and their particular strengths and/or interests, is pro 
vided in Table 7.

In summary, the distinguishing features of Canadian ad 
vanced ceramics activities in relation to our major competitors 
are the following:

1. A late start in developing national research programs in ad 
vanced ceramics. This is especially true with respect to ap 
plied research concerned with ceramic powder and compo 
nent production processes and technologies.

2. A lack of national focus regarding priorities for research 
and development. Canadian research organizations and 
companies tend to focus on many of the same topics as our 
competitors. In some respects this duplicates work con 
ducted elsewhere.

3. A lack of a strong industrial or defense base for the develop 
ment of advanced ceramics materials and processes. Other 
countries have significant industrial and/or defense support 
for the necessary research and product development.

4. Canada is behind in the commercial development of ad 
vanced ceramics. There is a definite need for a comprehen 
sive national strategy which will focus on the particular 
strengths Canada has already developed in advanced ce 
ramics.
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TABLE 7. ADVANCED CERAMICS ACTIVITIES IN ONTARIO .

Organization Interests Organization Interests

Alcan Aluminum, Kingston

Atomic Energy of Canada,
Chalk River 

Exolon Company of Canada,
Thorold 

General Abrasive (Canada),
Niagara Falls 

Norton Co. of Canada,
Niagara Falls 

Northern Pigment Co.,
Toronto 

Almax Industries, Lindsay

BM-Hitech

Epitek Electronics, Kanata
Siltronics, Kanata
Lakeside Electronics, Whitby

Litton Systems Canada,
Toronto

Litton Canada, Butterfield div. 
Magna International

(Powerplex Technologies),
Toronto 

Murata Erie North America

Neosid (Canada) Inc.,
Toronto 

Electrofuel Manufacturing,
Toronto

EYC Ceramics, Espanola 
Hamilton Porcelains,

Brantford 
Industrial Ceramics,

Mississauga

Alumina and zirconia powder
synthesis
Ceramic processing, NDE

Silicon carbide (crude) 

Silicon carbide (crude) 

Silicon carbide (crude)

Iron oxide for hard and soft
ferrites
Piezoelectric ceramics, ionic
conductors, battery separators
Piezoelectric ceramics, sensors,
transducers
Custom hybrid circuits
Custom hybrid circuits
Piezoelectric ceramics, thick
film pastes
Custom hybrid circuits

Carbide coated cutting tools 
Sodium sulphur battery, 
alumina separators

Multi-layer capacitors & other
components
Soft ferrites

Boron nitride, aluminum nitride
ceramics, battery separators
Alumina and zirconia ceramics
Silicate ceramics, ionic
conductors
Alumina and zirconia silicate
ceramics

Ja-Coat, Kingston 
Vac-Aero International,

Oakville
Boart Canada, Mississauga 
Kenrock Tools, Mississauga

Valenite Modco, Windsor 
Defense Research

Establishment, Ottawa 
CANMET, Ottawa

NRC, Ottawa

McMaster University, 
Hamilton

University of Toronto,
Toronto 

Queen's University, Kingston

Brock University,
St. Catharines 

University of Windsor,
Windsor 

University of Waterloo,
Waterloo 

Ont. Research Foundation,
Mississauga

Plasma coatings 
Plasma coatings

Cermet based hard rock drill bits 
WC and alumina based hard 
rock drill bits 
WC cutting tools 
Ceramics for engines

Dielectric Se piezoelectric 
ceramics, ceramic processing, 
thermal properties of ceramics, 
ceramics for energy conversion 
Semiconductors, thin films, 
optical ceramics, tribology, 
ceramics for engines, ceramic 
processing, composites, NDE 
Mechanical properties, ionic 
conductors, bioglass, ceramic 
processisng, NDE, piezoelectric 
ceramics
High temp, oxide chemistry, 
fibre technology 
Ionic conductors, piezoelectric 
ceramics 
Semiconducting films

Thin films

Mechanical properties, solar 
materials
Sol-gel technology, ceramics for 
engines, plasma coatings, NDE, 
ionic conductors, piezoelectric 
ceramics, boron nitride, glass 
ceramics, fibre technologies, 
composites
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4. Impact of Advanced Ceramics on Ontario

This chapter provides an analysis of the impact of advanced ce 
ramics on Ontario industry. It begins with a brief description of 
the make-up of Ontario's manufacturing sector and some of the 
major technical and market factors affecting the various indus 
tries. This is followed by an analysis of the likely applications 
for ceramics and the timing and extent of increased ceramics 
use.

The impacts of increased ceramics use are related to: 

n materials and equipment supply

n employment gain/loss in supply and consuming industries 

n competitive capabilities of end-user industries 

n the trade balance

n relationships between Ontario industry and the current 
centres of advanced ceramics development

n Ontario-based engineering design and research and devel 
opment capabilities.

To the extent possible, the impacts are quantified. Where 
this is not possible a qualitative assessment is provided.

THE INDUSTRIAL STRUCTURE OF 
ONTARIO

Ontario is the industrial heartland of Canada. Ontario manufac 
turers produce over 50 % of all the goods and account for over 
50% of all manufacturing employment in Canada, and over 
60 % of value added. The components of Ontario's manufactur 
ing base are illustrated in Figure 10.

The significance of the transportation equipment industry, 
especially the motor vehicle and parts industry, is clearly evi 
dent. Other major sectors of the Ontario economy are primary 
metal production and metal fabrication, chemical and petroleum 
products, electrical and electronic products, pulp and paper, 
and machinery and equipment manufacturing. Together, these 
accounted for 29 % of shipments in 1984.

A distinguishing feature of each of these industry sectors is 
that they are, or have the potential to be, significantly affected 
by advanced ceramic materials development. Major character 
istics of selected industry sectors are briefly noted below.

Automotive Industry

l. The most important sector of Ontario's industrial base: 

14. l % of manufacturing employment in 1984 

IS.6% of value added in 1984 

29.0% of value of shipments in 1984.

Industry recovery in 1985 and 1986 makes the sector even 
more important to Ontario.

2. Growth in the industry sector is attributable to:

n the influence of the Auto Pact, which requires vehicle 
manufacturers to maintain a specific level of activity in 
Canada, in proportion to their sales;

n the lower value of the Canadian dollar, and lower raw 
material and labour costs in Canada vs. the US;

n the influence of import quotas and government pres 
sure on Japanese car manufacturers, which has prompted 
companies to establish plants in Canada, and to provide ad 
ditional access to the US market.

3. The following major motor vehicle manufacturers have 
parts or vehicle manufacturing operations in Ontario: 

GM, Ford, Chrysler, American Motors 

Honda, Toyota, Suzuki, Nissan 

Navistar, Mack Trucks 

Volkswagen, Hyundai

The plants are assembly oriented with very little research 
and development and product design capability.

4. Parts manufacturers are in a similar situation:

Q a large group of major foreign owned subsidiaries pro 
duce a range of parts, but concentrate on structural sheet 
metal parts; design responsibility is generally limited;

n a smaller group of medium to large sized Canadian 
owned companies have an orientation to heavy stamped 
metal parts and plastic parts, with limited product design 
capabilities;

n a large number of small Canadian owned firms have 
limited capital resources and very limited product design 
capabilities.

5. Canadian companies generally lack a significant engineer 
ing capability and face a major challenge to participate in 
changes occurring in the marketplace to out-sourcing of 
part design and manufacture by the major automobile as 
semblers.

6. Engine design and manufacture is rationalized between 
Canada and the US:

n Canada runs a negative trade balance in engine parts; 

n Canada relies on imports for all of its small diesel en 
gines;

n domestic manufacture of motor vehicle gasoline en 
gines is highly export oriented to the US;

n there is an approximate balance of engine imports and 
exports between Canada and the US.
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Primary Metal and Metal Fabrication

1. 11.6% of value of shipments in 1984 

13.3ft of employment in 1984 

14.6% of value added in 1984.

2. Production of basic minerals and metals is declining and/or 
shifting away from Canada, e.g., nickel, copper, steel 
(Figures 11, 12, 13) due to materials substitutions (fibre

optics vs. copper cable, plastics vs. steel in cars), product 
redesign (smaller cars), and shifts to low-wage production 
centres.

3. Major non-ferrous metals producers conduct most of their 
research on new materials outside of Canada.

4. Research by the steel companies is highly oriented to im 
provement of existing process technologies. Very little re 
search on new steel alloy systems is undertaken.

1978
SHIPMENTS 

$ 78,072 Million

1984
SHIPMENTS 
147,106 Million

Wood 
Pulp a Paper 7 "/o 
Furniture

Transportation
Equipment
30.3 0Xo

Printing
and
Publishing

Machinery
Machinery

EMPLOYMENT 
880,806

EMPLOYMENT 
880,927

Rubber and 
PlasticsFood

Beverage
and
Tobacco
N.3%

Leather 
Clothing 

and Textiles

Leather 
Clothing and 
n Textiles 

8.2 0/

Electrical
and
Electronics

Electrical 
and Electronics 

".S 0/
Wood 

Pulp and Paper 
Furniture 

12.30/0

Wood 
Pulp and Paper 1075 

FurnitureTransportation 
Equipment Transportation 

Equipment

Publishing
Primary Metal\ 6.5 0/ 
and N 
Metal Fabrication 

13.3

Metal Fabrication 
18 "/o

Figure 10. Ontario manufacturing industries. 
Source: Statistics Canada.
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Figure 12. Copper: Canadian production and share of world market. 
Source: Ministry of State for Science and Technology, Canada.

1. 14.8% of value of shipments in 1984 
T.0% of employment in 1984 
S.6% of value added in 1984.

2. The industry is dominated by foreign owned companies, 
many of which have significant involvement in advanced 
ceramics development in their home countries.

Electrical and Electronics Products
1. 7.5 % of value of shipments in 1984

H.5% of manufacturing employment in 1984 
IQ.4% of value added in 1984.

2. It is the most significant industry sector in terms of research 
and development spending.

3. Strong Ontario-based capabilities exist in several func 
tional ceramics applications fields, especially non-destruc 
tive testing, opto-electronics, and communications de 
vices.

Pulp and Paper
1. 4. l % of value of shipments in 1984

4.7^1 of manufacturing employment in 1984 
4M of value added in 1984.

2. The shift to mechanical pulping methods is creating signifi 
cant new demands on production machinery.
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Machinery and Equipment
1. S.5% of value of shipments in 1984

4.9% of manufacturing employment in 1984 
t.5% of value added in 1984.

2. The industry's structure is characterized by:
n a large number of small, specialized companies pro 
duce customized products and rely on design expertise 
rather than price to sell their products; they are generally 
highly export oriented;
n a smaller group of companies which are subsidiaries of 
large multi-nationals are generally oriented to serve the do 
mestic market, and tend to rely on the parent company for 
much of their design and engineering capability;
n there is a shift in location of manufacture of process in 
dustry equipment to offshore locations.

STRUCTURAL CERAMICS

TECHNICAL AND MARKET FACTORS

Materials and technologies compete for utilization based upon 
complex cost-benefit interactions in end-use applications. Fig 
ure 14 shows the relationship between material cost and weight 
reduction for a variety of materials. As can be seen, most of the 
lightweight materials have not yet reached the break-even point

10 -
:: : : : : : Gr.GFRP

(GRAPHITE FIBER 
AT 56 PER POUND)

: : : : : VS STEEL

WROUGHT ALUMINUM VS 
HIGH-STRENGTH STEEL

10 20 30 40 50 60 i 

WEIGHT REDUCTION (PERCENT)

Figure 14. Materials substitution. 
Source: Scientific American, June J 986.

80 90

in terms of their cost vs. weight saving. Super alloys and ceram 
ics are a notable case in point.

Figure 15 shows the relationship between weight savings 
and other desirable properties such as stiffness, strength, and 
collapse load for automotive structural materials. The examples 
illustrate that materials substitution does not generally take place 
on a one-for-one basis. Rather, a number of material properties 
must be considered when assessing the potential for new materi 
als. Analysis of these factors is one of the key considerations in 
assessing the potential for direct substitution of advanced ce 
ramics for metals.

Industry sectors potentially the most affected by increased 
use of advanced ceramics are:

for structural ceramics, 

n heat engine parts
- process industry equipment components 
n bearings
a cutting tools and dies
n ceramic coatings, matrix composites, and cermets 
for functional ceramics, 

n sensors 
Q opto-electronics 
n bio-ceramics.
This listing is not meant to be exhaustive. It does, however, 

represent the most significant areas of concern and opportunity.
Figure 16 illustrates the expected timing of the introduction 

of advanced structural ceramics. The rational for this market 
timing and the expected impact on Ontario is detailed in the sec 
tions that follow.

Heat Engines

Heat engine parts represent a major potential market for ad 
vanced ceramics. Because of the dominance of the automotive 
industry in North America, even small inroads by ceramics into 
the engine component market can have a significant impact on 
raw material supply patterns and trade balances.

Ceramic engine parts are under active development by the 
major automobile manufacturers and some of the major compo 
nent suppliers. In Japan a few parts are already in commercial 
production, albeit in limited volume. The extent of process and 
product development activity throughout the world has led 
many industry observers to forecast that commercial use of ce 
ramic parts will be widespread by the mid-1990's.

Ceramics will be employed in gasoline engines for their su 
perior frictional, weight, and heat management properties. Ce 
ramic parts for diesel engines will be principally used for their 
heat management and weight reduction properties. Gas turbines 
will exploit ceramics for their heat, abrasion, and corrosion re 
sistance properties.
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Figure 16. Estimated scenario for implementation of ceramic components in structural application categories. Source: Richerson, D. W., 
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pared for the US Office of Technology Assessment, December 1985.
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Significant technical and market developments related to 
each of these properties are briefly reviewed.

Motor Vehicle Engine Technology

Gasoline Engines. The most important developments in gaso 
line engine technology which have a bearing on advanced ce 
ramics usage are:
1. Multi-Valve Technology

n Ceramic valve parts can reduce the frictional and static 
loads associated with complex overhead camshaft engine 
mechanisms, thus improving engine efficiency and fuel 
economy (Figure 17).
n Ceramic roller follower arm designs are expected to be 
in commercial service by the 1988-1989 model year at 
costs competitive with metal. The materials of choice will 
be transformation toughened zirconia (TTZ), transforma 
tion toughened alumina (TTA), and a high alumina content 
silicon nitride.

2. Lean Burn Technology
n Higher compression ratios and operating temperatures 
in modern engines necessitate stronger pistons.
n Ceramic coatings and/or ceramic fibre reinforcements 
can yield substantial weight reductions and increased 
strength at temperature (Figure 18).

3. 4-Cylinder Engines
n Ceramics can assist in reducing the reciprocating mass 
of the engine, thus reducing the need for heavy balance 
shafts used to smooth out the inherently unbalanced opera 
tion of 4-cylinder engines.

Silicon nitride 
insert

Camshaft

Rocker arm

Hydraulic lash 
adjuster

Figure 17. Impact application for Si-^N^. Use of a ceramic cam follower in 
sert has resulted in reduced valve train inertia. Researchers reported that the 
part weighed only half that of the sintered alloy one. Silicon nitride was found 
to be the most suitable ceramic. Source: Automotive Engineering, June/July 
1986.

Diesel Engines. Diesel engine technology development primar 
ily revolves around improvements in the fuel efficiency of the 
engine. In general, this means reducing the heat loss in the en 
gine through better thermal insulation and recovering as much 
of the exhaust heat energy as possible through the use of a turbo- 
charger which is connected to the crankshaft. These concepts 
are referred to as:

n the ceramic or uncooled engine;
n the adiabatic engine;
^ the turbocompound engine, which may be either a ce 

ramic turbocompound engine or an adiabatic tur 
bocompound engine.

Ceramic diesel engines incorporate ceramic parts in place 
of metal parts for better heat flow control in the engine. This in 
creases the engine operating temperature, thus increasing ther 
mal efficiency, and reduces the size of the cooling system 
through better thermal insulation. Typical parts for a ceramic 
diesel engine are:

n piston crown
n precombustion chamber
n glow plug
n valves and valve guides
n exhaust port liners
3 cylinder liner
n head underside plate.
Adiabatic engines take the heat management process one 

step further and allow for the complete elimination of the cool 
ing system. Adiabatic engines are much more experimental than 
ceramic engines of the type being developed by the Japanese. 
Much of the work on adiabatic engines has been conducted in the 
US under contract with the US Army. The engine developed by 
Cummins is illustrated in Figure 19.

Turbocompound diesel engines make use of the extra heat 
in the engine to drive a second shaft connected to the crankshaft 
via a turbocharger. The concept is illustrated in Figure 20. Tur- 
bocompounding greatly increases the fuel efficiency and power 
of the engine, and is applicable to both ceramic and adiabatic 
diesels.

Ceramics are useful in engine turbochargers because of 
their light weight. The spin inertia of a ceramic rotor is consider 
ably lower than that of a comparably sized metal rotor, requiring 
less force for the rotor to reach design speed, and thus the turbo 
charger is more responsive to the demands of the engine. The 
relationships are illustrated in Figure 21.

The heat resistant properties of ceramics are also required 
as diesel engine efficiency increases with higher operating tem 
peratures. It is expected that adiabatic turbocompound diesel en 
gines will be operating at temperatures of approximately 
1000 0C. This is near the critical limits of the metals used to 
manufacture the rotors. Ceramics would therefore offer some 
margin of safety in terms of operating temperature limits.
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The likely scenario for the introduction of ceramic engine 
components in diesels is shown in Table 8. The first two levels 
incorporate ceramics primarily for their high temperature resis 
tance. Level 3 technology utilizes the heat insulating properties 
of ceramics as well as the high temperature strength properties.

Level l technology is currently in pre-production or lim 
ited production in Japan, Europe, and the US. Japanese manu 
facturers are the most advanced, with Isuzu and Hino Motors 
planning full production of Level l technology diesel engines by 
1990. Isuzu expects to have engines based on Level 2 technol 
ogy in production by the mid-1990's. Level 2 technology is ex 
pected to be the most prevalent technology used in light and me 
dium duty diesel engines.

Level 3 technology requires much more research before it 
can be introduced. The current range of insulating ceramic ma 
terials does not possess the required properties and reliability

for commercial service. The incentive for Level 3 technology is 
high, however, as this is the level where the most significant im 
provements in fuel efficiency would be realized. Adiabatic tur- 
bocompound engines are not expected to enter commercial 
service earlier than 2000.

Level 4 technology incorporates ceramics for their wear re 
sistance and low friction properties. Level 4 technology could 
be incorporated as part of engines designed to Level l, 2, or 3 
technology. Level 4 technology will be commercialized in con 
cert with Level 1,2, and 3 technology.

Motor Vehicle Engine Markets
The near term potential of ceramics in motor vehicle engines 
will be determined by the availability of direct part substitution 
opportunities. Analysis of current market demand trends for en 
gines and engine parts indicates that the most likely near-term 
ceramics applications in gasoline engines will be for valve-train

2 ring pistons 
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height.
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Reinforcement of squeeze-cast W109 alloy 
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Figure 18. Weight reduction and strength increases in new piston designs. Source: "Engine Component Technology", Automotive Engineer, June/July 1986.
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Intake manifold with 
ceramic lining

Ceramic valve guide

Intake port with 
ceramic lining

Cylinder liner with 
ceramic lining

Exhaust manifold with ceramic 
lining

Exhaust port with ceramic 
lining

Valve with ceramtc face 

Piston with ceramic cap

Figure 19. Ceramic components in Cummins/TACOM adiabatic diesel engine. Source: W. Brynjik A R. Kano, TACOM/Cummins Adiabatic Engine Program.

components and piston components operating in the tempera 
ture range of 400-6000F.

The same parts, and some others, are expected to be em 
ployed in diesel engines, but will be exposed to higher operating 
temperatures. More research and testing will be required on 
these parts before widespread commercial service will be possi 
ble.

Parts which can be expected to have a more limited and/or 
longer term application are turbochargers, heat management 
components, and connecting rods.

Valve Train Components. Valve train components represent a 
potentially high volume application that is applicable to any en 
gine design for gasoline, LPG, or diesel powered vehicles. For 
this reason, it is the application that is likely to see earliest com 
mercialization on a major scale.

Rocker arm components are estimated to represent ap 
proximately 50 % of North American ceramic valve train com 
ponents in 1995, with an estimated value of US$35 million 
(1985S). Tappet faces are estimated to represent a market of 
US$1.6 million in 1995, again in 1985 dollars. Ceramic valves,

Ceramtc coated 
piston and ring

Ceramic coated 
liner

Ceramic coated 
valve

Ceramic exhaust 
port

Ceramic head 
underside plate

CVT

No, 2 gear 
train

No. 1 gear train
Turbocharger

Air feed

Power recovery 
turbine

\ Reduction ratio 
control motor

Figure 20. Ceramic turbocompound engine. Source: New Technology Japan, June 1986.
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Figure 21. Left: Comparisons of 
weight and inertia moment of metal vs. 
ceramic wheel. Below: Step response 
characteristic of metal and ceramic 
wheel. Source: Japan Fine Ceramics 
Association, Annual Report, 1986.
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TABLE 8. FUTURE DIESEL ENGINE TECHNOLOGY DEVELOPMENT SCENARIO.

Technology level
l

Engine configuration
State-of-the-art engine, 
turbocharged

Uncooled, non-adiabatic 
(no water or air cooling) 
(no turbocompounding)

Adiabatic turbocompound

Potential ceramic components
Turbocharger
Valve train components
Prechamber, glow plugs
Turbocharger 
Valve train components 
Piston, cap 
Cylinders, liners

Minimum friction technology 
(could be combined with 1,2, 
or 3)

Potential payoffs
Improved performance
Reduced cost?
Early manufacturing experience
Reduced weight - efficiency gain 
Gives option to improve aero 

dynamics - efficiency gain 
Reduced maintenance 
Reduced engine systems cost? 
Flexibility of engine placement
Very significant reduction in

specific fuel consumption 
Improved aerodynamics 
Reduced maintenance

Turbocharger 
Turbocompound wheel 
Valve train components 
Piston, cap 
Cylinders, liners 
Exhaust train insulation
Air bearings 
High-temperature rings 
High-temperature bearings 
Non-galling wear surfaces 
Low friction liquid, 

lubricant-free bearings
Source: R.N. Katz, "Applications of High Performance Ceramics in Heat Engine Design", Materials Science and Engineering, vol. 71, p.227-249, 1985.

Lower specific fuel consumption

Impact on Ontario Industry 29



valve guides, and valve seats are expected to capture approxi 
mately 1(^ of the potential 1995 market of US$250 million, or 
S25 million.

Piston Components. Piston components such as the pin, piston 
crown, and piston ring are candidates for full or partial conver 
sion to ceramics. Monolithic piston pins are under development 
by at least one of the major North American auto manufacturers. 
New piston designs based on the use of plasma coatings and/or 
ceramic fibre reinforcement for the piston crown are being de 
veloped by several of the major automotive manufacturers, as 
well as many of the major independent piston producers. Plasma 
coated piston rings are already in commercial production by 
TRW in the US, and are under consideration by a number of 
other companies. The value of the piston and piston ring market 
in North America was approximately US$700 million in 1985. 
The analysis for this report indicates that a penetration level of 
approximately 10 % for ceramics is achievable by 1995. Thus 
the market is estimated to be approximately US$70 million by 
1995 (1985$).

In summary, estimates of 1995 market potential for ceram 
ic gasoline engine parts in North American built cars are:

Gasoline Engine Parts 
1995 Market Size 

(SUS 1985) 
S70.0 million 
25.0 million 

1.6 million 
35.0 million 

S132.0 million

pistons, piston pins, rings
valves, valve guides, seats
tappet faces
rocker arm components
total

Diesel Engine Parts. Diesel powered automobiles represent a 
small fraction of the North American automobile market (ap 
proximately 100,000 units in 1985). Truck engines and engines 
for off-highway equipment represent the most significant diesel 
market for ceramics. US shipments of diesel powered trucks to 
taled 360,382 in 1985, the same level as in 1984. While total 
sales of diesel powered trucks have increased from the 243,848 
recorded in 1978, the market for the heavy Class 7 and 8 catego 
ries, the major application area for ceramics, is declining.

Ceramic diesel engine parts currently in production or pre- 
production include:

n glow plug
D pre-combustion chamber
n rocker arm components
n valves and valve guides
n valve seats
n tappets and cams
n head plates
n exhaust port liner
Q cylinder heads

o piston components 
n soot trap.
Many of these parts are common to both diesel and gasoline 

engines, and it can be expected that commercialization will take 
place concurrently. Parts which are specific to diesels will expe 
rience somewhat different rates of market introduction. For ex 
ample, glow plugs and pre-combustion chambers are already in 
commercial production in Japan. These parts have yet to be in 
corporated into North American-built diesel engines.

Changes in industry structure are likely to result in in 
creased use of imported diesel engines as European and Japa 
nese companies purchase or form joint-ventures with North 
American truck producers. The overall conclusion from the 
foregoing is that ceramic parts for diesel engines will be a rela 
tively low volume business which will be dominated by Japanese 
and European engine parts manufacturers.

Turbochargers. At the present time turbochargers are only in 
stalled on high-performance cars. In 1985 total installations on 
cars sold in the US were 400,826 units. Approximately half of 
these were on Chrysler products and another 41 % on imports. 
Chrysler expects to have a 6-cylinder engine available from 
Mitsubishi, its Japanese affiliate, for the 1988 model year. This 
would greatly reduce the market for turbochargers. In total, tur- 
bocharger use is unlikely to exceed 5 % of the new vehicle mar 
ket in the 1990's. Assuming new vehicle sales of approximately 
12.9 million units in 1995, the demand for turbochargers is ex 
pected to be approximately 650,000 units for gasoline powered 
cars. At an expected cost of US$15 per rotor, the market would 
be worth US$9.75 million.

Ceramic turbochargers for diesel engines, especially me 
dium and heavy duty trucks, can be expected to be utilized to a 
greater extent than in gasoline engines. The performance in 
creases in diesels are more significant, and turbocompounding 
provides an additional incentive which is not generally applica 
ble to passenger cars. However, even if all diesel truck engines 
were fitted with turbochargers, the market would probably not 
exceed 150,000 units annually by the year 2000. This would 
represent a market of approximately US$3 million, assuming an 
average cost of US$20 for a truck turbocharger rotor.

Heat Management Components. The material of choice for ex 
haust port liners is expected to be zirconium oxide (ZrO2), 
which has very low thermal conductivity. A monolithic struc 
ture is probable, but alternatives such as plasma coating the ex 
haust port or plasma spraying a zirconium oxide - aluminum 
titanate (ZrO2-Al2Ti3) coating directly onto the sand casting 
mold are also possible.

The technology for this application is still in the early stages 
of development. Significant opportunities could open up to On 
tario suppliers should any of the alternatives noted above be in 
troduced. However, complete utilization of the concept is un 
likely, and it may be restricted to high-performance 4- and 6- 
cyUnder engines.
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Connecting Rods. Ceramic fibre reinforced connecting rods are 
under development by several companies, including US based 
companies associated with Alcan Aluminum. Metal matrix 
composite connecting rods can offer lighter weight and in 
creased stiffness over conventional forged rods and even forged 
powder metal rods. Considerable work is still required before 
efficient manufacturing processes are developed for the ceramic 
fibre and for the finished part. It is expected that it will be at least 
2000 before costs can be reduced to reasonable levels. At that 
same time, forged powder metal rods will be in full scale com 
mercial use by all of the automotive manufacturers. Given the 
time requirements to incorporate new materials into engine 
parts, it is unlikely that metal matrix composite connecting rods 
will be in commercial service in North American automobiles 
before 2005.

Ceramics Impact on Motor Vehicle Engines

The impact of the introduction of ceramic engine parts on the 
Ontario economy will be felt in four ways. These are:
1. an increase in the trade deficit in manufactured products;
2. a loss in business for some Ontario suppliers of raw materi 

als, e.g. alloy steels for valves, and finished parts, e.g. 
valves, as parts are converted to ceramics;

3. an opportunity to supply powders for parts production;
4. changes in the demand for lubricants and fuels.

Imports of ceramic engine parts will be both in the form of 
the parts themselves, and in the form of complete vehicles and 
engines. Regardless of the nature of the imports, the result will 
be an increase in our trade deficit in manufactured products. Op 
portunities to alleviate this negative impact, at least in the next 
10 to 15 years, are believed to be slight as the imports are likely 
to come from Japan and Europe.

The Asian car manufacturers are highly integrated in terms 
of the manufacture of engine components, and have well devel 
oped research programs with ceramic suppliers. These pro 
grams are more advanced, in general, than are those in North 
America. Thus, the Asian suppliers are further along the 
"learning curve" to the introduction of cost- and performance- 
competitive ceramic components for engines. It will be difficult 
for North American parts manufacturers to penetrate the Asian 
market for ceramic engine parts given these established rela 
tionships. Similar comments apply to the European market.

The negative impact of ceramic engine parts on Ontario will 
also be felt by current Ontario producers of metallic parts such 
as valves, valve guides, and die cast rocker arm assemblies and 
pistons. These companies may see a decline in their business. 
The current suppliers of valve steel and of powder metal and 
powder metal parts may also see a decline in their business. The 
impact will be more severe on the parts producers than on the 
raw material producers as the tonnage of steel and powder metal 
used in manufacture of valve train components is relatively 
small (estimated at approximately 4,000 tons for valves pro 

duced in Ontario). The potential loss in jobs and in exports is 
difficult to quantify but could represent a significant proportion 
of current business.

On the positive side, the introduction of ceramic engine 
components could stimulate the development of new businesses 
such as the supply of ceramic powders, processing equipment, 
and finished products such as valves and valve guides. One On 
tario valve producer is already in a joint-venture with a US firm 
to develop the technology for the manufacture of silicon nitride 
valves (and possibly valve guides).

Non-traditional parts suppliers could also enter the market. 
These companies are likely to require some form of licence or 
joint-venture arrangement with a traditional automotive indus 
try supplier. The most appropriate candidates would appear to 
be companies in Japan or Europe where the technology for ce 
ramic engine parts is well advanced.

The impact of the turbocharger market will be negligible 
for Ontario in terms of supply of the finished product. The 
manufacture of the rotor is a very complex process, and the ex 
isting producers in the US, Japan, and Europe are unlikely to 
shift their engineering and production centres to new locations. 
However, the supply of powder could have a major impact on 
Ontario. Assuming an average weight requirement of 1.2 kg 
prior to machining, the demand for silicon nitride powder is esti 
mated to be approximately 720 tonnes. This estimate assumes, 
of course, full conversion to ceramic rotors and that all turbo- 
chargers installed on cars sold in the US are made from North 
American manufactured powder. Neither of these assumptions 
is expected to hold true for the following reasons:
1. manufacturing cost and reliability problems for ceramic ro 

tors are expected to continue to make widespread use of ce 
ramic rotors unlikely;

2. ceramic powders for turbocharger rotors will be custom de 
signed; unless a powder manufacturer has been directly in 
volved with a turbocharger manufacturer, it is unlikely to 
be able to penetrate the market.
The implication of the foregoing is that powder supply for 

turborotor manufacture will probably remain the province of 
existing producers. Ontario participation would then be depend 
ent upon attracting one of the existing silicon nitride powder 
producers to establish a plant or a joint-venture in Ontario.

Finally, the introduction of ceramics into diesel engines 
may have a significant impact on the supply of petroleum and 
lubricants. In addition to the increased fuel efficiency of ceram 
ic diesel engines and adiabatic diesels (estimated at about 
lS-20%), there will be a need to develop new high-temperature 
lubricants. Current lubricants are designed to function at tem 
peratures up to about 6000 F.

The new ceramic engines will be operating in temperature 
ranges well in excess of this. Synthetic, or better, lubricants will 
be required to meet the conditions in the engine. These lubri 
cants are much more expensive than conventional lubricants and
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are also now in short supply. In fact, many of the required lubri 
cants have yet to be developed. The chemical and petroleum in 
dustry is thus faced with a threat in terms of a reduction in the 
demand for fuel and traditional lubricants, and an opportunity in 
terms of the development of new lubricants.

Gas Turbine Technology

Gas turbine developments involve three major items. These are:

l. development of an advanced gas turbine engine for land 
transportation;

2.

3.

development of stationary gas turbine engines to improve 
thermal efficiency and allow for the use of residual and high 
particulate fuels;

development of aircraft gas turbine engines to improve 
thermal efficiency and power.

The US Department of Energy has been supporting gas tur 
bine engine development for land transportation. The programs 
are managed by Ford Motor and Garrett Turbine (AGT 101) and 
General Motors (AGT 100). Demonstration engines are ex 
pected to be in operation in 1987. The ceramic parts used in the 
AGT 101 are summarized in Table 9. Much work remains to be 
done to bring these concepts into commercial production. Auto 
mobile manufacturers expect that the earliest commercial intro 
duction of gas turbine engines for land transportation will be in 
the year 2000.

Stationary gas turbines are the subject of research in Europe 
and Japan. The Japanese program, sponsored by an industry 
consortium and the Japanese government, is well advanced. 
Some of the expected benefits of the program in terms of in 
creases in fuel efficiency and energy conservation are illustrated 
in Table 10.

The value of the Japanese program does not necessarily lie 
in the ability to produce a more efficient stationary gas turbine. 
The knowledge gained from the research respecting ceramics 
materials can be applied to the production of other complex ce 
ramic parts for both aircraft engine use and general engineering 
applications. The Japanese program should thus be seen as a 
strategic development program with generic implications rather 
than an applied industrial research program.

The major developments in aircraft gas turbine technology 
that affect ceramics usage have to do with the development of 
new high temperature alloys and composite materials, and the 
push for higher turbine operating temperatures. Ceramics could 
greatly extend the operating temperature range of gas turbines, 
and allow for the use of lower quality fuels.

Gas turbine operating temperatures have been increasing at 
a rate of approximately 12 0 F per year since the introduction of 
the jet engine, as can be seen from Figure 22. The current maxi 
mum operating temperature for jet engines is approximately 
18300 F, with normal operating temperatures somewhat below 
this. Since each 100 0 F rise in operating temperature results in a 
l % increase in engine efficiency, there is a significant incentive 
to raise engine operating temperatures. Ceramics are the only 
materials that can be used above 2200 0 F.

Monolithic ceramic parts for gas turbines are still a consid 
erable time from commercialization. The scientific and engi 
neering problems still to be resolved before monolithic struc 
tures can be used in aircraft gas turbines are formidable. Most 
observers believe commercial use of aircraft engine ceramic 
parts such as turbine blades and disks will not occur until after 
2015. However, plasma spray coated parts are in current use.

Stationary parts of the engine such as the rings and the com 
pressor and turbine vanes may be converted to ceramic at a 
somewhat earlier date as the mechanical properties required of 
the part are not as severe as those required of rotating parts. 
Parts for stationary engines are subject to less stringent de-

TABLE 9. CERAMIC COMPONENTS FOR AGT 101 ENGINE.

Component
Flow separator housing
Turbine shroud
Turbine rotor
Inner diffuser HSG
Outer diffuser HSG
Combustor liner
Stator vane segments
Turbine transition liner
Combustor baffle
Turbine backshroud
Bolts
Regenerator shield

Carborundum Ford
Corning

LAS
oc-SiC

SRBSM

a-SiC
oc-SiC RBSN
oc-SiC
oc-SiC
oc-SiC
oc-SiC
oc-SiC

ACC Pure
Carbon

RBN
RBSN
SSM

RBSN
RBSM

RSSC
RBSN
RBSN
RBSN

RBSN
RBSN

NGK

SSN
SSN
SSN
SSN

SSN

SSN
SSN

KYOCERA

SiC

SiC

Source: Garrett/Ford, The AGT 101 Project Brochure, NASA Contract DEN3-167, 1984.
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Figure 22. Trends in material capability for gas turbine engines.

mands, and it can be expected that components for stationary en 
gines will enter commercial service by about 1995, at least in 
Japan. In fact, the Japanese expect to be in a position to commer 
cialize the use of ceramic stator parts in small (10-20MW) gas 
turbines before 1995.

Ceramics Impact on Gas Turbine Engines

The direct impact of ceramic gas turbine engine developments 
on Ontario will be slight due to the limited amount of manufac 
turing of turbine engine components in the province. Indirect 
impacts may be more significant in terms of lost markets for 
nickel-based superalloy materials (believed to be slight until af 
ter 2015) and the opportunity for Ontario researchers to partici 

pate in the development of technologies which are still very 
new. New powder types, processing methods, metal matrix 
compositions, and non-destructive testing methods and equip 
ment will be required. These opportunities will need to be pur 
sued in the province if Ontario is to derive long term benefit 
from the adoption of ceramics in almost any field of application.

Process Industry Equipment
Ceramic process equipment can have significant benefit in im 
proving the efficiency and reducing the costs of a wide variety of 
process industries. Some of the applications for ceramic process 
equipment are listed in Table 11. Some illustrative examples of 
the potential benefits to be gained from the use of ceramics will 
be provided.

Chemical Industry
In the chemical industry, high temperature corrosion and abra 
sion resistance are important. One major petrochemical com 
pany has determined that the savings achievable from the wide 
spread use of plasma coated and monolithic ceramic parts for 
pumps, valves, heat exchangers, recuperators, burners, etc. 
would amount to approximately S2 million per year. The full 
savings are not realized because some ceramic components are 
not available in the sizes and/or shapes that are required.

Pulp and Paper
The pulp and paper industry has a severe problem with stress 
corrosion cracking in the digester and bleach tower of kraft pulp 
mills. The cost of corrosion is in the range of several million dol 
lars per year in Canada. The use of advanced ceramic materials 
in regions of the digester and the bleach tower which are subject 
to the most severe attack would be of significant benefit to the 
industry.

TABLE 10. CALCULATED VALUES OF THERMAL EFFICIENCY AND COST SAVINGS OF ANNUAL FUEL AT 1000 MW COMBINED 
POWER GENERATING FACILITY.

1300 0 C Class Gas Turbine 15000 C Class Gas Turbine

Installation

Ceramic parts
1st Stage Stator blade 1
1st Si 2nd Stages Stator blade 1
1st Stage Stator 1 & Rotor blades
1st A 2nd Stages Se. Rotor blades2
All blades3 are metal,

and air-cooled

LNG combined
power generation

Gasified coal
combined power

generation
LNG combined

power generation

Gasified coal
combined power

generation

Percent (100 million yen)
43.2* (32)
43.6^0 (38)
44.l7c (45)
46.7* (83)
41.9^0 (13)

39.0fc (14)
39^ (16)
39.896 (19)
42.47c (35)
37.870 (5.5)

44.0 11, (44)
44.7 7c (54)
45. 4 7o (64)
49.27o (118)
-

39.7* (19)
40.3 'Z, (23)
41.0* (27)
44.4* (50)
-

Annual operating ratio 70* , fuel costs LNG 60,000 yen/MT, coal 12,000 yen/MT.
Basic efficiency: LNG 4lVc, coal gasification 37* (HHV, at transmission terminal, 1100"C Class)
1 Ceramic blades and metallic blades used together
2All ceramic blades
^Current air-cooling technique is adopted
Source: Japan Fine Ceramics Association, 1986 Annual Report.
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TABLE 11. INDUSTRIAL PRODUCTS MADE FROM ADVANCED 
CERAMICS.

Manufacturing Si Machinery Uses

n Mechanical seal rings
n Bearings
n Valves
Q Extrusion 81 wire drawing die inserts
3 Liners and valves for industrial pumps
3 Components for mechanical handling equipment
^ Textile guides

Process Industries

^ High temperature gas fans
3 Heat exchanger tubes and radiant tubes
n Skid buttons for steel reheating furnaces
n Welding nozzles and insulators
n Non-ferrous foundry, particularly aluminum

(thermocouple sheaths, riser stalks, crucibles,
furnace tapping seats and plugs etc.) 

n Precision jigs and fixtures for soldering, brazing
and heat treatment processes 

n Stable wear-resistant fixtures for electrochemical
processing

n Chemical manufacturing equipment 
n Burner parts (pulverized coal) 
n Nozzles for sand blasting 
n Ceramic heaters
n Molds for high-temperature annealing 
n Crucibles for melting corrosive alloys and metals

Steel and Non-Ferrous Metals Industries

The steel industry is already a major consumer of ceramic com 
ponents for use in the electric arc furnace, the continuous caster, 
reheat furnaces, heat exchangers, and recuperators. Usage of 
other components such as ceramic filters for inclusion removal 
in the liquid steel, skid buttons, and hearth rolls is still experi 
mental. Significant improvements in the performance of the ma 
terials, and significant reductions in cost will be required before 
these materials will receive widespread acceptance.

The non-ferrous metallurgical industry also has many of 
the same requirements as the steel industry. New processes for 
the smelting and refining of lead, zinc, and copper are creating a 
demand for higher performance (temperature, corrosion, 
strength) materials. Advanced ceramics are often the only mate 
rials meeting the new requirements.

Potential savings resulting from the use of advanced ceram 
ics are difficult to estimate due to the diversity of potential appli 
cations. However, based on estimates conducted in the US, the 
value of components for the metallurgical industries could be 
approximately S2-4 million in 1990 in Ontario.

Power Boilers and Heat Exchangers

Ceramics can be of significant benefit in power boilers and heat 
exchangers due to the wear and corrosion resistance of the mate 
rials. Burner nozzles for pulverized coal are an obvious exam 
ple.

Fuel efficiency can also be improved with the use of ceram 
ics. The Electric Power Research Institute in the US has calcu 
lated that fuel savings of up to 60 % are possible with the use of 
ceramics in power boilers and heat exchangers.

Ceramics Impact on Process Equipment Components

The overall benefit of the use of advanced ceramics for process 
equipment components is based on a reduction in fuel consump 
tion and in plant maintenance expenditures. In the case of On 
tario it is believed that widespread use of ceramic components 
could save up to 2 % of annual fuel, repair and maintenance costs 
of approximately S5 billion. Assuming a simple payback period 
of 3 years, ceramic components could represent a market of ap 
proximately S30 million.

At the present time most of the components for process in 
dustry equipment and machinery are imported. Development 
and commercialization of ceramic parts for process industry 
machinery is significantly more advanced in Europe and Japan 
than in North America. It is likely that Canadian industry will 
import the finished parts should the materials gain widespread 
acceptance. However, there is still time to develop an Ontario 
capability in this field.

Bearings

Ceramic bearings offer significant improvement over conven 
tional bearing materials in high temperature and corrosive serv 
ice, as illustrated in Table 12 and Figure 23. Ceramic bearings 
will find application in specialized areas such as military aircraft 
jet engines. These applications will be performance oriented 
rather than price sensitive. Studies conducted in the US have es 
timated that ceramic bearing markets could be worth approxi 
mately S300 million by 2000.

It is likely that the existing bearing manufacturers will ex 
tend their product range to include ceramic bearings. For exam 
ple, both SKF in Sweden and NTN in Japan are conducting ac 
tive research into ceramic bearings in conjunction with powder 
suppliers such as ASEA, Norton, and Showa Denko. The tech 
nology of manufacture of these products is very complex and the 
market dynamics of the industry make entry of a new competitor 
extremely difficult. However, Ontario could participate in the 
industry by supplying powder or by becoming the base of manu 
facture for one of the existing bearing suppliers.

Cutting Tools And Dies

Ceramics have a direct benefit on the machining industry by in 
creasing competitiveness. Cutting speed and extrusion through 
put is greatly increased and the need for lubricant is eliminated
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or greatly reduced. Examples of the improvement in cutting 
speeds are illustrated in Figure 24. Similar improvements can 
be found for extrusion dies. Ceramic cutting tools have been es 
timated by the US Department of Commerce to represent a mar 
ket of S960 million in the year 2000. Canadian consumption is 
expected to approximate 5 % of the US figure, or about S50 mil 
lion.

The impact on Ontario of increased use of cutting tools and 
dies will be:

Q an improvement in the efficiency and competitiveness of 
the machining and extrusion industries;

n a reduction in the demand for tool and die steels from the 
steel mills;

n an increase in imports of ceramic cutting tools and dies.

Ontario is unlikely to develop a significant ceramic cutting 
tool and extrusion die industry. There is sufficient foreign ca 
pacity captive to the existing market participants to preclude the 
development of a Canadian base of supply. However, Ontario 
may be able to participate through the supply of powders for the 
manufacture of the tools and dies.

Other Structural Components

Other structural components refer to ceramic coated products, 
metal matrix composites, cermet products for mining equip 
ment, and miscellaneous products.

Ceramic Coatings
Ceramic coated products for use in a wide variety of industries 
are likely to take on more importance in the future. They can 
offer significant improvements in wear and corrosion resistance 
in many applications. The range of possible coating processes 
and formulations is increasing (see Table 13), as is the variety of 
possible shapes which can be effectively coated. The increased 
use of robotics to improve the quality of the application and to 
apply coatings to difficult shapes is expected to reduce the cost 
of ceramic coating and increase the range of possible shapes 
which can be coated. The US Office of Technology Assessment 
has estimated that by 2000, the US market for ceramic coating 
powders alone, will be worth S600-S700 million. Given the 
similarities in end use and industrial structure, the Canadian 
market could be expected to be worth approximately 7 % of the 
US market, or USS40-50 million by the year 2000.

Many of the structural ceramic components for engines and 
process equipment are likely to be introduced first as coated 
products. Significant opportunities should be available for local 
suppliers of powders and coating equipment to service the mar 
ket. Research on new coating materials such as titanium 
diboride currently being conducted in Canada shows good 
promise, but needs to be moved from the laboratory to industry 
in the next few years if its commercial promise is to be realized.

Metal Matrix Composites
Metal matrix composites (MMC) can be expected to have a sig 
nificant long-term impact on Ontario's metal industry. Ceramic 
fibre reinforced metal matrix composites can greatly extend the

TABLE 12. SELECTED PHYSICAL AND THERMAL PROPERTIES OF HIGH-TEMPERATURE ROLLING BEARING MATERIALS.

Material

M-50 steel
M-l steel
M-41 steel

440C + Mo steel 1
Cr-Mo-V steel 1

Cr-Co-Mo-V-W steel 1
Co-Cr-W alloy

TiC-Ni-Mo-NbC
cermet

A12O3
SiC
Si3N4

Hardness
Re at 200 C

64
66
69
62
63
66
54

67
85
90
78

Maximum
useful
temp.*

0 C(0 F)

320(600)
430(800)
540(1000)
260(500)
370(700)
450(850)
650(1 200) t

800(1470)
1000(1830)
1200(2200)
1200(2200)

Density
g/cm3

7

7

8

6
3
3
3

6

8

6

3
9
2
2

Elastic
modulus

GPa(106psi)
at 200 C

190(28)

200(29)

210(30)

390(57)
350(51)
410(59)
310(45)

Thermal
conductivity

Poisson's
ratio

0.28

0.28

0.28

0.23
0.25
0.25
0.26

Cal7s.m0 C
200 C

13.4

5.8

2.2

14.0
7.2

35.0
7.3

8000 C

-

Coeffecient
of thermal

expansion 10-67 0 C
0-8000C

12 3(3000 C)

10.1(1000 C)

4

6
1

.5

.8

.7
12.0
4.7

14

10

1

7
8.5
5
2

0
9

*Moximum operating temperature when used for rolling bearings based on a minimum hot hardness of Rc57 after long-term soaking at temperature, com 
pared to a maximum temperature of ISO0 C (3600F) for 52 100 steel. 
l These steels have significant stainless properties, whereas the others do not. 
t Special bearing designs must be used with superalloys to compensate for their low hardness. 
Source: Norton Co.
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Figure 23. Left: Bearing material fatigue life. 
Below: High-temperature tensile strength of 
candidate rolling-bearing materials. Source: 
B. Bhushan, A L. B. Sibley, "Silicon nitride 
rolling bearings for extreme operation condi 
tions", American Society of Lubrication Engi 
neers, Trans, vol.25, p*417-428, 1981.
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Minimum L 10 life, since no failures occurred. 
Est. L 1() life of NC-132 Si3N4 test group. 

Lundberg-Palmgren computed L 10 life for steel.

gnorng ery 
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Super
Finished
Balls

100

1
Roller Ball 
Flat Flat

RIG 4-Ball Cylindrical 
Roller Bearings

5-Ball Radially Thrust Loaded 
Loaded Ball Bearings

Ball 
Bearings 

Max. Hertz
Stress, GPa 2.1 4.7 5.5 5.1 4.8 5.5 5.5 5.5 6.2 5.5 3.3 2.9 2.4 2.0 2.8 2.3 2.1 
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service range of many of the metals currently produced in On 
tario. The lower temperature metals such as aluminum, copper, 
and zinc are expected to benefit most from the development of 
MMCs, but steels and various nickel compositions will also 
benefit. Incorporation of ceramic fibres in aluminum die cast 
ings, for example, can increase the rupture strength and the tem 
perature resistance of the aluminum by an order of magnitude, 
or more. This is a significant advance and opens up tremendous

new markets for the materials. Similar benefits can be achieved 
with the development of composites based on other metals.

The impact of these developments on Ontario will be felt in 
terms of (1) an increased demand for the basic materials, (2) an 
opportunity for Ontario industry to develop new products based 
on the enhanced properties of the matrix materials, and (3) an 
opportunity for Ontario to develop a ceramic fibre manufactur-
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Approximate Speed Ranges for Various Valenite 
Cutting Tool Materials
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Aluminum 
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40 Re, perlitic grey 
cast irons below 
30 Re
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Stainless Steel
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Stainless Steel
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Cast Irons 
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Plastics A 
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below 40 Re
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-
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Figure 24. Ranges in speed of cutting tools using different tool materials. 
Source: Valenite Division of GTE Valeron Corporation, Pub. No. Q-6-100, July, 1985.

ing industry. It is likely that licencing or joint-venture arrange 
ments will have to be made for (2) and (3) as the manufacture of 
the matrix materials is highly specialized and materials are gen 
erally designed to proprietary end-use specifications. The 
manufacture of the fibres is also highly specialized.

Metal matrix composites represent an open opportunity in 
terms of development. Technology for fibre manufacture and 
manufacture of the composite is still very much in the research 
stage. Japanese initiatives in the field have been weak, while 
those in the US have been oriented to defense applications. 
Non-defense applications have been largely neglected.

In Canada, Alcan has made strategic investments in two 
companies for the development of MMCs oriented to automo 
tive applications. These investments, however, have been in US 
companies, and all of the development work has been conducted 
in the US. More significant efforts within Canada will be re 
quired if a domestic metal matrix capability is to be developed.

Cermets

Cermet products such as tungsten carbide-cobalt for use in min 
ing equipment and other high wear applications are expected to 
increase over the next few years. Ontario is a leader in the devel 
opment of hardrock mining equipment. Cermet based products 
such as improved drill bits, digging teeth, crusher parts, etc. can 
be produced in Ontario based on the existing capabilities of the 
industry. At least one major supplier of mining equipment wear 
parts has established a research facility in the province to de 
velop a range of new products based on novel cermet composi 
tions.

BENEFIT AND COST ANALYSIS

Figure 25 provides a summary of the opportunities related to 
structural ceramics in terms of their strategic attractiveness to 
industry and Ontario's competitive capability to supply the ap 
plication. As can be seen, most of the structural applications 
have significant strategic attractiveness, but are difficult to de-
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liver from Ontario at the present time. Linkages with producers 
in other countries will be required to realize most of these oppor 
tunities.

Application of the benefit-cost analysis to these opportuni 
ties results in the priorities matrix illustrated in Figure 26. The 
rationale for the placement of the various opportunities is de 
tailed below.

Valve Parts

This application is classified in the high cost/benefit - low suc 
cess sector of the priorities matrix in the short term.

The positioning on the matrix is the result of the following:
l. Ontario has an established base of expertise in ceramic auto 

engine parts in the form of the Ontario Research Founda 
tion and the National Research Council;

TABLE 13. SELECTED PROCESSES FOR THE PRODUCTION OF CERAMIC COATINGS AND FOR THE MODIFICATION OF CERAMIC 
SURFACES.

Category
Low gas pressure ("vacuum") 
processes

Processes at elevated gas pressures 

Liquid phase epitaxy processes

Electrochemical processes

Ceramic Coating Processes 
Class
Chemical vapor deposition (CVD)

Physical vapor deposition (PVD)

Low pressure plasma spraying
Plasma spraying 
Flame spraying
Wetting process

Spin-on coatings

Electrolytic deposition 
Electrophoretic deposition 
Anodization 
Electrostatic deposition

Process
Pyrolysis
Reduction (plasma assisted) 
Decomposition (plasma assisted) 
Polymerization (plasma induced) 
Evaporation (reactive, plasma assisted) 
Plasma-arc (random, steered) 
Ion beam assisted co-deposition 
Plasma discharge spraying
Plasma-arc spraying 
Combustion flame spraying
Dip coating (e.g., Sol-Gel) 
Brush coating 
Reverse-roller coating
Cation deposition
Charged colloidal particle deposition 
Anion oxidation in electrolytes 
Charged liquid droplet deposition

Category
Particle implantation processes

Densification and glazing processes

Chemical reaction processes

Conversion processes 

Etching processes 

Mechanical processes

Processes For The Modification Of Ceramic Surfaces 
Class Process
Direct particle implantation Energetic ion or atom implantation in solids 
Recoil particle implantation Recoil atom (ion) implantation in solids
Laser beam densification and
glazing
Electron beam densification and
glazing
Gaseous anodization processes

Disproportionation processes 

Thermal diffusion

Chemical etching 
Ion etching
Grinding
Peening
Polishing

Source: Manfred Kaminsky, Surface Treatment Science International, Hinsdale, IL.

CW-laser power deposition 
Pulsed-laser power deposition 
Energetic electron beam power 
deposition
Ion nitriding
Ion carburizing
Plasma oxidation
Deposition of molecular species
Formed in gas phase
Diffusion of material from surface into 
bulk of substrate

Acidic solutions; lye etching 
Sputter process

38 Advanced Ceramics:



2. the domestic market is large enough to support the required 
research and development expenditures, and there is avail 
able an international market for selected applications such 
as valves, valves guides, and valve seats;

3. some of the major international players in the market such 
as TRW, Norton, and Champion Spark Plug have large op 
erations in Ontario with (in part) the necessary technical, 
marketing and managerial skills;

4. there is a substantial commitment from the NRC for both 
short and long term support for ceramic parts development; 
and the commercial sector has also made a significant com 
mitment to the development of ceramic parts, e.g. TRW/ 
Norton, Champion Spark Plug, Ford, Chrysler, GM, 
Cummins Engines, etc.

It is expected to shift over time to a higher priority sector as 
experience and confidence develops in the use of ceramic valve 
train parts.

The major requirement for Ontario is to facilitate the trans 
fer of activities in the US, Europe, and Japan to the province. 
Failure to secure a manufacturing commitment will have serious 
repercussions for Ontario in terms of job loss and trade. Ontario

should be aggressive in pursuing manufacturing commitments 
from both currently established companies as well as those parts 
suppliers which may establish facilities as a result of joint-ven 
ture or transplant manufacture activities.

Piston Parts
This opportunity is positioned in the medium-low sector of the 
matrix. It is expected to shift over time to the high cost/benefit, 
medium success sector as ceramics are introduced into diesel 
engines and gasoline engines. An expansion in the demand for 
diesel engines would favour the success of the application and 
place it higher in the priority matrix.

Heat Management Parts
This opportunity is classified in the medium-medium sector of 
the matrix. It is expected to increase in importance over time, 
but not to a significant degree. Ontario will require the develop 
ment of linkages with major engine builders to exploit this op 
portunity.

Cutting Tools
Cutting tools provide another example of an application in a 
high-high position on the matrix. This positioning is the result of

STRATEGIC ATTRACTIVENESS TO INDUSTRY X PROVINCE

HIGH MEDIUM (2) LOW (3)
(H,H) YES
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Components

(H,M) YES

Piston 
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Components
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(L, H) SELECTIVE-POOR

(L,M) NO

Misc. Structural 
Components l
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Components | t-w^^^^^^J
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Figure 25. Strategic analysis 
matrix for structural compo 
nents.
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Figure 26. Application priorities 
matrix for structural ceramic op 
portunities. Arrows indicate rela 
tive shift in emphasis over next 
5-10 years.

decreases in unit costs for the tools and an extension of the range 
of application of the tools due to new materials.

For Ontario the implications of this development are in 
creased imports of cutting tools, at least in the near term. In the 
longer term there may be an opportunity to establish a manufac 
turing facility in Ontario based on the province's relatively low- 
cost electric power and ready access to the US market.

Other Structural Components

Success in these applications will be dependent on reducing the 
cost and improving the performance of the materials. For On 
tario, the priorities will be to attract foreign based manufactur 
ers of the components. Should this not occur the province will 
continue to suffer in terms of lack of job growth and export op 
portunities.

FUNCTIONAL CERAMICS AND EQUIPMENT 

TECHNICAL AND MARKET FACTORS

Electronic Ceramics
Ceramics have a range of properties which make them ex 
tremely useful for electronics applications. In terms of Ontario, 
the properties of most interest are related to piezo, ionic, dielec 
tric, pyroelectric, magnetic, and optical phenomena. Ontario 
has a number of small companies (e.g. Almax, BM Hitech, 
Powerplex Technologies, Optotek) which have developed ex 
cellent technology based on these properties.

Piezoelectric ceramics are a special strength in terms of On 
tario manufacturing capability. Piezo materials find uses in a 
wide range of sensors based on determination of pressure differ 
entials. Ultrasonic, hydrophonic, and other devices are made in 
Ontario and exported to a wide variety of countries. The further 
development of these technologies could significantly enhance 
the industrial opportunities available to the province in a wide
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range of applications ranging from anti-knock sensors for cars 
to defence electronics to medical and scientific ultrasonic testing 
and measurement equipment.

Ceramic sensors based on piezo, pyro, and electrolyte prin 
ciples are currently being used or are under development for a 
broad range of automotive applications, as illustrated in Fig 
ure 27 and Table 14. Engine and emission control sensors, as 
well as sensors for control of other functions such as braking and 
steering are expected to be a major market for ceramic materi 
als. The electronics content of the average North American car 
is projected by Ford to increase from S585 in 1985 to S1383 in 
1995 (1985S). At the present time very little of this market is 
held by Ontario-based manufacturers.

Opto-electronics is a rapidly developing field in which On 
tario can play a significant part. Several companies in Ontario 
have unique capabilities in the development of infrared and 
other light sensors. These sensors are used in military electron 
ics equipment and in equipment for remote sensing, a field in 
which Canada is a world leader.

The development of optical information processing is also 
based on these basic technologies. Optical switching for high 
speed data processing and transfer will be necessary as fibre op 
tic networks are extended.

Ionic conduction is another area of ceramics technology 
which is expected to grow rapidly in the future, and where On 
tario-based companies are developing specialized expertise.

TABLE 14. CERAMIC COMPONENTS USED IN AUTOMOBILES.

Component

Functional Ceramics
Oxygen sensor
Knock sensor
Backup sensor
Electric buzzer
Thermo sensor for water
Thermo sensor for exhaust
Blower resistor
Fuel level switch
Heater for intake gas
Condenser
Motor core
Insulator for spark plug
Substrate for hybrid 1C
Substrate for choke heater
LED
EL

Material

ZrO2
PZT
PZT
PZT
Fe3O4 .CoMn2O3 .NiO
Al2O3.Cr2O3
BaTiO3
Al 2O3 .Cr2O3
BaTiO3
BaTiO,
Fe2O3 .Mn2O3
A12O3
A1 203
A1 2O3
GaP
ZnS

Ught-emitting
diode Amplifier

Fibre-Optic 
Light Pipe

Titania thick film 
Conducting 

thick film

Thick film RTD
Nichrome 
thick fHm

Insulator

•~ Steel plug

Belleville washer 
(beryllium-copper)

Figure 27. Top left: Schematic of optical crankshaft position sensor. Bottom left: Schematic of thick film titania oxygen sensor. Right: Schematic of 
piezoceramic knock sensor. Source: Automotive Engineering, vol. 93, p. 29-37, 1985 (top left); US National Academy of Sciences (right and bottom left).
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The range of uses for the materials is very broad, and the tech 
nology is relatively new. This provides Ontario with an opportu 
nity to develop a leadership position in the field. High energy 
density batteries are a specific example of an opportunity which 
is being developed in Ontario. The successful introduction of a 
sodium-sulphur battery could create a new industry in the prov 
ince by replacing the existing lead-acid battery in both automo 
tive and other applications. The US Office of Technology As 
sessment has predicted a market of 5200 million in 2000 for ad 
vanced ceramic electrochemical devices.

Chemical, Biological And Nuclear Ceramics

The chemical industry currently makes use of a wide range of 
ceramics for items such as catalyst supports. New materials and 
fabrication techniques are expected to broaden the range of ap 
plications in the coming years.

In the biological area, the development of artificial bone 
joints and teeth is expected to have a major impact on health. 
These products are just entering the market now and there is still 
time for Canada to participate in the development of new materi 
als. The US Office of Technology Assessment projects a poten 
tial world market of S2-3 billion by the year 2000.

Ceramics play an essential role in the nuclear power indus 
try. While the construction of new reactors is expected to be 
minimal over the next 10-15 years, the safe disposal of spent 
fuel is a growing industry. Encapsulation of the spent fuel in a 
glass ceramic matrix appears to be the preferred method for se 
cure long term disposal of spent nuclear fuel. Atomic Energy of 
Canada is conducting a considerable amount of research in this 
field and has developed some unique technology. The technol 
ogy is applicable to other countries as well as Canada, and could 
offer an opportunity to establish Canada at the forefront of this 
important field.

The development of the fusion reactor will require the use 
of ceramics for the containment walls of the reactor. While the 
impact of this development will not be fully felt until well into 
the 21st century, the necessary research offers an opportunity to 
greatly expand the technological capabilities of the Ontario ce 
ramics industry.

Equipment

Equipment opportunities related to advanced ceramics include 
supply of equipment for powder preparation, testing, and proc 
essing, and supply of non-destructive inspection equipment for 
finished products. Powder preparation, testing, and processing 
equipment manufacture is well developed in other countries and 
it would be difficult for a Canadian company to enter the field 
without establishing a relationship with one of the existing major 
manufacturers in the US, Europe, or Japan.

However, considerable opportunities remain for the inde 
pendent development of new non-destructive inspection equip 

ment. This is especially true for equipment which can operate 
on-line at high levels of resolution. There are several organiza 
tions and companies actively involved in research in this field in 
Ontario, including AECL and McMaster University.

Functional ceramics represent an opportunity for Ontario. 
The province has significant expertise in several areas of func 
tional ceramics which can be substantially enhanced. The major 
opportunities are related to sensors based on piezo and dielectric 
ceramics, opto-electronics, specialized semiconducting materi 
als such as gallium arsenide and indium phosphide, and nuclear 
and biologic ceramics.

BENEFIT AND COST ANALYSIS

Figure 28 summarizes the positioning of the opportunities re 
specting functional ceramics and equipment. The analysis indi 
cates that these opportunities are highly attractive in terms of 
their strategic implications for Ontario, and that Ontario has a 
good capability to supply the applications.

The benefit-cost analysis respecting these opportunities is 
provided in Figure 29. The rationale for the priority placement 
of the opportunities is detailed below.

Piezo and Other Sensors

These applications are classified in the high-high segment of the 
matrix. They have wide applicability across a broad range of in 
dustries. Sensors are expected to remain a major segment of the 
ceramics market, and to increase their range of applicability in 
the future.

Enhancement of a domestic sensor manufacturing industry 
will be dependent upon support for research into new materials 
and market development activities. Because many of the sensor 
applications are related to military end-uses, access to the Cana 
dian and US defense markets will have to be secured and en 
hanced; however, many of the smaller companies in Ontario 
which are involved in the sensor business lack the resources re 
quired to enter military markets. Market development support 
would be of considerable aid to these companies.

Opto-electronics

This is a rapidly expanding industry and one which will be cru 
cial to the long term technological success of every industrial 
ized country. Because of this, the field is subject to significant 
international activity. Ontario-based companies have signifi 
cant expertise in related areas of this technology and need to be 
supported in terms of both research and development and mar 
ket development in order to succeed.

Semi-conductor Materials

These materials will be essential for the continued development 
of the electronics industry. Ontario is in a unique position to par 
ticipate in this development. However, several conditions must 
be met:
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1. support is required for additional research into the manu 
facture of the materials;

2. market demand needs to be speeded up through preferential 
buying practices.

Nuclear and Biologic Ceramics

These applications are highly selective and offer an opportunity 
to develop specialized niche markets on an international scale. It 
is expected that AECL will continue to develop its capabilities to 
supply nuclear ceramics.

Biologic ceramics represent an opportunity for a new busi 
ness to develop in Canada. Both applications are viewed as long 
term, although biologic ceramics are likely to see widespread 
use within 10 years.

Non-Destructive Evaluation (NDE) Equipment

This application is in the high-high matrix position. NDE equip 
ment is viewed as a high priority item for Ontario for the follow 
ing reasons:
l. NDE equipment will be essential for the testing of mono 

lithic structural ceramic parts; without cheap and effective

3.

4.

NDE methods and equipment, advanced ceramics will re 
main a very small business;
Ontario has a base for the development of a world class ca 
pability in the supply of NDE equipment for ceramics; the 
work being conducted at the NRC, ORE, McMaster, and 
some of the existing ceramics suppliers has significant po 
tential;
NDE equipment will be applicable for all applications and 
industries;
the development of NDE equipment can draw upon Cana 
dian expertise in signal processing and in the design of spe 
cialized piezoelectric ceramics.

CERAMIC POWDERS

TECHNICAL AND MARKET FACTORS

Successful ceramic powder manufacture rests on three factors:
1. the ability to precisely and consistently control the particle 

size distribution of the powder;
2. the availability of low cost power for manufacture;

STRATEGIC ATTRACTIVENESS TO INDUSTRY/PROVINCE
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Figure 28. Strategic analysis matrix 
for functional ceramics A non-de 
structive evaluation equipment.
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Figure 29. Application priori 
ties matrix for functional ce 
ramic opportunities. Arrows 
indicate relative shift in em 
phasis over next 5-10 years.

3. a detailed knowledge of the end-use properties required of 
the finished product, and of the processing steps required to 
produce the finished product.

Whatever the powder used, it is likely that properties such 
as particle size, purity, phase distribution, and additives will be 
closely controlled by the fabricator. For this reason strong rela 
tionships between powder suppliers and fabricators will be re 
quired. In many instances it is likely that powder suppliers will 
customize their products to meet the proprietary specifications 
of their customers.

The major ceramic powders of interest are:
D silicon carbide (SiC)
n silicon nitride (Si3N4)
n aluminum oxide (A1 2O3)
n aluminum nitride (A1N)
n zirconium oxide (ZrO2)
n sialons
n boron nitride (BN)
n boron carbide (B4C)

n silicates 
n composites.
The anticipated market demands for structural and func 

tional ceramic end products indicate a need for a greatly ex 
panded supply of raw materials. For example, the current world 
capacity for silicon nitride powder is approximately 385 tonnes. 
The expected demand in 1995 for Si3N4 powder in Japan alone is 
850 tonnes. North American and European demand for powder 
in 1995 could be an additional 400 tonnes. Obviously, a consid 
erable expansion in capacity will be required. These comments 
can be applied equally to each of the other major ceramic pow 
ders.

At the present time the production capacity for all structural 
ceramics powders is limited. This includes the zirconia and alu 
mina powders, although the supply situation is not as con 
strained as that for silicon nitride. Table 15 illustrates expected 
demand levels for various powders for the period 1985-2000.

Silicon Carbide
The most successful manufacturing technique for a-SiC com 
ponents has been the pressureless sintering technology devel 
oped by Sohio Engineered Materials Co. (Carborundum). This
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TABLE 15. PROJECTED DEMAND FOR CERAMIC POWDERS 
(OECD COUNTRIES).

TABLE 16. COMPARATIVE ADVANTAGES OF MANUFACTURING 
IN ONTARIO, 1987.

oc-SiC
j8-SiC
SisN 4
A1 2OS
ZrO2
BN
B4C
A1N

(tonnes)
1985 1990 1995 2000

500 1500 1800 2250
140 550 1200 1700
380 1000 1250 2000

3000 5000 7500 10000
400 1000 1700 2200
100 300 500 750
100 250 400 600

negligible 100 400 800

Canada

90

US

92

Japan

135

Note: Excludes demand for SiC abrasives. Total SiC demand estimated at 
3000 tonnes in 1985.

technology has been licenced by many producers and has greatly 
extended the range of applications for silicon carbide. Despite 
this success, the alpha phase material still suffers from cost and 
reproducibility problems in manufacture.

Beta silicon carbide offers a number of advantages over the 
alpha phase material in terms of quality and cost. The beta phase 
material can be sintered without pressure. The material is pre 
pared directly as powder from chemical processes. As a conse 
quence, the particle size distribution and the size of the particles 
is much more closely controlled than in the alpha form. This re 
duces the need for elaborate and expensive purification and 
beneficiation procedures and enables the powder producer to 
more closely match the powder properties to the desired end- 
use properties and microstructure.

The development of an Ontario-based producer of /3-SiC 
could do much to enhance the advanced ceramics industry in 
Canada. Ontario offers a number of generic advantages over 
other jurisdictions as illustrated in Table 16. The low energy 
costs in Ontario, combined with ready access to a large number 
of end-users, a pool of scientific and engineering talent, and a 
nearby raw material supply base, make Ontario an attractive lo 
cation. In addition, the technology is still sufficiently open to al 
low new players into the business, and favourable exchange 
rates could make manufacture of finished products in Ontario 
attractive to producers.

The development of a /3-SiC industry in Ontario may re 
quire the development of linkages to foreign companies. The 
most likely scenarios for this are where an existing supplier of 
silicon carbide powder desires to expand its product range or 
output, or where a new entrant into the business desires to estab 
lish in Ontario. Very recently Cancarb Ltd., a subsidiary of 
Trans-Canada PipeLines Inc., announced that it will build a 900 
tonnes/year plant for the production of beta silicon carbide. The 
plant is scheduled for operation in 1990 and will use new tech 
nology developed at Queen's University. In this case, linkages 
to foreign-based technology are also being made.

West 
Germany

96

4.2

115.3

96

Relative unit 
labour costs in 
manufacturing 
(1982 = 100)

Power rates 3.6 4.5 6.0 
(cents/kWh)

Labour J.7% 1.1& (G.3%)
productivity 1
(compound
annual growth
rate, 1985-1987)

Effective 88.0 96.5 146.1 
exchange rate2 
(1982 = 100)
Relative export 93 99 105 
price of 
manufactures 
(1982 = 100)
1 Total factor productivity
'2Based on no change in exchange rate as of April 9, 1986.
Source: OECD Annual statistics.

Silicon Nitride

Silicon nitride, Si3N4 , has received by far the most publicity as a 
material for the manufacture of advanced ceramic structural 
components. It is the material of choice for advanced heat en 
gine components such as turbocharger rotors, turbine blades 
and similar components.

The commercial production processes for silicon nitride 
are highly complex and tend to be proprietary. It is known, how 
ever, that the Toshiba process is available for licence. Recent 
initiatives on the part of the Canadian University-Industry 
Council on Advanced Ceramics (CUICAC) may result in the es 
tablishment of an Ontario-based source of Toshiba-process sili 
con nitride powder.

The Toshiba process is highly power intensive and requires 
the use of a very high purity silica as raw material. Ontario can 
provide both low-cost power and high-purity silica. The close 
ness to major US markets, and the presence in Ontario of several 
subsidiaries of major US companies with a current active in 
volvement in silicon nitride development also strengthen the 
case for manufacture of the powder in Ontario. An additional 
incentive, especially in terms of the Japanese, is the current high 
value of the yen relative to both the Canadian and US dollars. 
Should the yen remain at a high value Japanese ceramics pro 
ducers will be forced to locate powder and component manufac-
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luring facilities in North America in order to remain cost com 
petitive.

Aluminum Oxide

Aluminum oxide (A12O3) is likely to be the powder in highest 
demand for advanced ceramics because it (1) has a relatively 
low cost; (2) is readily available from a number of major pro 
ducers; (3) has a wide range of properties; and (4) can be fabri 
cated using a variety of manufacturing methods.

In Canada the major producer is Alcan Aluminum. Manu 
facturing facilities for A12O3 are located at Jonquiere, Quebec, 
while research into new powders and the properties of the pow 
ders is conducted at Jonquiere and Kingston, Ontario. The 
dominant position of Alcan in the aluminum oxide business in 
Canada is not expected to be challenged by US, Japanese, or 
European producers. However, these producers may supply 
limited amounts of specialty powders. Ontario-based industrial 
opportunities will most probably develop through the manufac 
ture of components.

Aluminum Nitride

Aluminum nitride (A1N) is expected to become a major sub 
strate material for integrated circuits and to displace A1 2O3 in 
many applications. The material possesses significantly better 
thermal conductivity properties than does aluminum oxide, has 
approximately the same dielectric constant as A12O3 , has a 
lower thermal expansion coefficient and higher flexural 
strength than aluminum oxide, and can be fabricated using the 
same techniques as aluminum oxide. In addition, aluminum ni 
tride is non-toxic, which is a distinct advantage in comparison to 
beryllium oxide (BeO), the other rival to aluminum oxide as a 
major substrate material.

Aluminum nitride is known to be manufactured in test quan 
tities by several Japanese companies (Toshiba, NEC, Tokuso, 
Heraeus). One Canadian company, Electrofuel Manufacturing, 
is reported to have developed a new synthesis technique which 
results in a very high purity powder at a relatively low cost.

Sialons

Sialons are proprietary powders manufactured under licence 
from Lucas-Cookson of the UK. Sialons have a number of 
properties which make them highly attractive as materials for 
structural ceramics. However, because of the existing distribu 
tion of licences it is very unlikely that Ontario will become a 
centre of powder manufacture. Sialon manufacture is likely to 
remain centered in the UK, the US, and Japan.

Zirconium Oxide

Zirconium oxide (ZrO2) is similar to aluminum oxide in that it is 
a relatively cheap material with a wide range of properties. The 
major producer of high grade powder is located in Australia,

and the manufacturing process for the production of specialized 
powders is well protected by patents. It is unlikely that a com 
petitive source of powder can be developed in Ontario, given the 
strength of the existing producers in the market.

Boron Nitride
Boron nitride (BN) is a specialty material which is unlikely to 
develop a merchant supply capability. It is expected that manu 
facturers of boron nitride powder will also produce finished 
products. Ontario currently has one producer of boron nitride 
powder and products and may expect to attract more manufac 
turers based on the availability of low cost power, and the avail 
ability of nearby markets.

Boron Carbide
Boron carbide (B4C) is a highly specialized advanced ceramic 
material. The technology of powder manufacture and part fabri 
cation is well protected by patents. Because of the defense-ori 
ented nature of most of the end-use markets for the material, it is 
unlikely that a producer will be able to locate in Ontario and still 
service the US market. For this reason Ontario is unlikely to de 
velop a capability to supply.

Silicates
Silicate materials are likely to be made only on a custom basis. 
The wide variety of end uses and potential compositions appears 
to preclude the development of merchant powder production. 
However, specialized manufacturers of finished components 
are currently established in the province, and there would ap 
pear to be no outstanding obstacles to additional suppliers estab 
lishing in Ontario.

Sintering Aids
Sintering aids such as yttrium oxide, calcium oxide, and magne 
sium oxide will be in increasing demand for the preparation of 
high strength ceramics based on zirconium oxide and silicon ni 
tride. Ontario is currently a major producer of yttrium oxide 
concentrate, but does not produce the pure material.

It is expected that research into processing and fabrication 
of ceramic materials will result in the identification of additional 
sintering aids and strengthening additives based on the rare earth 
elements. These materials are to be found in several locations in 
northern Ontario, as deposits and as by-products of the mining 
of uranium, phosphate rock, and nickel.

Plasma Coating Powders
Materials for ceramic coatings represent a significant opportu 
nity in advanced ceramics. It is expected that ceramic coated 
products will receive earlier and more widespread introduction 
in structural applications than will monolithic advanced ceram 
ics. These developments are expected for three reasons:
l. The processing of ceramic powder coatings is much better 

understood than for monolithics;
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2. The cost of ceramic powder coatings is generally lower 
than that for a comparable performance monolithic prod 
uct;

3. The range of available materials is currently much larger 
for ceramic powder coatings than for monolithic powders. 
This allows for a broader range of applications.
Canada and Ontario have developed a good capability for 

the design and manufacture of selected ceramic powder coatings 
such as titanium diboride. However, these materials have yet to 
be commercialized in a major way. Moreover, the powder coat 
ing industry in North America is dominated by US companies 
which manufacture both powders and the necessary application 
equipment. Linkages to companies outside of Canada will likely 
be required for the development of the industry.

Ceramic Composites

Ceramic composites, especially metal matrix composites, are 
seen as having a high strategic attractiveness to Ontario indus 
try, and the province in general. Ontario's competitive capabil 
ity to supply is also classified as being high, at least in the long 
term.

Work on metal matrix composites is much more advanced 
in the US and Europe than in Canada and Japan. The major Ca 
nadian metals producers have tended to conduct research into 
metal matrix composites outside of Canada. For example, Al- 
can has invested in the technology in the US through its US af 
filiates, Dural and Lanxide. These developments indicate that 
linkages with organizations outside of Canada will probably be 
required if Ontario is to participate fully in the benefits of this 
technology.

BENEFIT AND COST ANALYSIS

Figure 30 provides a summary of the ceramic powder manufac 
turing opportunities. As can be seen, the best opportunities are 
represented by beta silicon carbide, silicon nitride, silicates, bo 
ron nitride, aluminum nitride, sintering aids, plasma coating 
powders, and metal matrix composites. These materials are the 
most suited to capitalize on Ontario's distinctive advantages.

These materials will be in high demand as the ceramics in 
dustry develops. The market is also sufficiently large that mer 
chant producers will be required to meet the total demand, and 
the technology sufficiently complex to permit the development 
of specialty producers.

HIGH ( l
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Figure 30. Strategic analysis ma 
trix for ceramic powder manufac 
turing.
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Figure 31. Application priorities 
matrix for ceramic powder op 
portunities. Arrows indicate rela 
tive shift in emphasis over next 
5-10 years.

The analysis also indicates that linkages will have to be es 
tablished with powder producers and consumers outside of the 
province if the available opportunities are to be realized. The 
development of these linkages is one of the most critical tasks 
facing the advanced ceramics industry in Ontario, and in Can 
ada.

The benefit-cost analysis respecting these applications is 
provided in Figure 31. The rationale for the placement of the 
opportunities is detailed below.

Boron nitride, yttrium oxide, aluminum nitride, and sili 
cates are all in the high-high sector of the matrix. Ontario has a 
position in these materials and should be able to sustain this posi 
tion given a suitable business and policy environment.

Silicon carbide and silicon nitride are classified as being in 
the high cost/benefit area, but medium to low in terms of the 
likelihood of successful implementation. These opportunities 
will require the development of linkages with foreign powder 
and component manufacturers to ensure their success.

The same comments apply with respect to ceramic fibre 
composites. This opportunity will take longer to develop than 
those related to the supply of powders. Linkages with major

end-users of the materials will be essential for success in the 
market. It is likely that the linkages will be in the form of joint 
ventures between the large metallurgical companies in Ontario 
and similar companies in Japan and the US.

Boron carbide is considered to be too specialized a material 
to hold much promise for Ontario while aluminum oxide pro 
duction will be based in Quebec.

Plasma coating powders and equipment are attractive for 
Ontario, and there is a high likelihood of successful implementa 
tion. However, linkages with US and European companies ap 
pear to be indicated.

SUMMARY OF IMPACTS

The impacts of increased ceramics use are related to:
n materials and equipment supply
n employment gain/loss in supply and consuming industries
n competitive capabilities of end-user industries
n the trade balance
n relationships between Ontario industry and the current 

centres of advanced ceramics development
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D Ontario-based engineering design and research and devel 
opment capabilities.

The impact of advanced ceramics on Ontario can be summa 
rized as follows:

1. The direct impact of increased utilization of ceramics will 
be expressed in the near term (next 10-15 years) by:
n imports of ceramic structural parts for automotive and 

process industry components;
n loss of business for some segments of the Canadian 

auto parts industry and the steel industry;
n increased imports of ceramic cutting tools;
n an increase in the trade deficit in fully manufactured 

products.

2. The indirect impact of the increased utilization of ceramics 
will be expressed in:
3 imports of finished products incorporating ceramics; 
n failure to capture value-added opportunities.

The dollar value of these impacts is difficult to quantify. 
Significant reductions in ceramics cost and improvements in ce 
ramics reliability will be required before the materials will re 
ceive widespread market acceptance. Nevertheless, it is ex 
pected that advanced ceramic materials will represent a Cana 
dian market of approximately S200 million (1985S) by the year 
2000. Almost all of the materials to meet this demand will be 
imported.

The likely scenario for the development of advanced ce 
ramics markets in Ontario, especially for auto parts, is one of 
imports of the ceramic parts and the fully manufactured prod 
ucts from the US, Japan, and Europe, followed several years 
later by the establishment of domestic manufacturing facilities 
to service the local market. This form of industrial evolution 
would provide Ontario manufacturers with fewer technological 
and market opportunities than would independent development 
of advanced ceramics. The challenge for Ontario will be to de 
velop a domestic capability given the constraints of its current 
industrial structure.

The key for successful development of any of the opportu 
nities will be to exploit the province's natural competitive ad 
vantages in the nascent advanced ceramics industry. These are: 
a good scientific capability in advanced ceramics and materials 
engineering; reasonable access to US markets; the presence in 
the province of affiliates of major advanced ceramics players in 
other jurisdictions; relatively low electric power costs; and 
favourable exchange rates with the US and Japan.

Some of these advantages will not continue indefinitely 
and, therefore, quick action is needed by both government and 
industry to exploit existing opportunities.

There is a window of opportunity for Ontario in the next 5 
years to establish the critical linkages with advanced ceramics 
companies in other countries and to make the commitment to the 
development of the domestic industry. Failure to take advantage 
of these opportunities may mean a significant loss in the overall 
competitive capability of the province's manufacturing sector.
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5. Constraints to Development

The major constraints to development of an Ontario or Canadian 
advanced ceramics industry are:
1. Product development in the advanced ceramics industry is 

very expensive. Many of the Canadian companies cur 
rently , or potentially, involved in the advanced ceramics in 
dustry are too small to be able to finance major product de 
velopment programs or lack the staff with an adequate 
knowledge of ceramics.

2. Technology development is taking place at a very fast pace 
in other countries and Canadian companies are falling fur 
ther behind because of their relatively small research and 
development expenditures. This places the companies at a 
distinct disadvantage to their better funded competitors in 
other countries.

3. Technological awareness of advanced ceramics is very 
low. Most Canadian industrial companies, with the excep 
tion of advanced ceramics manufacturers, are not aware of 
the developments in advanced ceramics. Their corporate 
responses to advanced ceramics are based on "informed ig 
norance". Hence, they cannot assess the impact of ad 
vanced ceramics on their companies or industries, either in 
terms of advantages in using ceramics or in terms of oppor 
tunities for business growth or diversification.

4. Market and business opportunities are missed even by those 
companies which are aware of the scope of advanced ce 
ramics because the companies have insufficient specific in 
formation regarding market size, structure and develop 
ments.

5. The lack of an engineering database for ceramic powders 
and finished components inhibits the use of ceramics in 
structural and functional applications. Widely available en 
gineering data respecting physical, mechanical, electrical, 
and chemical properties of ceramics will be required before 
designers will incorporate these materials into current and 
new products. Such data is currently not available for many 
ceramics powders and products.
Efforts are underway in the US, Japan, and Europe to de 
velop data on the engineering properties of ceramic pow 
ders and components. Canada will need access to these data 
if the domestic capability is to be expanded.

6. The general lack of engineering design responsibility 
within the Ontario or Canadian operations of many of the 
companies in the principal end-use industries hinders the 
development of applications for ceramics in Ontario.
The automotive industry and many parts of the machinery 
and equipment industry are significant examples of this 
problem. Without in-house engineering design responsibil 
ity the Canadian operations are confined to being essen 

tially "build-to-print" companies. The development of the 
necessary linkages between parts suppliers and end-users 
becomes very difficult at the early adoption stage of product 
development. The linkages provide much of the necessary 
engineering data upon which new powder formulations and 
particle properties are developed. The linkages are also es 
sential to provide a capability for in-service testing of the 
finished products and the development of performance 
data. Without these linkages, Canadian ceramics suppliers 
and end-users will be at a disadvantage in comparison to 
their competitors in the US, Europe, and Japan.

7. There is a shortage of design engineers knowledgeable in 
ceramics and mechanical design.
At the present time design engineers are well versed in 
metal properties. Experience with ceramics is very limited. 
Until there is a larger group of engineers with a knowledge 
of the properties and performance of advanced ceramics, 
the use of the new materials for structural components will 
remain limited.

8. The foreign location of major end-use markets and major 
manufacturers of ceramic components, combined with a 
national emphasis on development of advanced ceramics in 
many countries is a barrier to the development of the ce 
ramics industry in Ontario.
Early applications and manufacturing capability and expe 
rience will tend to be developed and accumulated outside of 
Canada. Even where there are Canadian subsidiaries, it is 
likely that transfer of the technology and manufacturing re 
sponsibility to Canadian subsidiaries will be a slow process.
Since the learning curve for cost effective manufacture of 
ceramic components is steep, Canadian companies will be 
at a perpetual disadvantage vis-a-vis the industry in other 
jurisdictions unless they participate in the early develop 
ment of the industry.

9. Currently, manufacturing costs for ceramics are too high 
and reliability of the materials is too low to compete directly 
with metals. Both powder and finished part costs must de 
cline substantially before ceramics will achieve widespread 
market acceptance. Reliability of the components needs to 
be substantially improved and much cheaper and easier to 
use non- destructive testing methods need to be developed.

10. Canadian companies have been very slow to licence ceram 
ics technology. US companies, in contrast, have been very 
active in establishing licencing and joint-venture arrange 
ments with Japanese and European concerns. In most cases 
these agreements cover both Canada and the US. Perhaps 
more importantly, the US patent laws have been changed to 
allow process patents to cover products made from materi 
als derived from the patented process. This could be a sig-
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nificant non-tariff barrier to Canadian companies selling 
finished products into the US.

11. The industry base is currently too small to support large- 
scale ceramics adoption. Until more merchant powder and 
ceramic fibre producers enter the market, major end-use 
industries such as automobile manufacturing will be reluc 
tant to commit to large scale use of ceramic components for 
strategic reasons. These companies do not want to become

too dependent upon a small number of suppliers of ceramic 
raw materials.

12. The availability of processing techniques and equipment is 
still limited. Technological advances to allow for the manu 
facture and processing of a wider range of powders are re 
quired. Less expensive equipment for the net shape manu 
facture of components is required.
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6. Conclusions

The indirect impacts of advanced ceramics on Ontario are ex 
pected to be significant. Ontario has an opportunity to become a 
more significant player in the development of the industry, but 
needs to move quickly to reap the benefits of advanced ceram 
ics.

First generation material compositions and process tech 
nologies for advanced ceramics have been developed and have 
found many useful industrial and engineering applications. 
Nevertheless, a number of technological and cost barriers need 
to be overcome before advanced ceramics will be widely em 
ployed in industry. From a material development point of view, 
there are three important barriers. These are:

n reproducibility in manufacturing
n reliability in service
n manufacturing cost.

There is general consensus in the technical community that 
the necessary solutions to purely technological problems will be 
found in the next few years. However, cost problems are ex 
pected to persist and influence the extent of market penetration 
of advanced ceramic materials. For example, the manufactur 
ing cost of advanced ceramic components, particularly for heat 
engine applications, is estimated to be US$100-150 per kg of 
finished component, compared to US$10-15 for metal compo 
nents. Unless the cost of ceramic components is reduced, mar 
ket acceptance and penetration will be difficult.

Non-engine applications are expected to grow rapidly be 
cause the required materials technology already exists, and be 
cause reliability requirements are less stringent. From a proc 
essing point of view significant progress has been made in the 
development of lower cost fabrication techniques such as pres- 
sureless sintering. These developments are expected to improve 
the competitive position of advanced ceramic materials.

The major conclusions of this study are:
1. Advanced ceramic materials will play a critical role in the 

economic growth of the industrialized countries within 15 
years.

2. Active research and development and commercialization 
programs are in place in Japan, the US, and Europe. Japan 
is much more advanced in these programs than other coun 
tries and threatens to take an insurmountable leading posi 
tion in all sectors of the advanced ceramics industry.

3. Ontario industry is behind industry in other countries and 
therefore at risk regarding the introduction of advanced ce 
ramics. The industries most likely to be affected are:

n auto parts
n steel
n non-ferrous metals
n manufacturers of process equipment.

4. At the present time Canada and Ontario are largely bystand 
ers to the worldwide activity in advanced ceramics. The 
general lack of concern regarding the potential impact of 
ceramics and the business implications represented by the 
development of the industry is a major problem.

5. Ontario has a number of distinct advantages over other lo 
cations which make the development of an advanced ce 
ramics industry possible. These advantages include:
n low and stable electric power rates
n a base of research and technology expertise which can 

be developed
n ready access to the US market
n lower labour and manufacturing costs than in the US 

and some European countries
n a favourable exchange rate vs. the US and Japan.

6. Ontario has identifiable niche opportunities in advanced ce 
ramics for the following:
n supply of powders:

beta silicon carbide 
silicon nitride 
boron nitride 
silicates 
aluminum nitride

n supply of sintering aids: 
yttrium oxide 
magnesium oxide 
calcium oxide

n supply of structural ceramic auto parts
n supply of piezoelectric and other types of ceramic sen 

sor materials and sensors
n supply of non-destructive testing equipment
n supply of selected process industry structural ceramic 

components, especially for the pulp and paper and met 
allurgical industries.

7. The development of these opportunities will be dependent 
upon the establishment of key linkages and technology 
transfer agreements with companies in the US, Japan, and 
Europe.
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Appendix l   Technology Status of Advanced Ceramics

"The major over-riding problem of high performance ceramics 
is that components with desired properties and microstructure 
cannot be reliably and reproducibly produced*. "

This appendix provides a brief description of the technol 
ogy of advanced ceramics. The discussion begins with a de 
scription of the major ceramic powders and their synthesis 
routes. It then proceeds to a description of the various process 
ing steps and process technologies employed in the manufacture 
of both structural and functional ceramics. End-uses of the ma 
terials are noted, as are current major producers of the powders 
and the finished products. The discussion ends with a descrip 
tion of the finishing and non-destructive testing requirements of 
advanced ceramics.

The key element in understanding advanced ceramics tech 
nology is understanding the role of microstructure. Compared 
to the manufacture of traditional ceramics, advanced ceramics 
require special starting powders of high purity and very fine par 
ticle size to achieve the desired microstructure. The microstruc 
ture influences and controls the properties and usefulness of the 
ceramic in the intended applications. In the majority of cases, 
sub-micron particle size as well as a prescribed particle size dis 
tribution are essential.

The processing of these fine powders into the desired shape 
and final densification by sintering is also more complex com 
pared to traditional ceramics. Since the powders are very fine, 
special mixing procedures have to be developed to accommo 
date their flow characteristics, as well as to homogeneously mix 
the required additives such as binders and sintering aids. This is 
particularly important where more than one type of powder is 
used in the formulation of the ceramic body.

Although the shaping of advanced ceramics can be done by 
either conventional processes (e.g. casting, pressing), or by the 
newer technologies such as injection moulding, special precau 
tions are needed to make sure that no defects are introduced dur 
ing this stage of manufacture. This is particularly true where 
mechanical properties are critical, because the presence of even 
a single "defect" can cause catastrophic failure in use.

Perhaps the most crucial step in the manufacturing process 
is the densification of the ceramic by sintering. Sintering is a 
complex process and controls the final microstructure of the ce 
ramic and, therefore, its properties.

The avoidance of "large microstructural entities" thus con 
stitutes the primary requirement for the processing of ceramics 
with superior mechanical reliability. Considerable research and 
development is in progress to establish the relationship between

*From a lecture by Prof. H. Kent Bowen, Massachusetts Institute of 
Technology.

the type and amounts of defects to fracture properties. The dele 
terious defects are usually introduced during processing, and 
the important fracture inducing defects can be characterized at 
various stages of fabrication by pertinent non-destructive meas 
urements.

The technology status of some of the important ceramic ma 
terials and processes is discussed in the following sections.

CERAMIC POWDERS

Virtually all of the processes that occur throughout the process 
ing cycle in the manufacture of advanced ceramics depend upon 
the characteristics and properties of the starting powders. The 
desirable features in ceramic powders for the processing of ad 
vanced ceramics are:

n high purity
n non-agglomerating
n spherical
n very reactive.
Unfortunately, however, there is no direct correlation be 

tween the measured properties of a powder and its behaviour in 
yielding the required properties in the finished ceramic. This 
problem is particularly acute from the point of view of the pow 
der producers because the ceramic manufacturers expect them 
to develop and supply "good" powders.

High purity, sub-micron particles are now considered 
mandatory for preparing advanced ceramics, principally be 
cause their extensive surface area enhances sinterability. Vari 
ous techniques for preparing both oxide and non-oxide ceramic 
powders are emerging. To obtain better process control these 
techniques generally involve chemical reactions in the gas or 
liquid phase. These chemical methods are listed in Table 1-1.

CERAMIC POWDER REQUIREMENTS 
Technical Requirements

The powder quality requirements are given in Table 1-2. Al 
though the foregoing parameters are important and are used in 
the writing of specifications; in practice the powders are evalu 
ated in the laboratory using chosen process parameters to suit 
the given application because of the interdependence of powder 
parameters and processing steps. A very close working relation 
ship between the powder producer and the ceramics manufac 
turer is usually required to minimize the difficulties in the selec 
tion of the most suitable powder.

Cost Requirements

The unique properties of advanced ceramics by themselves do 
not guarantee their future market success. Their success de-
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TABLE 1-1. CHEMICAL TECHNIQUES USED IN THE 
PREPARATION OF CERAMIC POWDERS.

TABLE 1-2. QUALITY REQUIREMENTS FOR CERAMIC 
POWDER.

Process
Powder preparation processes

Ceramics Comments

Pyrolysis of 
organometallics

Nitridation and
carbothermic
reduction

Chemical vapour 
deposition

Non-aqueous 
processing and 
calcination

Metal salt 
decomposition, 
freeze drying, 
and calcination
Pressure 
precipitation

Hydrolytic 
decomposition

Sol-gel process

Oxides 
Carbides 
Nitrides 
Borides
Nitrides 
Carbides

Oxides
Carbides
Nitrides
Borides
Glasses

Non-oxide 
powders

Oxide powders

Oxide powders

Oxide powders

Oxide powders

Shows promise 
for the future

Has wide 
applicability

Thermal, plasma 
and laser assisted 
Good process 
control 
Particles are 
usually V^O.l fj.m, 
and clustered or 
bonded together
Shows promise for 
the future

Has wide 
applicability

An unexploited 
technology having 
wide potential

Can produce 
ultrafine high 
purity powders

Particle size can 
be varied 
substantially

pends on their cost relative to competing materials such as steel, 
polymers, and composites.

At present, the costs of silicon carbide, silicon nitride, 
sialon, zirconia, and alumina powders required for the manu 
facture of advanced ceramics are high, especially for the first 
three materials. Typical price ranges for these materials are 
listed below:

Quality
Powder Fineness

Powder Morphology

Powder Purity

Physical State 

Sinterability

Requirements
Submicron size 
Narrow size distribution 
High surface area 
(10-20 m27gm) 
Spherical shape 
Mono size
Required crystalline phases 
Required crystallite size 
High lattice defects 
Very high purity 
Minimum concentration of 
undesirable impurities (ppm) 
Minimum agglomeration 
High packing density 
Shrinkage 
Density

Widespread use of advanced ceramic materials, especially 
for structural applications in heat engines, is unlikely until pow 
der costs can be reduced to the 515-20/kg range. Automobile 
engine components are likely to require powder costs in the 
SS-lO/kg range if ceramics are to be competitive with metals.

Processing and fabrication costs will also have to be consid 
erably reduced. At the present time the yield of good parts is too 
low and the cost of inspection too high to permit widespread use 
of ceramics in structural applications.

POWDER PRODUCTION TECHNOLOGY 
SILICON CARBIDE
Silicon carbide (SiC) exists in two polymorphic forms, oc-SiC, 
which is cubic, and /3-SiC, which is hexagonal. Special grades 
of Acheson process ex-SiC powders, obtained by the grinding 
and beneficiation of the crude material, have been used in the 
manufacture of silicon carbide advanced ceramics since the 
1970's. The quantities, however, are small — about 2000 to 
3000 tons per year. It is now generally recognized that this mate 
rial is not suitable for the manufacture of advanced ceramics. 
j3-SiC powders are preferred, and are currently under develop 
ment.

Material
oc-SiC

i8-sic
Si3N4
ZrO2
A1203

Cost (CdnS/kg)
S30-90 (S60-90 for
structural grades)
same as above
S90-110
S50-60
S60-80

Alpha Silicon Carbide Powders
Acheson process oc-SiC powders are being used by a number of
advanced ceramics manufacturers such as Norton Co. and
Sohio Engineered Materials Co. in the US, and others in Japan
and Europe. The process is illustrated in Figure 1-1.

The pioneer in the use of these powders is Sohio, who have
patented their process for Hexaloy SiC products in 13 countries.
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SiC Crude: black, gray, pale 1 SiC Crude: metallurgical

Reverts to refurnacing 1

ir ^ '

Cleaning of SiC cylinder : nanua or mechanical

Secondary crushing in roll crusher, roll mills, or ball mills

1
Grain shaping in pan or impact mills, air blasting 
Washing and chemical treating: 

H 2S04 , NoOH, HF, surface coatings 

Drying in rotary, fluid bed, infrared or pan dryers \

r

r
Magnetic treating: . . . . . 

. ,. . .7 . Screen sizing if needed Low or high intensity magnets "

Sizing into grits ( 6-1500) or group of grits in 1

sedimentators ——————— —— L 
Briquetting 1

t * \ r

TESTING

t t t t
High quality abrasive grain Lower quality grades Metallurgical briquettes Metallurgica grades 
97 0X0 SiC for wheels, 95 0Xo SiC for blasting, 60-75 0Xo SiC for use 85-95 0X0 SiC for use in 
coated and special uses refractories, wiresaw in cupolas el. furnaces making iron

j ,, | , r
Packing into bogs, Packing into bags, 1 r. , . ,, 1 Packing into bags, 1 
drums, or boxes boxes, bulk vessels | Packing onto pallets | or bulk containers |

ir u U \ r
Shipping by ra Iroad, truck, or ships

Figure 1-1. Typical flowsheet representing the process 
ing steps used in manufacturing SiC grains and powders, 
Acheson process.

The products, however, suffer from low strength compared to 
silicon nitride. As a consequence, alternative materials are be 
ing developed.

Beta Silicon Carbide Powders

/3-SiC powders have a number of advantages over oc-SiC pow 
ders for the manufacture of advanced ceramics, because these 
powders can be synthesized to give very high purity and, more 
importantly, very high surface area. The latter gives the powder 
high reactivity. The synthesis methods for /3-SiC can be 
grouped into two categories:

n vapour phase methods 
n carbothermic methods.
Vapour phase methods are still in the research stage and 

commercialization is not expected for many years because of 
technology and cost problems. Carbothermic methods have 
been successfully developed to synthesize /3-SiC powders and 
have been adopted for commercial production by a number of 
companies in the US, Japan, and West Germany.

H.C. Starck Co. manufactures /3-SiC powders by the car 
bothermic reaction between metallic silicon and carbon. Six 
companies are manufacturing /3-SiC powders by reacting finely 
divided silica (SiO2) with carbon in the form of petroleum coke. 
The companies using this process are:

n Advanced Refractory Technologies Inc., US
n Superior Graphite Co., US
n Ibiden Co., Japan
n Showa Denko Ltd., Japan
n Central Glass Co. Ltd., Japan
n Shinetsu Chemical Co. Ltd., Japan.
Only Ibiden and Showa Denko are manufacturing large 

quantities of /3-SiC. Ibiden is reported to have a capacity of 
about 10 tons/month but is producing only about 5 tons/month. 
Roughly half of Ibiden's output is sold in Japan and the other half 
in the US and Europe. Showa Denko is reported to be producing 
about 3 tons/month. The price range for the powders is cur 
rently 3,000 - 10,000 yen/kg (CdnS27-907kg), with structural 
grade powders being in the 6,000-10,000 yen/kg 
(CdnS60-907kg) range.

At least one large Canadian resource company is known to 
be investigating the possibility of entering the market for the 
production of/3-SiC powder using a new carbothermic process.

SILICON NITRIDE POWDERS

Silicon nitride, like silicon carbide, exists in two polymorphic 
forms, alpha and beta. The alpha phase has proven to be the 
most useful for the manufacture of high strength advanced ce 
ramics. Silicon nitride, like silicon carbide, is also a covalent
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material. The covalent bonding structure means that manufac 
ture of high density, high strength ceramics requires powders 
with special properties and characteristics which are listed be 
low:
1. Chemical purity:

n The chemical purity of the powders has to be very high, 
particularly with respect to metallic impurities, which 
should not exceed 0. l %.

n Surface silicon should be present to facilitate liquid 
formation with the sintering aids used in the manufac 
ture of high density ceramics.

n l % to 2% oxygen appears to be necessary.
2. Physical state:

n High alpha to beta phase ratio (about 95:5); 
crystallinity in the range of 6(^ to

3. Powder State:
n High surface area: 10 to 20 m27gm; 

small grain size: 0.1 to 0.5 micron 
minimum agglomeration; 
spherical particles; 
tap density: 0.6 to 0.9 gm/cm3 .

Manufacture of Silicon Nitride Powders

Three techniques are currently used for the commercial manu 
facture of silicon nitride powders:

n nitridation of silicon powder
D carbothermic reduction of silica
n vapour phase reactions.

Nitridation of Silicon Powder. This process depends upon the 
high temperature reaction of silicon vapour with nitrogen, and 
has been extensively developed as a standard process in many 
countries. The process used by H.C. Starck Co. in West Ger-

1.

2.

3.

4.

Si -Powder Treatment — *-
Milling /3 / 
Classification /'
Chemical Purification S

Nitridation X — *-
Temperature x
Si-Powder-bed-heigh /
Residence Time ,
Gas Flow and Cone /

Si 3 N 4- Treatment — *-
Milling /
Chemical Purification .'
Temperature Treatment y
if necessary ^

Deglomeration '
Homogenisation /

Quality Control — *-
Specification

Si- Powder Quality
Fineness
Reactivity
Purity

Si3 N4 Quality
Alpha Phase Content
free Si
Fineness

Si3N 4 Powder Quality
Fineness
Morphology
Chemical Purity
Physical State

Reproducibility

Figure 1-2. H. C. Starck Co. process for the manufacture of oc -silicon 
nitride powders. Source: H. C. Starck Co.

many is shown in Figure 1-2. Typical chemical and physical 
properties of five grades of silicon nitride powders produced by 
H.C. Starck are listed in Table 1-3.

Carbothermic Reduction of Silica. In this process a mixture of 
fine silica and carbon is reacted with nitrogen at high tempera 
ture. The reaction is harder to control from the point of view of 
contamination of the product by carbon or silicon carbide,as 
well as by oxygen. Toshiba Corporation is reported to have 
solved the major impurity problems and uses this route for the 
commercial manufacture of alpha silicon nitride powders. 
Tateho Chemicals of Japan is also reported to be manufacturing 
Si3N4 by this method. The Toshiba process is available for 
licence, and is illustrated in Figure 1-3.

TABLE 1-3. PROPERTIES AND CHARACTERISTICS OF ALPHA SILICON NITRIDE POWDERS MANUFACTURED BY H.C.STARCK CO.

Powder grade Fineness Phases Impurities

Specific 
surface area 

(BET)

H2
HI
LC1
LC10
LC12
Source: H. C. Starck Co.

m27g

4
9
9

15
23

0 Grain 
size

(FSSS)
Mm

1.4
0.7
0.7
0.5
0.4

Beta- Free
Si :iN4 Si

* *

4 0.2
4 <Q.l
3 ^.1
3 *C0.1
3 *c:o.i

calcul. 
Si02

*

2.4
2.4
2.4
2.8
3.2

0

*

1.3
1.3
1.3
1.5
1.7

C

%

0.4
0.4
0.1
0.1
0.1

Fe

*

0.08
0.04
0.04
0.03
0.02

Al

*

0.15
0.10
0.10
0.08
0.06

Ca

*

0.04
0.03
0.03
0.02
0.01
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Heating
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Figure 1-3. Schematic of the Toshiba process for the manufacture of silicon 
nitride powders by carbothermic reaction between silica, carbon and nitro 
gen. Source: Toshiba.

Vapour Phase Reactions. Silicon nitride powders have been 
prepared using vapour phase reactions between gaseous silicon 
containing compounds such as silicon tetrachloride or silane 
(SiH4) and ammonia as the source of nitrogen. The chemical re 
actions can be represented as follows:

3 SiCl4 + 4 NH3 - 
3 SiCl4 + 16 NH3 
3 SiH4 + 4 NH3 -

Si 3N4 ± 12 HC1 (i)
^ Si 3N4 + 12 NH4C1 (ii)
Si 3N4 + 6 H2 (iii)

GTE in the US is using reaction (i) for the manufacture of 
Si3N4 powders. All of its production is used in-house for the 
production of cutting tools and specialized engineering compo 
nents. Ube Industries and Toyo Soda in Japan are using a modi 
fied process (ii) which involves the reaction between silicon tet 
rachloride solution and liquid ammonia. A schematic of the 
process is provided in Figure 1-4.

Silicon nitride powder is now commercially available from 
a number of manufacturers in Japan, West Germany, and Swe 
den. There is no merchant manufacture in the US. The world 
manufacturers and suppliers of silicon nitride powders are listed 
in Table 1-4.

Commercial production of silicon nitride ceramics is con 
fined to Japan, the US and the U.K. There has been consider 
able growth in consumption, but this has occurred mainly in Ja 
pan. Production in Japan is now estimated to be several hundred 
tons per year. In England it is estimated to be about 20 tons per 
year. Production in the US is small and is confined to GTE and 
Norton. The present and expected future applications for differ 
ent types of silicon nitride ceramics are listed in Table 1-5.

SIALON POWDERS

Sialon family materials are produced by replacing silicon and 
nitrogen in silicon nitride by aluminum and oxygen, respec 
tively. They are represented by Si6-xAlxN8-xOx, where x de-

SiCI 4Solution 1 NH, Liquid 1

1 1

(i 

(

nterfacial reaction)

1
Products 1

J
Silicon Imide 1

(calcination)

i
|amorph Si,N4 1

(baking)

J
cryst. Si,N, 1

(reaction) 

SiCI,* 6N 

3Si(NH)p

Recovery of
-Ammonia
-Organic solvent
- Ammonium chloride

••acting
reaction!

Figure 1-4. Schematic of process for producing silicon nitride powders 
from silicon tetrachloride and ammonia. Source: Ube Chemical Co.

notes the number of nitrogen atoms substituted by oxygen at 
oms. Sialons offer the advantages of:
n strong pressureless sintered materials,
D more chemically stable materials,
a materials with better high temperature capabilities.

Sialons were originally developed by Lucas in England as a 
cheaper and easier to fabricate substitute for silicon nitride ce 
ramics. The technology is now marketed by Lucas-Cookson. 
The products are marketed under the trade name of "Syalons".

The following applications for sialons have been identified:
n cutting tools
n welding machine components
a extrusion dies
a seals and bearings
n mining equipment
n armour plating
n molten metal handling
n wear parts
n refractories.
Sialon powders are not sold separately from sialon ceram 

ics. The technology for manufacture of the ceramics, including

Impact on Ontario Industry 57



TABLE 1-4. COMMERCIAL MANUFACTURERS AND SUPPLIERS 
OF SILICON NITRIDE POWDERS.

TABLE 1-5. PRESENT AND FUTURE APPLICATIONS FOR 
DIFFERENT TYPES OF SILICON NITRIDE CERAMICS.

Country Company Production Capacity

oc-Si3N4 /3-Si3N4

Type
Reaction Bonded (RBSN)

Japan

W. Germany
Sweden
USA.
USA.
(Suppliers)

England

Denki Kagaku
Starck Japan
Nihon Denko
Ube Industries Ltd.
Toshiba Ceramics
Showa Denko
Toyo Soda
Shinetsu Kagaku
Nihon Kokan
Onoda Cement
Toray
Kyoritsu Yogyo
H. C. Starck
KemaNord Indstrichem
GTE Sylvania
Ube Industries Ltd.
Denki Kagaku
KemaNord
Toshiba

Morgan Matroc

7,800 kg/mon
2,500 kg/mon
1 ,000 kg/mon
1 ,000 kg/mon

950 kg/mon
800 kg/mon
750 kg/mon
600 kg/mon

n/a
n/a
n/a
n/a

40 tons/yr
n/a
n/a

n/a
n/a
n/a
n/a
n/a

12,500 kg/mon
-

1,800 kg/mon
-
-
-
-
-

n/a
n/a
n/a
n/a

(Advanced Materials 
Engineering Ltd.)

Source; Mitsui Toatsu Chemical Inc., through Dr. M. Bergeron, Department 
of Regional Industrial Expansion, Ottawa.

Hot-pressed (HPSN)

Sintered (SSN)

Applications
Welding nozzles and insulator. 
Has been used since the 1970's.
Non-ferrous foundries A diecasting. 
Is currently used in aluminum, lead, 
tin, zinc and their alloy foundry.
Precision jigs and fixtures. 
Used in automatic welding and 
brazing operations.
Heat-treatment processes.
Metal cutting. Cutting tools are 
used, particularly by automobile 
manufacturers.
Tube drawing. Ideal material for 
plugs and dies in stainless steel 
tube manufacture.
Seal faces. Applications in the 
pumping of corrosive and erosive 
liquids.
Ball and roller bearings. Present 
use is small but expected to grow.
Engine components. Turbochargers, 
precombustion chambers, rock-arm 
parts are already in commercial use 
in Japan. Many other components 
are being developed in the US, 
Sweden, W. Germany and England, 
for gas turbine engine applications.

the manufacture of the required powders, is licenced by Lucas- 
Cookson. Licences have been granted to companies in Europe, 
Japan, and the US. Licence rights for Canada are still available.

ALUMINUM NITRIDE (ALN) POWDERS

Aluminum nitride ceramics have become important in recent 
years as substrate materials for microelectronic circuits because 
of their high thermal conductivity, very low electrical conduc 
tivity, and a low coefficient of thermal expansion.

The conventional method for the production of A1N is 
through the simultaneous carbothermic reduction and nitrida- 
tion of alumina. Toshiba in Japan is using this process commer 
cially.

Aluminum nitride powders can also be produced by the di 
rect nitridation of aluminum metal. It is not clear if any of the 
commercially available powders are produced by this route.

Other methods under development are:
n reaction between alkyl aluminum (trimethyl aluminum 

or triethyl aluminum) with ammonia;

n gas phase nitridation of a mixture of aluminum and alu 
minum trichloride (A1C13).

At least one Canadian company is known to have developed 
a new process for the synthesis of aluminum nitride powders, 
and to be marketing the powder in limited quantities.

ZIRCONIA (ZRCX) POWDERS

Zirconia powders and chemicals are recovered commercially 
from two naturally occurring minerals: baddeleyite, the oxide 
mineral form, and zircon, a silicate whose composition is 
ZrSiO4 .

Zirconia powders for engineering ceramic applications are 
produced by two chemical precipitation techniques:

n alkali fusion;
n alkoxide decomposition.
The alkali fusion process is the most common method used 

for the manufacture of pure oxide and chemicals. The minerals 
are reacted with sodium hydroxide to form sodium zirconate. 
Pure zirconia is obtained from this material in two ways as 
shown in Figure 1-5. It is known that Toyo Soda uses the 
oxychloride process.
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Carbonate Method Chloride Method Oxychloride Method

Zr02-Si02 (zircon sand) 
l -NUjOH fusion

Na2Zr03 -Na2Si03
-treatment with H20 

—^Na^iOjnHjQ
-filtration

r

Crude Na 2 Zr03
-treatment with H2S04
-filtration
-precipitation Na2C03
-filtration NaCI

r

Na2ZrO(S04 )2 -4H2 0
-dispersion
-treatment with Na 2C03
-washing
-filtration 

f

ZrOC03-7H20

Zr02-Si02 (zircon sand) 
l -NaOH fusion

Na2ZrOrNa2 Si03
- treatment with HgO

- filtration

Crude Na2Zr03
- treatment with H CI
-filtration

ZrOCI2-HCI (liquid)
- concentration, cooling
-filtration

— *-Fe,Ti,AI,Na,HCI

lstZrOCI2-8H20
-dissolution in HgO
-filtration

— **Si02
-heating with HCI
-cooling
-filtration 

f

2ndZrOCI2-8H2 0

Crude Zr02
-crushing
- mixing with No^COs
-firing

Crude Na2Zr03
- water treatment
-dissolution in HCI
-filtration

ZrOCI2-HCI (liquid)
- concentration, cooling
- filtration

— ̂ Fe,Ti,AI,Na,HCI

lstZrOCI2 -8H 20
- dissolution in H20
- filtration

Figure 1-5. Carbonate and chloride methods for pro 
ducing pure zirconia from ores.

- heating with HCI
-cooling
-filtration

2nd ZrOCI2 -8H20

Highest purity zirconia is made by the decomposition of zir 
conia containing organics such as zirconia alkoxides. This proc 
ess also allows for tight control of particle size and distribution.

Zirconia can also be produced by plasma processing. In this 
process the mineral in powder form is fed directly into the 
plasma for decomposition into zirconia, and is recovered by 
treatment with caustic soda.

Many grades of zirconia powders are commercially pro 
duced for different applications. Pure zirconia powders (99.9% 
ZrO2) are used to toughen other advanced ceramics such as 
A12O3 and Si3N4 . They cannot be used by themselves, however, 
in the manufacture of high strength zirconia ceramics because of 
crystallographic transformations accompanied by volume 
changes which result in the cracking of the ceramic during ther 
mal cycling.

High strength zirconia ceramics are obtained by using 
"structure stabilizing" additives such as calcium oxide (CaO), 
magnesium oxide (MgO), and yttrium oxide (Y2O3). These can 
be manufactured starting with very pure ZrO2 powders and add 
ing the required stabilizing agents during the forming process. 
In practice, ZrO2 powders premixed with the required additives 
are commercially sold by a number of powder suppliers. For ex 

ample, Magnesium Elektron, a British subsidiary of Alcan 
Aluminium, markets the following powders:

Stabilizing Oxide 
CaO 
MgO 
Y203

Weight Percent
4, 5.5, 8, 10 
4, 5.0, 8, 10 
4, 6.0, 8, 16

Toyo Soda in Japan markets a much larger range of pow 
ders. In addition to very pure ZrO2 (99.9 9k) it supplies powders 
in which Y2O3 , A12O3 , MgO, and CeO2 (cerium oxide) are in 
corporated homogeneously during the manufacturing process.

The major commercial manufacturers and suppliers of zir 
conia powders are listed in Table 1-6.

The first commercialization of transformation toughened 
zirconia (TTZ) ceramics was made by Nilson Sintered Products 
Pty. Ltd. of Australia. In 1983 a new joint-venture, Nilcra Ce 
ramics Pty. Ltd., was formed by Nilson Sintered Products and 
CRA Ltd. to exploit the world markets.

In Japan a number of companies are active in the develop 
ment of toughened zirconia ceramics using yttrium oxide as the 
stabilizing agent. The major manufacturers are Kyocera and 
NGK. Both companies are actively developing components for 
engines as well as other industrial applications.
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TABLE 1-6. COMMERCIAL MANUFACTURERS AND SUPPLIERS 
OF ZrO2 POWDERS.

Country
Japan

W. Germany

France

U.K.

USA.

Company
Toyo Soda
Daiichi Kigenso
Shin Nihon Chemical
Dowa Chemical
Hokko Chemical
Toray
Starck Japan
Morimura
Kyoritsu Yogyo
Asahi Kasei

H. C. Starck

Criceram
Rhone-Poulenc Inc.

Magnesium Elektron
(division of Alcan)

Magnesium Elektron
Ferro Corp. , Transelco
division
American Vermiculite
TAM Ceramics
Harshaw Chemicals

Production Capacity
4,000 kg/month
4,200 kg/month
1 ,000 kg/month

800 kg/month
600 kg/month

1 ,000 kg/month
NA
NA
NA
NA

NA

NA
NA

NA

NA
NA

NA
NA
NA

In the US the principal manufacturers are Corning Glass 
Works, Cerac Inc., Ceradyne Inc., Coors Porcelain, Hi-Tech 
Ceramic Inc., and Lambertville Ceramics Mfg. Co.

Zirconia Applications

1. Structural Applications
a. Components for automotive applications: cylinder lin 
ers, piston caps, valve guides, valve seats, tappet discs.
b. Dies: extrusion dies for hot extrusion of brass, copper, 
and low carbon steel seamless pipe; powder metallurgy dies 
for iron based components.
c. Bioceramic applications: prosthetic devices such as 
femoral ball and hip sockets.
d. Industrial applications: abrasion resistance applica 
tions; cyclone discharge chutes, gem laps; specialty bear 
ings.

2. Electrical Applications
a. Zirconia based oxygen sensors for automotive and in 
dustrial applications.
b. Current diffusion and current limiting devices.

3. Thermal Barrier Coatings
a. Thermal barrier coatings for standard adiabatic diesel 
engines.

b. Thermal barrier coatings for aircraft and industrial/ 
utility gas turbines.
Other ceramics can also be toughened using the tetragonal- 

to-monoclinic phase transformation of ZrOy particles dispersed 
in the ceramic matrix. Transformation toughening has been 
shown to be applicable to alumina, silicon nitride, silicon car 
bide, mullite (SAlyOs^SiO;,) and spinel (MgO.Al^O^) ceram 
ics.

The most successful commercial example in which trans 
formation toughening techniques have been applied are those 
based on alumina. These ceramics incorporate about 15-18 7c 
zirconia in alumina. Very recently, Champion Spark Plug Co. 
has announced the development of zirconia toughened alumina 
(ZTA) with the trade name of "Ceraform" which has very high 
strength values and which the company claims is suitable for 
many automotive and other applications. A list of potential ap 
plications is provided in Table 1-7. A considerable amount of 
research and development is being done on the development of 
many other toughened ceramics and it is anticipated that many 
new commercially useful materials will be forthcoming in the 
next decade.

HIGH PURITY ALUMINA (AL O ) POWDERS

Advanced ceramics applications based on the use of alumina re 
quire very high purity starting materials. Some of these applica 
tions are:

n translucent tubes and envelopes for sodium lamps
n substrates for MOS devices
n laser applications such as ruby rods and YAG lasers.
Another market force is the demand for "toughened" alu 

mina ceramics for many engineering applications.
The required properties of high purity aluminas are:
n high purity (greater than 99.99 7c )
n fine particle size
n narrow size distribution.
The aluminas which are currently available on the market 

as "high purity alumina" usually have a purity greater than 
99.99% (also called 4 9's). Industry is being pushed to develop 
99.999 (5 9's) and 99.9999 (6 9's) chemical purity powders to 
satisfy increasing performance demands.

The demand for fine particle size and narrow size distribu 
tion is requiring producers to provide powders with average 
particle sizes of less than l micrometre (micron) and distribution 
below the l micrometre range. Particle size distributions of 
some high purity aluminas produced in Japan are shown in Fig 
ure 1-6.

The early use of alumina was in refractories and abrasives. 
Starting in the 1940's two important uses emerged: cutting 
tools, and substrates for electronics. Alumina-based cutting 
tools are now facing competition from silicon nitride and sialon-
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TABLE 1-7. PROTOTYPE APPLICATIONS FOR ZIRCONIA 
TOUGHENED ALUMINA.

Application Component Advantage

Auto/truck 
gas and diesel 
engines

Truck diesel 
engine

Ballistic armor

Rocker arm roller 
Valve lifter roller

Valve guide 
Valve seat

Valve

Wrist pin

Crown on aluminum 
piston

Ceramic tile

Production tooling 
e.g. Inserts hot 
metal pins in TV 
tube face plates

Pinchucks

Reduced friction and 
wear vs metal or 
ceramic insert flat 
followers. Simplicity 
over metal roller/nee 
dle bearing assembly. 
Improved wear and 
corrosion resistance vs 
metal components. 
Help maintain designed 
engine performance 
over a longer interval 
than metal components 
Inertia weight reduction 
Potential of operating 
with reduced 
lubrication.
Inertia weight reduction 
over mechanical 
strength of ceramic/ 
aluminum composite 
over aluminum alone. 
Improved strength to 
weight ratio over 
conventional alumina 
bodies.
Improved ballistic 
threat level capability. 
High compressive 
strength. High thermal 
shock resistance in 400 
to 25000 F range for 
thousands of 20 sec 
cycles, (fast heat up, 
fast cool down). 
High oxidation 
resistance.

Source: Champion Spark Plug Co.

based advanced ceramics. The use of alumina substrates for 
electronics has grown rapidly and now forms the most important 
commercial application.

Amongst oxide ceramics, alumina holds a dominant posi 
tion in the marketplace, accounting for more than 5096. Elec 
tronics is the most important market for alumina ceramics. Al 
though aluminum nitride ceramics are being developed for sub 
strate applications because of their higher thermal conductivity, 
alumina substrates are expected to dominate the marketplace for 
at least the next decade.

The largest suppliers of alumina ceramics for electronics 
are the Japanese manufacturers Kyocera and NGK, and their 
subsidiaries in the US.

Production Processes for High Purity Alumina

There are six commercial production processes for high purity 
alumina. They are:

modified Bayer process
thermal cracking of ammonium alum
thermal cracking of ammonium aluminum carbonate
hydrolysis of organometallic compounds
ethylene chlorohydrin process
spark discharge process.

These processes are illustrated in Figure 1-7. The qualities 
of the powders produced by these processes are listed in Table 
1-8.

Commercial Availability

The commercial producers of high purity alumina powder are 
listed in Table 1-9. Japan has the largest number of producers 
and all the methods of production described above are in use. 
France also has been a producer of high purity alumina for many 
years. In the US, the powders are produced by the major alumi 
num companies.

The consumption of high purity alumina has been estimated 
as 3,000 tons per year, equally divided between the US, Japan, 
and Europe.

Prices for high purity alumina powders are quite high. 
Baikowski high purity aluminas cost about USS307kg 
(CdnS407kg), a price almost comparable to silicon nitride and 
silicon carbide powders.

100

Accumulation
(wto/o)

0.5 
Particle Size (micrometers)

Figure 1-6. Particle size distribution of some high purity aluminas. 
Source: Japan Fine Ceramics Association, Annual Report, 1986.
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Dissolution

V
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Red Mud 1
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Aluminate Solution

Red Mud 
Fe2O3 TiO2 
Silicate

Precipitation

i
(Aluminum Hydroxide)

i
Firing

T
oc -Alumina

2 -- 2 A12O3 
heat

Cross-section schematic of reactor

Thermal Cracking Of Ammonium Alum

A12 (SO4) 3 * (NH4) 2S04 t24H2O -* 2 NH4A1(SO4) 2 .12H2O

Thermal Cracking Of Ammonium Aluminum Carbonate

8 NH4HCO3 + (NH4)nAl2 (S04) 4 -t- 2 NH4A1O(OH)HCO3 * 4 (NH4) 2SO4 t 6 CO2 + 2H

Hydrolysis Of Organometallic Compound

2 AIR3 t 6 H2O -* A12O3 .3H2O t 6 RH -*- A12O3
heat 

2 A1(OR) 3 t 6 H2O -t- A12O3 .3H2O t 6 ROH -t- A12O3
heat 

(R = alkyl group such as CH3 or C2H6)
Ethylene Chlorohydrin Process

2 NaA102 t 2 C1CH2CH2 OH -*- Al2O3 .nH2O t 2 CH2—CH2 t 2 NaCl

Al2O3 .nH2O -t- A12O3 .2H2O 
heat

CH2—CH2 * HC1 -* C1CH2CH2OH

2O -t- 2 A12O3 
heat

Figure 1-7. Production processes for high purity alumina: spark discharge process (left), Bayer process (right). 
Source: Japan Fine Ceramics Association, Annual Report, 1986.
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TABLE 1-9. COMMERCIAL MANUFACTURERS AND SUPPLIERS 
OF HIGH PURITY ALUMINA.

Country
Japan

France

US

US
(sales only)

Canada

Company
Sumitomo Chemical Co. 
Showa-Keikinzoku Co. 
Iwatani Chemical 
Sin-Nihon Chemical Co.

Baikowski Corp. 
Criceram 
Rhone-Poulenc Inc.

Arco Chemical Co. 
Alcoa Aluminum Inc. 
Kaiser Chemicals

Baikowski International 
Criceram 
Rhone-Poulenc Inc.

Alcan Alluminum

Boron nitride and boron carbide ceramics are relatively new. 
They are now used for special applications because of their su 
perior abrasion and heat resistant properties, and their high neu 
tron absoption cross section. Their use is expected to grow sig 
nificantly in the coming decades.

Boron Nitride (BN)

Boron nitride occurs in four modifications. The hexagonal one, 
which is often called "white graphite", is considered the most 
attractive material for many high temperature applications be 
cause of its high thermal conductivity, chemical resistance, ex 
cellent electrical resistance, resistance to oxidation up to 
1900 0 C, and resistance to most molten metals and salts.

Boron nitride powder is prepared by reading between bo 
ron trioxide (B2O3) and a nitrogen compound such as urea or 
melamine. The process can be shown schematically as:

heat
B2O3 + (NH3) 2CO (urea) —* BN powder 

nitrogen

Boron nitride fibers are manufactured starting from boron 
trioxide. The manufacturing process can be schematically 
shown as:

melt fiberize 
B2O3 —* B2O3 (glass) —* B2O3 (fibres)

B2O3 (fibres) —* BN (fibres) 
heat treat in NH3

Boron nitride powder is also produced from the fibre by 
grinding and milling.

Boron Nitride Ceramics

Usually, BN ceramics are made from the BN powder. BN pow 
der is mixed with a small, predetermined, amount of boric acid 
powder and fabricated into the desired shape by any of the con 
ventional ceramic processing techniques, and sintered in a nitro 
gen atmosphere to achieve the desired density. This process, 
however, does not give high strength products. Hence, the ma 
terial is hot pressed/hot isostatically pressed to the desired con 
figuration.

High strength BN ceramics are also produced by reinforc 
ing the ceramic with BN fibres. These are produced by incorpo 
rating the required amounts of BN fibres in the BN powder be 
fore processing.

	Typical uses of sintered shapes of boron nitride are: 
Q crucibles for melting glasses and metals 
Q components for high temperature electric furnaces 
Q dielectric for radars 
n insulators for high temperature capacitors 
^ insulators for plasma jet furnaces and arc pulse generators 
n pump components and pipes for handling liquid metals
n protective tubes and sleeves for thermocouples and welding 

rods for automatic welding
n hot compacting dies for sintering
n break rings for horizontal continuous casting
n microwave windows
n nuclear applications (neutron absorption).

The major world manufacturers are Electroschmeltzwerk 
Kempton (ESK) of Germany, Union Carbide in the US, and 
Showa Denko in Japan.

In Canada, Electrofuel Manufacturing Co. has developed 
technology for the manufacture of boron nitride powders, 
fibres, and ceramics. They have started marketing these prod 
ucts both in the US and in Japan.

Boron Carbide (B ,C)

Boron carbide is characterized by its extreme hardness and its 
very high neutron capture cross-section. Boron carbide is 
manufactured by the carbothermic reduction of boric acid. The 
reaction can be represented as:

4 B2O3aq -l- 14 C -*2 B4C -l- 4 CO
Boron carbide ceramics are made from the powder using 

hot pressing/hot isostatic pressing techniques at high tempera 
tures and pressures. These techniques are expensive and pres- 
sureless sintering techniques using suitable sintering aids are un 
der development. Typical applications for boron carbide ceram 
ics are:
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n nozzles for sand blasting

Q dressing sticks for improving the cutting action of silicon 
carbide grinding wheels

n mortars for grinding hard materials

^ armour plates

n neutron absorption in nuclear applications

n as a raw material for the synthesis of other boron com 
pounds.

SILICATES

The only ceramics based on silicates that are now classified as 
advanced ceramics are those based on cordierite 
(2MgO.2Al 2O3.5SiO2). These ceramics are used where low ex 
pansion coefficients are required, e.g. heat exchangers.

The starting materials are suitable clays (kaolin clays) and 
the lithium-containing aluminosilicate mineral spodumene. 
These raw materials are mixed in the required proportion in 
powder form and fabricated into the desired shape by any of the 
conventional ceramic forming processes and sintered into high 
density ceramics. They are now extensively used as catalyst 
supports in automobile exhaust systems, and are being devel 
oped for heat exchanger applications in gas turbine engines. For 
the latter application the ceramic is made by the glass-ceramic 
technique, where the required raw materials are first melted into 
a glass and then fabricated into the desired shape and heat treated 
under carefully controlled conditions to obtain the ceramic with 
the desired microstructure and properties.

Other new silicate based ceramics are under active develop 
ment for many applications such as refractories. Zirconia 
toughened aluminosilicates and magnesiasilicates derived from 
feldspar, talc, and pyrophyllite are typical examples.

Hamilton Porcelains in Brantford is a major manufacturer 
of silicate based advanced ceramics and electrical porcelains.

COMPOSITES

The term "composite" is usually reserved for expressly fabri 
cated two-phase materials where there is an intention to im 
prove certain properties over and above those expected from 
conventional materials. The two phases may be physically dif 
ferent (e.g. metal and ceramic), or geometrically different (e.g. 
carbon fibres in carbon), or both (e.g. ceramic fibres in glass).

Ceramic matrix composites are an active, expanding field 
of development. Major advances are expected to be made in the 
next few years in high temperature structural materials for use 
up to 22000 C, and in structural materials for use in reciprocat 
ing engines at lower temperatures. Other applications at room 
temperature are expected to evolve as processing costs come 
down. Three types of ceramic matrix composites can be identi 

fied: non-oxide matrix materials; oxide matrix materials; and 
glass matrix materials.

Non-oxide matrix composites are made up of either car 
bides, borides, or nitrides as the matrix material, and the rein 
forcing second phase, which is usually in the fibre or whisker 
form. The second phase can be either the same or a different 
composition. Silicon nitride particle reinforced silicon carbide 
composites have been developed by Norton Co. and have been 
in use since the 1970's as high temperature die materials. New 
composite materials with silicon nitride fibres as the reinforcing 
phase are under development. Other carbide-based composites 
include titanium carbide particle reinforced silicon carbide and 
beryIlia/silicon carbide composites. Titanium diboride matrix 
composites have been developed for electrode applications for 
use in aluminum metal manufacture. A considerable amount of 
work on nitride matrix composites is in progress. For example, 
silicon carbide whiskers and fibres are used in a silicon nitride 
matrix to improve fracture toughness and strength. Boron ni 
tride additions have been made to silicon nitride to improve ther 
mal shock and electrical behaviour.

Amongst oxide matrix composites, alumina and zirconia 
are the principle matrix materials. Additions to these matrices 
have been oxide (silica, mullite, alumina, zirconia) and non-ox 
ide (silicon nitride, graphite) fibres and whiskers, as well as 
various paniculate reinforcements.

The science and technology of metal matrix composites ap 
pears to be more advanced than the ceramic matrix composites. 
For both types, the great challenge for the future will be the de 
velopment of low cost, net shape processing techniques which 
will enable composite fabrication in a cost effective manner.

Metal matrix composites with ceramic fibres (alumina, sili 
con carbide, silicon nitride, boron nitride, carbon, etc.) rein 
forcement are made by casting, fibre-tow infiltration, or hot 
molding techniques. Alumina fibre reinforced aluminum com 
posites are already being used in Japan for automotive engine 
applications. Silicon carbide reinforced aluminum composites 
are being developed by Alcan in the US for aerospace and auto 
motive applications.

CERAMIC PRODUCTION TECHNOLOGIES
A simplified view of the ceramic production process is given in 
Figure 1-8. The technology can be divided into five parts:

Q body preparation
D forming and shaping
D densification
n finishing
n non-destructive testing.

BODY PREPARATION

In general, ceramic raw materials in the form of powders are 
mixed with the required additives such as binders, defloculents,
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Figure 1-8. Ceramic production processes.

and/or sintering aids. For advanced ceramics production the 
general tendency is to use slurry procedures for mixing the pow 
ders using water-based or organic liquids as the mixing media.

Good process control technology is essential to reduce the 
rejection rate of the finished product. This is an area of active 
research and development involving not only the technical com 
munity but also equipment manufacturers.

FORMING AND SHAPING

The five principal forming and shaping techniques used are: slip 
casting; uniaxial pressing; isostatic pressing; injection molding, 
and tape casting. The first four methods are applicable to both 
structural and functional ceramics. Tape casting is used in the 
manufacture of functional ceramics.

Slip casting is particularly suited for the manufacture of 
hollow articles. It can, however, be adapted for solid articles. 
The technique is being used for a number of advanced ceramics 
products such as combustion chambers and turbochargers, as 
well as process equipment parts such as burner nozzles.

Uniaxial pressing is used in the advanced ceramics industry 
for the production of simple shapes. The technology is well un 
derstood.

Isostatic pressing is a relatively new technique and is well 
suited for the manufacture of complicated shapes. The bulk of 
the development work is devoted to improving process parame 

ters for complex shapes, as well as design of better and more 
efficient equipment.

The application of injection molding techniques for the 
manufacture of advanced ceramics is receiving considerable at 
tention because of its usefulness in the high volume forming of 
complicated shapes such as turbocharger rotors to net shape. 
The major disadvantages of the process are the binder removal 
process and the high tooling costs.

Tape casting is a technology used in the manufacture of 
multi-layer capacitors and other layered types of functional ce 
ramics. The process consists of depositing thin layers of ceramic 
materials on a tape (usually mylar) and then forming and sinter 
ing the material. The tape is consumed during the forming proc 
ess.

DENSIFICATION
The term "sintering" is used to describe the physico- chemical 
reactions that take place between the ceramic powder particles 
in the green (unsintered) ceramic body and result in the den- 
sification of the ceramic. Two stages of sintering are usually 
recognized. In the initial stage the powder particles interact with 
each other leading to physical connection. The development of 
microstructure of the ceramic during intermediate and final 
stages of sintering is a more complex process. It involves con 
comitant grain growth, pore coalescence, and pore shrinkage.

Sintering can often be accelerated and full density more 
rapidly attained by the incorporation of a second phase. The 
presence of the second phase in the final product is generally 
detrimental to the mechanical strength of the ceramic, but can 
improve certain electrical characteristics.

The use of reactive additives has been the subject of consid 
erable research and development. Reactive sintering has the ad 
vantage that the reacted product can be in the form of a "tran 
sient" liquid that assists densification, but can be eliminated by 
post densification heat treatment, which essentially creates a 
single phase equilibrium product.

Hot Pressing (HP)
Hot pressing (HP) is a special technique which combines shap 
ing and sintering processes into one step. Uniaxial hot pressing, 
in which two opposing punches apply pressure during the heat 
treatment cycle, is best suited to simple shapes and small compo 
nents since complex shapes require extensive machining of the 
hot pressed part.

Silicon carbide and silicon nitride components can be pro 
duced by hot pressing. Hot pressed silicon carbide (HPSiC) was 
first developed in the early 1950's for the fabrication of compo 
nents for engineering applications, particularly for defense ap 
plications such as ceramic armour. Two main disadvantages of 
this process are high cost and limited shape forming capability. 
Hot pressing techniques are now seldom used for commercial 
purposes although much research and development is still in 
progress for scientific understanding of the sintering process.

66 Advanced Ceramics:



Die Pressing

SiHconizing

Unmachtned Products

Figure 1-9. Sche 
matic showing the 
Refel process for the 
manufacture of sili 
con carbide ceramics 
by the reaction bond 
ing technique. 
Source: British Nu 
clear Fuels Ltd.

The hot pressed form of silicon nitride (HPSN) was the first 
high density material to be produced following the realization 
that silicon nitride was difficult to sinter to full density. How 
ever, pure silicon nitride powder cannot be hot pressed to high 
density in the absence of a liquid phase. Many additives able to 
form liquids in the presence of silica have been used, of which 
MgO was preferred in the beginning. It has been succeeded by 
Y2O3 which is currently preferred. Because of cost and shape 
limitations, hot pressing is seldom used for commercial manu 
facture except for the production of cutting tool inserts.

Reaction Bonding

Reaction bonding is a special class of hot pressing. The reaction 
bonding technique, shown in Figure 1-9, was originally devel 
oped and commercialized by the UK Atomic Energy Authority 
for the production of silicon carbide components. It is known as

the "Refel Process" and is now used extensively by manufac 
turers in the US, Japan, and Europe. The major manufacturers 
of reaction bonded silicon carbide (SiSiC) ceramic products are:

British Nuclear Fuels Ltd.
ESK
SIGRI
Feldmuhle
Didier Werke
Hoechst
Asahi Glass
Norton Co.
Sohio Engineered Materials

UK
W. Germany
W. Germany
W. Germany
W. Germany
W. Germany
Japan
US
US

Reaction bonded silicon nitride (RBSN) components are 
produced by a process similar to the Refel process used for sili 
con carbide ceramics. The starting powder is a high purity, high 
surface-area metallic silicon powder. The components are
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made to the desired shape by any of the standard forming tech 
niques and sintered in a nitrogen atmosphere. The technology is 
well established and the products have strengths up to 300 
Megapascals (MPa). World-wide commercial applications are 
estimated to be about 10 tons per year.

Sintered reaction bonded silicon nitride (SRBSN) is a rela 
tively new technique to obtain near net shape, high strength 
components. In this process the initial preform is reaction 
bonded with the addition of a suitable sintering aid, and further 
subjected to pressureless sintering to form a high density com 
ponent.

Hot Isostatic Pressing

In the hot isostatic process (HIP), an inert gas such a nitrogen is 
used to apply uniform pressure at elevated temperatures, allow 
ing complex parts to be fabricated. The advantages of the HIP 
process are:

n greater microstructural control which ensures im 
proved mechanical and magnetic properties and better 
surface finish;

n near net shape forming; 
n lower cost (relatively);
n densification of materials and compositions that could 

not otherwise be fabricated;
D better uniformity within parts as well as from part to 

part.
Sintering-HIP techniques are being developed in the US 

(General Electric, GTE, Gorham, Garrett, Batelle), Sweden 
(ASEA), and Japan (Kobe Steel, Mitsubishi). The sintering- 
HIP technology of Kobe Steel shows considerable promise for 
reducing the manufacturing cost of ceramics, by reducing the 
heat treatment time by more than 50 %. The ASEA Ceram HIP 
process is also unique and is said to possess features suitable for 
mass production at reasonable cost. The process is available for 
licence, and is illustrated in Figure I-10. Norton Co. in the US 
has acquired the process for the production of ceramic bearings 
and other high stress parts.

Hot isostatic pressed silicon carbide (HIPSiC) and HIPed 
silicon nitride (HIPSN) components are produced in limited vol 
umes. Most of the work on HIPSiC is of the research and devel 
opment type. The process at present is expensive, and research 
is primarily concerned with developing equipment suitable for 
mass production.

The volume of sales of HIP silicon nitride components is 
extremely limited at present. Very small scale commercial use 
has been reported for the manufacture of plugs and die liners for 
metal (steel and copper) tube drawing operations, for turbo- 
charger rotor manufacture, and for bearing manufacture.

The bulk of the work in HIPSN is still research and develop 
ment oriented to meet specific needs and opportunities. How 

ever, one particular development of commercial significance is 
the use of the HIPSN technique to further densify the materials 
obtained by pressureless sintering techniques to optimize 
strength properties. With improvements in equipment and proc 
essing methods, this technique is expected to have significant 
application for a number of commercial products such as bear 
ings.

Pressureless Sintering

Pressureless sintering of silicon carbide (SSiC) and silicon ni 
tride (SSN) is one of the most important developments in the 
manufacture of ceramic engineering components. The SSiC 
technique is based upon the use of small additions of boron and 
carbon to promote near theoretical density during sintering. 
Since conventional ceramic fabrication techniques such as die- 
pressing, isostatic pressing, injection molding, or slip casting 
can be used, complicated shapes can be produced economically. 
Sohio Engineered Products Co. uses the technique to produce 
-SiC products which are sold under the trade name Hexaloy SA. 
Sohio has licenced its technology to several companies in 
Europe and Japan.

CIP
* 

Machining

1

Injection 
Moulding

Slip 
Casting

Other 
Forming 
Methods

1 1 1

Optional Removal of 
Plasticizers and Binders

Application of Glass 
Particle Envelope

Hot Evacuation Through 
Permeable Glass Envelope

Sealing of Glass Envelope

Pressurization and HIP 
at Selected Parameters

Depressurization and Cooling 
Glass Removal

Figure 1-10. ASEA Ceram hot isostatic pressing process. Source: ASEA Ceram 
Inc.
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The strength of silicon carbide ceramics made from 
-SiC powders using pressureless sintering techniques is lower 
than silicon nitride. It is now recognized that the use of -SiC 
powders will enhance the strength properties. Many companies 
in Japan (e.g. Ibiden) and in the US (e.g. Ford) are active in de 
veloping high strength silicon carbide engineering ceramic 
products using this new technique. The range of present and fu 
ture applications for silicon carbide advanced ceramics is listed 
in Table I-10.

In pure silicon nitride, sintering without extremely high 
pressures and temperatures is difficult. Dense silicon nitride ce 
ramics can be obtained by the addition of suitable sintering addi 
tives which promotes liquid enhanced sintering. Various metal 
oxides and nitrides have been found to be effective sintering 
aids.

"Gas pressure" sintering is a modified, mild form of hot 
isostatic pressing, and has been developed with particular suc 
cess for sintering aids based on the Be-Si-N-O and Al-Si-Y- 
N-O systems. Sintering to the closed porosity stage is carried 
out under low nitrogen over-pressure (0.1-2 MPa), followed 
by an increase in pressure to 2-7 MPa to obtain rapid, full den- 
sification.

Gas pressure sintering methods have one main disadvan 
tage in manufacture. Shrinkage of about 15 % is typical and this 
makes it difficult to attain the desired net shape. However, tech 
nology has been developed in Japan for commercial manufac 
ture.

FINISHING

In all high technology applications, advanced ceramics have to 
meet strict dimensional specifications. Because ceramics un 
dergo dimensional changes during the manufacturing process it

is necessary to finish them to meet dimensional tolerances by 
grinding and/or polishing. Expensive techniques such as dia 
mond grinding are generally required. It is estimated that almost 
40-50 7o of the final cost of a component is attributable to the 
finishing step because of high labour and material costs. Exten 
sive research and development is in progress to develop tech 
niques to manufacture components to as near net shape as possi 
ble, and to reduce the costs of finishing through new techniques 
such as laser machining.

NON-DESTRUCTIVE TESTING

Ceramics are brittle materials and failure occurs catastrophi- 
cally under mechanical loads. Hence, advanced ceramic com 
ponents for structural applications have to meet stringent me 
chanical property requirements, particularly strength and frac 
ture toughness.

Non-destructive techniques based on a number of method 
ologies are being developed to detect and characterize the flaws 
in advanced ceramics so that their behaviour in the relevant ap 
plication can be predicted. Surface wave techniques are used to 
predict failures caused by surface cracks.

The characterization of bulk defects is more complex and 
difficult. Some of the techniques used are scanning acoustic mi 
croscope, tomography, and other bulk wave techniques. At the 
present time all the techniques suffer from a lack of the neces 
sary resolution and precision to identify potentially fatal flaws.

Currently, all of the techniques are too costly and time con 
suming to be used in a production mode. This is a critical area 
for research as timely and cost-effective testing will be an essen 
tial pre-condition to widespread commercial use of advanced 
ceramics. It is also a field where Canada has special expertise 
which can be further developed.
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TABLE 1-10. TYPICAL PRESENT AND PROJECTED APPLICATIONS FOR SILICON CARBIDE 
ENGINEERING CERAMIC COMPONENTS AND PARTS.

Industries
Oil and gas

Chemical 
processing

Automotive Si 
truck, aircraft, 
aerospace

Automotive A 
truck
Sand blasting

Paper

Heat treating, 
furnacing steel

Mining A 
mineral 
processing
Nuclear

All

Environment
High temperature, 
abrasive, high 
fluid pressures
Strong acids 
(Cone. HNO3 ; H2SO4 ; 
HC1;HF) and strong 
bases (NaOH)
High temperature 
oxidation

Engine combustion

Engine oils

High velocity 
abrasive
Pulp-black liquor 
(50 % NaOH)
Pulp/paper slurry

High temperature 
air

Abrasive

Boronated high 
temperature water
In process 
forming

Application
Nozzles, bearings, 
seal faces, valve 
seats, choke inserts
Seal faces, bearings, 
pump sleeves, 
pump components, 
heat exchanger
Gasifier tubes, 
thermocouple 
tubes
Combustion components, 
turbocharger rotors, 
gas turbine 
vanes, blades 
rocket nozzles
Valve train 
components
Nozzles

Seal faces, sleeves, 
bearings
Suction box covers, 
foils, forming 
boards
Thermocouple 
tubes, radiant 
tubes, recuperators, 
burner components
Linings, pump 
components

Seal faces, 
bushings
Wire dies, can 
dies, textile guides, 
molds

Primary Benefits
Abrasion and wear 
resistance

Wear *fe corrosion 
resistance, 
impermeability

Corrosion 
resistance at 
high temperatures
Low friction and 
high strength, low 
inertial loads 
thermal shock 
resistance
Low friction, 
wear resistance
Abrasion 
resistance
Corrosion 
resistance
Abrasion 
resistance, low 
friction
Temperature and 
corrosion 
resistance, 
impermeability
Abrasion 
resistance

Radiation 
resistance
Abrasion, wear 
and corrosion 
resistance
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Appendix M — Strategic Analysis of Opportunities

Appendix II provides the data and analytical framework used for 
the development of the strategic analysis and applications priori 
ties matrices for each of the advanced ceramics opportunities 
described in the main part of this report. The methodology used 
for the development of the matrices is briefly described in the 
following paragraphs.The general methodology employed is 
based on a strategic importance/competitive capability frame 
work originally developed by General Electric Co. and McKin- 
sey 8i Co.

With reference to Figure II-1, each ceramic application can 
be positioned on the matrix by considering factors which define 
the strategic importance of the application to industry and fac 
tors which define the Ontario competitive capability to partici 
pate in supplying the application.

Each ceramics application is reviewed against factors 
judged to be of strategic attractiveness to industry (or Ontario).

Strategic Importance

Competitive 
Capability

Figure II-1. Strategic importance/competitive capability framework.

STRATEGIC ATTRACTIVENESS TO INDUSTRY
Ceramics applications will be applied in sector which 
demonstrates:

A) Sustainable growth Rank 1
Growing international markets () 
Requires specialized expertise ( ) 
Competitive structure will accept

new entrants C ) 
Identifiable funding and/or investor interest ()

B) Consistent with Ontario economic activities
Is of sufficient scale to warrant attention ()
Stimulates employment ()
Nurtures existing technology ()
Develops/adapts technology ( )
Complements export objectives ()

high

medium

low

medium

medium

low

C) Balances short Si long term economic impacts
Able to stimulate employment/economic

development within 5 years () 
Can be developed as long term investment () 
Risk level is consistent with sector

participants' expectations f )

A simple system for the matrix counts l as the highest rank 
ing and 3 as the lowest score. Assigning a ranking to each factor 
creates an overall weighting, or balance, reflecting considera 
tion of all factors.

Similarly, the factors defining the Ontario capability to sup 
ply the ceramic applications can be examined.

ONTARIO COMPETITIVE CAPABILITY TO SUPPLY 
APPLICATION TO INDUSTRY

A) Appropriate to Ontario economic base
Consistent with mandate/interests of

implementing organizations 
Scale is appropriate to available

resources/capabilities 
Builds and/or is complementary to existing

strengths of implementing organizations 
Exploits Ontario technical research/training

capabilities
Good linkages to US market 
Low power cost essential to success

B) Accessible to Ontario organizations
Is consistent with historical trading

patterns/relationships 
Consistent with government support

programs 
Low trade barriers 
Compatible local customs/culture

C) Available resources
Financing infrastructure is viable and

competitive
Public sector requirements are acceptable 
Sufficient research/technical personnel

in Ontario 
Is a commercially viable opportunity

Rank

O 

O 

O

o 
o 
o

o

o 
o 
o

o 
o

o 
o

Highest ranking is l, lowest ranking is 3.

The results of this analysis are plotted on the Strategic 
Analysis Matrix.

The Applications Priorities Matrix is based on the develop 
ment of a cost/benefit - likelihood of success analysis. This 
analysis is used to isolate considerations of general and specific 
socio-economic factors from strategic/capability technology 
factors. The analysis is applied to the selected industry sectors 
for those applications and technologies screened to have high 
strategic importance and high, medium, and low Ontario capa 
bility to supply. As a guideline, the key factors in the cost/bene 
fit dimension of the analysis matrix can be defined as follows:
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High benefit/cost: - 

Medium benefit/cost:-

Low benefit/cost:-

economic benefits clearly exceed 
economic and social costs.

economic and social benefits com 
bine to exceed economic and social 
costs.

economic and social benefits are 
clearly lower than economic and so 
cial costs.

The likelihood of success factors are consolidated from the 
project database, the strategic/capability analysis and the ap 
plied experience of the consultants. Typical factors include:

n presence of base of world-class expertise

n presence of fundamental capabilities required: 
research committed 
technical capability in industry 
marketing skills and linkages available

management skills and capabilities

n presence of domestic market to absorb cost of research and 
development

a presence of international niche market which is available

n national commitment to support over the: 
short term 
long term

n institutional framework to facilitate research and develop 
ment

n evidence of complementary linkages

With the benefit/cost and likelihood of successful imple 
mentation factors defined, each ceramics application/technol 
ogy opportunity can be positioned on the Application Priorities 
Matrix. Each application/technology is reviewed in turn against 
the matrix factors to derive its position in the short term (5 years) 
and longer term (10 years).
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OPPORTUNITY: BETA SILICON CARBIDE POWDER CODE/MATRIX: H,M

B)

STRATEGIC ATTRACTIVENESS TO INDUSTRY

A) Sustainable growth
Growing international markets 
Requires specialized expertise 
Competitive structure will accept new entrants

7.5
(D 

(D

(Requires linkage to major consumer, 2) 
Identifiable funding/investor interest

(Major Ontario company is interested, 2)

C)

Consistent with Ontario economic 
activities

Is of sufficient scale to warrant attention 
Stimulates employment 
Nurtures existing technology 
Develops/adapts technology 
Complements export objectives

Consistent with industry technology
Current subject of research activity:
Canada
Other areas
Improve cost/performance of product or process

(2) 
(2) 
(2) 
(2) 
(2)

(2) 
(D 
(D

D) Balances short 8i long term j 1.3 
economic impacts

Able to stimulate employment/economic
development within 5 years (1) 

Can be developed as long term investment
(If linkages are developed, J) 

Risk level is consistent with sector
participants' expectations (2)

ONTARIO COMPETITIVE CAPABILITY

A) Appropriate to Ontario economic base | 1.6
Consistent with mandate/interests of

implementing organizations (2) 
Scale is appropriate to available resources/capabilities (2) 
Builds/is complementary to existing strengths of implem 

enting organizations (Reasonable base at ORC, NRC, 2) 
Exploits Ontario technical/research capabilities (2) 
Good linkages to U.S. market (1) 
Low power cost essential to success (1)

B) Accessible to Ontario organizations | 1.7
Is consistent with historical trading

patterns/relationships (Yes, 2) 
Consistent with government support programs (2) 
Low trade barriers (2) 
Compatible local customs/culture (Yes, 1)

C) Available resources
Financing infrastructure is viable and competitive 
Public sector requirements are acceptable 
Sufficient research/technical personnel

in Ontario (Probably, 2) 
Is a commercially viable opportunity (l)

STRATEGIC SUMMARY MATRIX
Will be material of choice for many applications. 
Major competitive material is silicon nitride. 
Patent situation is evolving rapidly. 
Openings in business available only for next 5 years 

in terms of relatively free access to technology.

ONTARIO CAPABILITY SUMMARY MATRIX j 7.72 
Requires linkages to parts producers. Existing Ontario producers of 
powder make crude alpha SiC. Ontario power cost is major attraction 
for Japanese producers.

COMMENTS
Beta silicon carbide is the best opportunity in terms of SiC pro 

duction. Production affine grades of alpha SiC in Ontario is unlikely. 
World capacity for beta SiC powder is low. Investor interest by a Ca 
nadian company has been identified. Strong linkages with a pans pro 
ducer will be required.

Currently there is no merchant producer of beta SiC in North 
America. A merchant producer will be required for the business to de 
velop. Linkages with Japanese companies are probably the best oppor 
tunity.

A strong commitment from a major player in Ontario such as On 
tario Hydro will probably also be required in addition to the identified 
Canadian investor.

The patent situation is still open for new entrants, but the window 
of opportunity is likely to be closed within 5 years in terms of the devel 
opment of a major business.

BENEFITS/COSTS TO ONTARIO

MediumHigh

LIKELIHOOD OF 
SUCCESSFUL IMPLEMENTATION

Higho Medium

Lowa

Low

Development of the business would place Ontario in strong posi 
tion to capture a large share of the engineering components market and 
the auto parts market. Business will not be successful unless linkages 
are developed with components manufacturers and end-users.
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OPPORTUNITY: SILICON NITRIDE POWDER CODE/MATRIX: H,L

STRATEGIC ATTRACTIVENESS TO INDUSTRY

A) Sustainable growth
Growing international markets 
Requires specialized expertise 
Competitive structure will accept new entrants 
Identifiable funding/investor interest

ONTARIO COMPETITIVE CAPABILITY

7.75
(D 
(D 
(2)

(Not yet in Canada, Yes elsewhere, 3)

B) Consistent with Ontario economic l 1.4* 
activities

Is of sufficient scale to warrant attention (l)
Stimulates employment (1)
Nurtures existing technology (2)
Develops/adapts technology (2)
Complements export objectives (1)

C) Consistent with industry technology |__7.
Current subject of research activity:
Canada (1) 
Other areas (1) 
Improve cost/performance of product or process (l)

D) Balances short 8t long term 
economic impacts

Able to stimulate employment/economic
development within 5 years (2) 

Can be developed as long term investment
(Certain conditions apply, 1) 

Risk level is consistent with sector
participants' expectations (3)

A)

B)

C)

Appropriate to Ontario economic base 2.77| 
Consistent with mandate/interests of

implementing organizations (2) 
Scale is appropriate to available resources/capabilities (3) 
Builds/is complementary to existing strengths of implem 

enting organizations (Not in Ontario at present, 3) 
Exploits Ontario technical/research capabilities (2) 
Good linkages to U.S. market (2) 
Low power cost essential to success (1)

Accessible to Ontario organizations | 2.5
Is consistent with historical trading

patterns/relationships (Not yet, needs development, 3) 
Consistent with government support programs (2) 
Low trade barriers (3) 
Compatible local customs/culture (Can be, 2)

Available resources
Financing infrastructure is viable and competitive 
Public sector requirements are acceptable 
Sufficient research/technical personnel

in Ontario (Limited at present, 2) 
Is a commercially viable opportunity (2)

STRATEGIC SUMMARY MATRIX | 1.54 
Silicon nitride is the material of choice for most high temperature, high 
strength applications. A silicon nitride capability will be essential for 
success in the advanced ceramics industry. The patent situation is of 
serious concern. Currently existing technologies are well covered by 
patents. Linkages will have to be formed with existing producers and 
consumers of the powder in order to enter the business.

COMMENTS
Silicon nitride will be one of the critical ceramic materials. Proc 

essing and fabrication knowledge will be very important, therefore it 
will be essential to have strong linkages to end-users. Japanese cur 
rently have large excess capacity. Cost of powder in Japan is very 
high. Low Ontario power costs could reduce selling price signifi 
cantly, thus stimulating the market.

Toshiba process is available for licence. This is the only known 
commercially used technology which is available.

Market development will be a long term program. Investors will 
need to be substantial, and probably have an internal demand for the 
powder.

ONTARIO CAPABILITY SUMMARY MATRIX| 2.57 
Ontario has advantage of cheap power. Toshiba process is available 
for licence. Best opportunity is to establish a joint-venture with a 
Japanese company. A major Canadian company will have to bepart-

BENEFITS/COSTS TO ONTARIO

High
m

Medium

EH
LIKELIHOOD OF 

SUCCESSFUL IMPLEMENTATION

High Medium

Low

EH

Low

Development of a silicon nitride capability would be of very sig 
nificant benefit to Ontario advanced ceramics industry. Unless link 
ages are established with Japanese producers it will be very difficult to 
develop a silicon nitride powder capability in Ontario. U.S. and Euro 
pean powder producers have much less incentive than Japanese to es 
tablish production facilities in Ontario.
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OPPORTUNITY: SIALONS CODE/MATRIX: M,L

STRATEGIC ATTRACTIVENESS TO INDUSTRY

A) Sustainable growth
Growing international markets 
Requires specialized expertise 
Competitive structure will accept new entrants 
Identifiable funding/investor interest

ONTARIO COMPETITIVE CAPABILITY

B)

(2) 
(D
(3)

(Not in Canada, limited elsewhere, 3)

C)

Consistent with Ontario economic 
activities

Is of sufficient scale to warrant attention 
Stimulates employment 
Nurtures existing technology 
Develops/adapts technology 
Complements export objectives

Consistent with industry technology
Current subject of research activity:
Canada
Other areas
Improve cost/performance of product or process

D) Balances short Si long term 
economic impacts

Able to stimulate employment/economic
development within 5 years 

Can be developed as long term investment 
Risk level is consistent with sector

participants' expectations

(2)
(2)
(3) 
(D 
(2)

(3) 
(2) 
(2)

(2) 
(Possible, 2)

(3)

A)

B)

Appropriate to Ontario economic base 2.501
Consistent with mandate/interests of

implementing organizations (3) 
Scale is appropriate to available resources/capabilities (3) 
Builds/is complementary to existing strengths of implem 

enting organizations (Not in Ontario, 3) 
Exploits Ontario technical/research capabilities (2) 
Good linkages to U.S. market (2) 
Low power cost essential to success (2)

Accessible to Ontario organizations |__Z
Is consistent with historical trading

patterns/relationships (Not in Canada, 3) 
Consistent with government support programs (2) 
Low trade barriers (3) 
Compatible local customs/culture (2)

C) Available resources
Financing infrastructure is viable and competitive 
Public sector requirements are acceptable 
Sufficient research/technical personnel

in Ontario 
Is a commercially viable opportunity

2.5
(3) 
(2)

(No experience, 3)
(2)

STRATEGIC SUMMARY MATRIX | 2.22 
Technology is only available under licence from Lucas-Cookson in the 
U.K. Licence includes technology for both powder manufacture and 
part fabrication. Technology is licenced in U. S. and Japan. Technol 
ogy is interesting for a number of engineering applications, but current 
capacity is believed to be sufficient to meet foreseeable demand.

ONTARIO CAPABILITY SUMMARY MATRIX| 2.501 
No investor has been identified in Canada. It is not known if the U.S. 
licencees have the rights to Canada, but this assumption is made.

COMMENTS
Stolons are an interesting technology, and may be very important 

materials in the future. The licencing situation generally precludes the 
development of a Canadian capability.

BENEFITS/COSTS TO ONTARIO

High Medium Low

LIKELIHOOD OF 
SUCCESSFUL IMPLEMENTATION

High

O
Medium Low
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OPPORTUNITY: ZIRCONIUM OXIDE POWDER CODE/MATRIX: M,L

STRATEGIC ATTRACTIVENESS TO INDUSTRY

A)

B)

Sustainable growth
Growing international markets 
Requires specialized expertise 
Competitive structure will accept new entrants 
Identifiable funding/investor interest

(Yes in other countries, 1)
(Interest in Canada is limited to Alcan in terms of 

commercial players)

Consistent with Ontario economic 
activities

Is of sufficient scale to warrant attention 
Stimulates employment 
Nurtures existing technology 
Develops/adapts technology 
Complements export objectives

C) Consistent with industry technology
Current subject of research activity:
Canada
Other areas
Improve cost/performance of product or process

(D 
(2) 
(D 
(D 
(2)

(D 
(l) 
(D

D) Balances short Si long term | 1.3 
economic impacts

Able to stimulate employment/economic
development within 5 years (1) 

Can be developed as long term investment
(Yes for specialized powders, l) 

Risk level is consistent with sector
participants' expectations (2)

ONTARIO COMPETITIVE CAPABILITY

A) Appropriate to Ontario economic base | 2.3
Consistent with mandate/interests of

implementing organizations (2) 
Scale is appropriate to available resources/capabilities (3) 
Builds/is complementary to existing strengths of implem 

enting organizations (For Alcan, Yes, 3) 
Exploits Ontario technical/research capabilities (2) 
Good linkages to U.S. market (2) 
Low power cost essential to success (2)

B) Accessible to Ontario organizations | 2.
Is consistent with historical trading

patterns/relationships (Not really for Canada, 3) 
Consistent with government support programs (2) 
Low trade barriers (3) 
Compatible local customs/culture (2)

C) Available resources
Financing infrastructure is viable and competitive 
Public sector requirements are acceptable 
Sufficient research/technical personnel

in Ontario (Alcan, ORF, CANMET, NRC, 2) 
Is a commercially viable opportunity (l)

STRATEGIC SUMMARY MATRIX | 1.40 
Zirconium oxide will be one of the major advanced ceramic materials 
due to its relatively low cost. However, the material will be mainly 
used in the form of Tl Z and in PZT. Pure zirconia products will not be 
widely used in structural applications due to the phase change prob 
lems. Low temperature (under 4000 F) applications may use pure zir 
conia powders.

ONTARIO CAPABILITY SUMMARY MATRIX| 2.19\ 
Alcan is a major player in the zirconia through Magnesium Elektron. 
Australia has much of the market for the powders locked up in patents. 
There is lots of supply, therefore unlikely to see development of Labra 
dor.

COMMENTS
The material will mainly be used in the form of modified powders 

which have been blended with other materials to provide transforma 
tion toughening or piezoelectric properties. Australia has a major po 
sition in the market and can supply a wide variety of powder grades 
and formulations. The development of the deposits in Labrador is un 
likely due to the ready availability of powders from Australia.

Alcan's position in the market through Magnesium Elektron has 
the potential to make Canada a major player in the business in terms of 
the supply of fabricated parts.

BENEFITS/COSTS TO ONTARIO

High Medium Low

LIKELIHOOD OF 
SUCCESSFUL IMPLEMENTATION

High Medium Low
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OPPORTUNITY: BORON NITRIDE POWDER CODE/MATRIX: H,H

A)

B)

STRATEGIC ATTRACTIVENESS TO INDUSTRY

Sustainable growth
Growing international markets
Requires specialized expertise
Competitive structure will accept new entrants
Identifiable funding/investor interest

(One manufacturer in Ontario, 1) 
(Several manufacturers in the US)

C)

Consistent with Ontario economic 
activities

Is of sufficient scale to warrant attention 
Stimulates employment 
Nurtures existing technology 
Develops/adapts technology 
Complements export objectives

Consistent with industry technology
Current subject of research activity:
Canada
Other areas
Improve cost/performance of product or process

(2)
(2) 
(2) 
(2) 
(2)

(D 

(D 
(D

D) Balances short A long term | 1.3 
economic impacts

Able to stimulate employment/economic
development within 5 years (1) 

Can be developed as long term investment
(For supply of finished products, l) 

Risk level is consistent with sector
participants' expectations (2)

ONTARIO COMPETITIVE CAPABILITY

A) Appropriate to Ontario economic base | 1.1
Consistent with mandate/interests of

implementing organizations (1) 
Scale is appropriate to available resources/capabilities (1) 
Builds/is complementary to existing strengths of implem 

enting organizations (Yes, for current manufacturer, 1) 
Exploits Ontario technical/research capabilities (l) 
Good linkages to U.S. market (l) 
Low power cost essential to success (2)

B) Accessible to Ontario organizations l 1.2
Is consistent with historical trading

patterns/relationships (Yes, for current manufacturer, 1) 
Consistent with government support programs (l) 
Low trade barriers (2) 
Compatible local customs/culture (1)

C) Available resources
Financing infrastructure is viable and competitive 
Public sector requirements are acceptable 
Sufficient research/technical personnel

in Ontario (Needs support, l) 
Is a commercially viable opportunity

(Product development required, 1)

STRATEGIC SUMMARY MATRIX | 7.77 
Applications are developing for use in high temperature furnaces and 
as fibres for matrix reinforcements. Union Carbide is a major manu 
facturer in the U. S. Ontario has a position in the business through 
Electrofuel Manufacturing. The markets for boron nitride powders, 
fibres, and products will be niche oriented. They are thus ideal for 
relatively small companies to develop.

COMMENTS
Boron nitride will be a niche type market. The U. S. players are 

all large in comparison to Electrofuel. Technical, product and market 
support will be required.

The business is unlikely to develop to the same size as SiC or sili 
con nitride, but it can provide a reasonable position for Ontario in the 
advanced ceramics industry.

ONTARIO CAPABILITY SUMMARY MATRIX | 1.22 
Electrofuel is already in the business in Ontario. Long term success 
will be dependent upon support for product and market development 
plus technical development for specialized formulations.

BENEFITS/COSTS TO ONTARIO

High Medium Low

LIKELIHOOD OF 
SUCCESSFUL IMPLEMENTATION

High Medium Low

CH

The cost benefit and likelihood of successful implementation must 
be considered within the context of the likely size of the market which 
will be significantly smaller than thatfosr SiC, aluminum oxide, sili 
con nitride, and zirconium oxide ceramics.
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OPPORTUNITY: BORON CARBIDE POWDERS AND FIBRES CODE/MATRIX: L,L

STRATEGIC ATTRACTIVENESS TO INDUSTRY

A) Sustainable growth
Growing international markets 
Requires specialized expertise 
Competitive structure will accept new entrants 
Identifiable funding/investor interest

B) Consistent with Ontario economic 
activities

Is of sufficient scale to warrant attention 
Stimulates employment 
Nurtures existing technology 
Develops/adapts technology 
Complements export objectives

C) Consistent with industry technology
Current subject of research activity:
Canada
Other areas
Improve cost/performance of product or process

(2)
(3)
(3)
(2)

(2.5)

(3) 
(2) 
(2)

D) Balances short A long term l 2.6 
economic impacts

Able to stimulate employment/economic
development within 5 years (2.5) 

Can be developed as long term investment
(Probably not in Canada, 3) 

Risk level is consistent with sector
participants' expectations (3)

ONTARIO COMPETITIVE CAPABILITY

A) Appropriate to Ontario economic base | 2.6
Consistent with mandate/interests of

implementing organizations (3) 
Scale is appropriate to available resources/capabilities (3) 
Builds/is complementary to existing strengths of implem 

enting organizations (Not in Canada, 3) 
Exploits Ontario technical/research capabilities (3) 
Good linkages to U.S. market (2) 
Low power cost essential to success (2)

B) Accessible to Ontario organizations | 2.'/ 
Is consistent with historical trading

patterns/relationships (Not in Canada, 3) 
Consistent with government support programs (2) 
Low trade barriers (3) 
Compatible local customs/culture (3)

C) Available resources
Financing infrastructure is viable and competitive 
Public sector requirements are acceptable 
Sufficient research/technical personnel

in Ontario 
Is a commercially viable opportunity

(No experience, 3)

(Opportunity is in U. S., 3)

STRATEGIC SUMMARY MATRIX j 2.48 
Technology is well controlled by patents. Products are oriented to the 
defense industry, eg. ceramic armour. Business is dominated by major 
players such as Dow Chemical.

ONTARIO CAPABILITY SUMMARY MATRIX j 2.81
Opportunities for Canadian suppliers are very limited due to the pro 
prietary nature of the technology and the defense orientation of the 
market.

COMMENTS
Limited opportunities available to a Canadian supplier. Business 

requires substantial investment in R&D and product development. 
Market will always be highly niche oriented.

BENEFITS/COSTS TO ONTARIO

High Medium Low

LIKELIHOOD OF 
SUCCESSFUL IMPLEMENTATION

High Medium

CH
Low
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OPPORTUNITY: SILICATES CODE/MATRIX: H,H

STRATEGIC ATTRACTIVENESS TO INDUSTRY

A) Sustainable growth
Growing international markets 
Requires specialized expertise 
Competitive structure will accept new entrants 
Identifiable funding/investor interest

(Ontario has manufacturers, 1)

B)

D)

C)

Consistent with Ontario economic 
activities

Is of sufficient scale to warrant attention 
Stimulates employment 
Nurtures existing technology 
Develops/adapts technology 
Complements export objectives

Consistent with industry technology
Current subject of research activity:
Canada
Other areas
Improve cost/performance of product or process

(D 
(2) 
(D 
(D 
(D

(1) 
(D
(2)

Balances short A long term l J.3 
economic impacts

Able to stimulate employment/economic
development within 5 years (1) 

Can be developed as long term investment
(Yes, specialized applications, 1) 

Risk level is consistent with sector
participants' expectations (2)

ONTARIO COMPETITIVE CAPABILITY

A) Appropriate to Ontario economic base | 1.3
Consistent with mandate/interests of

implementing organizations (2) 
Scale is appropriate to available resources/capabilities (1) 
Builds/is complementary to existing strengths of implem 

enting organizations (2) 
Exploits Ontario technical/research capabilities (1) 
Good linkages to U.S. market (1) 
Low power cost essential to success (2)

B) Accessible to Ontario organizations |  L
Is consistent with historical trading

patterns/relationships (1) 
Consistent with government support programs (J) 
Low trade barriers (1) 
Compatible local customs/culture (l)

C) Available resources
Financing infrastructure is viable and competitive 
Public sector requirements are acceptable 
Sufficient research/technical personnel

in Ontario (Limited resources, 2) 
Is a commercially viable opportunity (1)

STRATEGIC SUMMARY MATRIX j 1.40 
Business is well developed in all major countries. Secret to success will 
be reductions in cost and extension of performance parameters in com 
parison to metals and polymers. Market structure is relatively open, 
with niche opportunities being available. Hamilton Porcelains is the 
most significant player in terms of Ontario.

ONTARIO CAPABILITY SUMMARY MATRIX| 7.35 |
Hamilton Porcelains already in market. Need is to develop specialized 
markets and move away from commodity type business.

COMMENTS
A good opportunity to develop specialized products based on 

relatively generic technology. Most of the major technical problems 
related to powder design and part fabrication have been resolved. The 
current need is to reduce the cost of the finished products to ensure they 
are cost-competitive with metals and polymers.

BENEFITS/COSTS TO ONTARIO

Medium

LIKELIHOOD OF 
SUCCESSFUL IMPLEMENTATION

Medium

Low

CH

Low
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OPPORTUNITY: SINTERING AIDS 
(YTTRIUM OXIDE, ETC.)

CODE/MATRIX: H,H

A)

B)

D)

STRATEGIC ATTRACTIVENESS TO INDUSTRY

Sustainable growth
Growing international markets 
Requires specialized expertise 
Competitive structure will accept new entrants

(Market may be reaching saturation point in terms of
available supply) 

Identifiable funding/investor interest (Yes for Ontario, l)

C)

Consistent with Ontario economic 
activities

Is of sufficient scale to warrant attention 
Stimulates employment 
Nurtures existing technology 
Develops/adapts technology 
Complements export objectives

Consistent with industry technology
Current subject of research activity:
Canada
Other areas
Improve cost/performance of product or process

Balances short Si long term 
economic impacts

Able to stimulate employment/economic
development within 5 years 

Can be developed as long term investment 
Risk level is consistent with sector

participants' expectations

(2)
(2) 
(D 
(D 
(D

(D 

(D 

(D

(D 

(D

ONTARIO COMPETITIVE CAPABILITY

A) Appropriate to Ontario economic base | 1.3
Consistent with mandate/interests of

implementing organizations (1) 
Scale is appropriate to available resources/capabilities (l) 
Builds/is complementary to existing strengths of implem 

enting organizations (l) 
Exploits Ontario technical/research capabilities (l) 
Good linkages to U.S. market (l) 
Low power cost essential to success (3)

B) Accessible to Ontario organizations |__L
Is consistent with historical trading

patterns/relationships (1) 
Consistent with government support programs (1) 
Low trade barriers (1) 
Compatible local customs/culture (1)

C) Available resources
Financing infrastructure is viable and competitive 
Public sector requirements are acceptable 
Sufficient research/technical personnel

in Ontario (1) 
Is a commercially viable opportunity (1)

STRATEGIC SUMMARY MATRIX | 7.76 
Sintering aids will be essential for the development of special ceramic 
formulations, and to strengthen materials such as zirconia and some of 
the aluminas and silicon nitrides.

ONTARIO CAPABILITY SUMMARY MATRIX 7.77
Ontario is currently a supplier ofyttria. Supply of other materials is 
possible.

COMMENTS
This will be a small and specialized business but is attractive to 

industry.

BENEFITS/COSTS TO ONTARIO

High Medium Low

mi li—i
LIKELIHOOD OF 

SUCCESSFUL IMPLEMENTATION

High

CD
Medium Low
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OPPORTUNITY: PLASMA COATINGS CODE/MATRIX: M,H

STRATEGIC ATTRACTIVENESS TO INDUSTRY

A) Sustainable growth | l.50
Growing international markets (J)
Requires specialized expertise (2)

(Need expertise for equipment. Special expertise
required in development of certain coatings, not for all)

Competitive structure will accept new entrants (2)
(For plasma coating application. Difficult for new

powder and equipment supplier)
Identifiable funding/investor interest

(Yes, NRC in Canada, ORF in Ontario, 1)

B) Consistent with Ontario economic 
activities

Is of sufficient scale to warrant attention 
Stimulates employment 
Nurtures existing technology 
Develops/adapts technology 
Complements export objectives

(J) 
(D 
(D 
(D 
(2)

(For supply of special powders and equipment)

C)

D)

Consistent with industry technology
Current subject of research activity:
Canada
Other areas
Improve cost/performance of product or process

Balances short St. long term 
economic impacts

Able to stimulate employment/economic
development within 5 years 

Can be developed as long term investment 
Risk level is consistent with sector

participants' expectations

d) 

(D 

(D

(J) 

(D

(D

ONTARIO COMPETITIVE CAPABILITY

A) Appropriate to Ontario economic base | 1.3
Consistent with mandate/interests of

implementing organizations (l) 
Scale is appropriate to available resources/capabilities (l) 
Builds/is complementary to existing strengths of implem 

enting organizations (l) 
Exploits Ontario technical/research capabilities (l) 
Good linkages to U.S. market (2) 
Low power cost essential to success (3)

B) Accessible to Ontario organizations |__A
Is consistent with historical trading

patterns/relationships (1) 
Consistent with government support programs (1) 
Low trade barriers (1) 
Compatible local customs/culture (1)

C) Available resources
Financing infrastructure is viable and competitive 
Public sector requirements are acceptable 
Sufficient research/technical personnel

in Ontario (1) 
Is a commercially viable opportunity (1)

STRATEGIC SUMMARY MATRIX | 1.18 
Will be technology of choice for many applications in heat engines. 
Application range is being extended with development of new powders 
and equipment.

ONTARIO CAPABILITY SUMMARY MATRIX l 1.19\ 
NRC, ORF have good base of knowledge in powder formualtion and 
application.

COMMENTS
Industry has developed with high degree of horizontal integra 

tion of powder and equipment supply. New powders being developed 
greatly extend range of application of the process.

BENEFITS/COSTS TO ONTARIO

High Medium Low

CH
LIKELIHOOD OF 

SUCCESSFUL IMPLEMENTATION

High Medium Low

Impact on Ontario Industry 81



OPPORTUNITY: CERAMIC FIBRE COMPOSITES CODE/MATRIX: H,L

STRATEGIC ATTRACTIVENESS TO INDUSTRY

A) Sustainable growth | LO
Growing international markets (1)

(Market is in development stage at present.
Commercialization not expected until mid-1990's)

Requires specialized expertise (l)
Competitive structure will accept new entrants (l)
Identifiable funding/investor interest

(Yes, Alcan in Canada, 1)

B) Consistent with Ontario economic 
activities

Is of sufficient scale to warrant attention 
Stimulates employment 
Nurtures existing technology 
Develops/adapts technology 
Complements export objectives

C) Consistent with industry technology
Current subject of research activity:
Canada
Other areas
Improve cost/performance of product or process

D) Balances short A long term 
economic impacts

Able to stimulate employment/economic
development within 5 years 

Can be developed as long term investment 
Risk level is consistent with sector

participants' expectations

(D 
(D 
(D 
(D 
(D

(D 
d) 
(D

\ 1.83 l

(2.5) 
(D

(2)

A)

B)

C)

ONTARIO COMPETITIVE CAPABILITY

Appropriate to Ontario economic base | L j
Consistent with mandate/interests of

implementing organizations (l) 
Scale is appropriate to available resources/capabilities (1) 
Builds/is complementary to existing strengths of implem 

enting organizations (Yes, for Alcan, 1) 
Exploits Ontario technical/research capabilities (1) 
Good linkages to U.S. market (1) 
Low power cost essential to success (3)

Accessible to Ontario organizations
Is consistent with historical trading

patterns/relationships
Consistent with government support programs 
Low trade barriers 
Compatible local customs/culture

Available resources
Financing infrastructure is viable and competitive 
Public sector requirements are acceptable 
Sufficient research/technical personnel

(D 
(D 
(D 
(D

in Ontario 
Is a commercially viable opportunity

(More needed, 2.5) 
(Long term, 1)

STRATEGIC SUMMARY MATRIX l 7.27 
Will be very important to the development of the metals industry. Focus 
of intensive research in all major industrial countries. Applications 
are oriented to high performance materials in aerospace, etc. but ma 
trix materials could greatly extend usefullness of metals such as Cu and 
Zn.

ONTARIO CAPABILITY SUMMARY MATRIX l 7.2*1
Canada and Ontario have good starting base in terms of presence of 
major metals companies. Alcan has taken a position thru Dural A 
Lanxide in U.S.

COMMENTS
A critical technology to develop to ensure Canada does not lose 

its position as a major supplier of metals.
Technology adds significantly to the value of the materials and 

could allow Canada and Ontario to capture much more value added 
from its mineral production and would also ease erosion of market 
losses to other materials such as plastics.

BENEFITS/COSTS TO ONTARIO

High Medium Low

LIKELIHOOD OF 
SUCCESSFUL IMPLEMENTATION

High Medium Low

Long term development required.
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OPPORTUNITY: ALUMINUM OXIDE POWDER CODE/MATRIX: L,H

STRATEGIC ATTRACTIVENESS TO INDUSTRY

A) Sustainable growth
Growing international markets 
Requires specialized expertise 
Competitive structure will accept new entrants 
Identifiable funding/investor interest

(Yes, Alcanfor Canada, 1)

B) Consistent with Ontario economic 
activities

Is of sufficient scale to warrant attention 
Stimulates employment 
Nurtures existing technology 
Develops/adapts technology 
Complements export objectives

C) Consistent with industry technology
Current subject of research activity:
Canada
Other areas
Improve cost/performance of product or process

D) Balances short A long term 
economic impacts

Able to stimulate employment/economic
development within 5 years 

Can be developed as long term investment

Risk level is consistent with sector 
participants' expectations

(D 
(i)

(2.5)
(2.5)

(D

(D 
(D 
(D

(D

(Many types required, 1) 

(D

A)

B)

ONTARIO COMPETITIVE CAPABILITY

Appropriate to Ontario economic base | 2.3
Consistent with mandate/interests of

implementing organizations (l) 
Scale is appropriate to available resources/capabilities (3) 
Builds/is complementary to existing strengths of implem 

enting organizations (Alcan has base in P. Q., 3) 
Exploits Ontario technical/research capabilities (3) 
Good linkages to U.S. market (3) 
Low power cost essential to success (l)

Accessible to Ontario organizations l 2.7
Is consistent with historical trading

patterns/relationships (Not for powder; 3) 
Consistent with government support programs (3) 
Low trade barriers (2) 
Compatible local customs/culture

(No experience in Ontario, 3)

C) Available resources
Financing infrastructure is viable and competitive 
Public sector requirements are acceptable 
Sufficient research/technical personnel

in Ontario 
Is a commercially viable opportunity

2.25
(2)
(2)

(2)
(3)

STRATEGIC SUMMARY MATRIX l 1.42 
Aluminum oxide will be one of the main ceramic powders. Costs for 
production will be lower than for silicon nitride and silicon carbide, 
especiallly for low temperature wear applications in engines, etc.. 
Functional applications will be dominant.

ONTARIO CAPABILITY SUMMARY MATRIX j 2.44\ 
Powder manufacture will be in Quebec. Powder research at Alcan 
based in Kingston. 
Classify as 3 due to Quebec.

COMMENTS
Alcan provides a major competitive advantage for Canada, but 

not for Ontario. Aluminum oxide powder manufacture will be based in 
Quebec for Alcan. Ontario opportunities related to manufacture of 
components rather than powder.

BENEFITS/COSTS TO ONTARIO

High Medium Low

LIKELIHOOD OF 
SUCCESSFUL IMPLEMENTATION

High Medium Low

Alcan presence is plus for Ontario, but all Alcan production ca 
pability heated in Quebec.
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OPPORTUNITY: VALVE TRAIN COMPONENTS FOR AUTOMOBILES 
MONOLITHICS ONLY

CODE/MATRIX: H,L

STRATEGIC ATTRACTIVENESS TO INDUSTRY

A) Sustainable growth
Growing international markets 
Requires specialized expertise 
Competitive structure will accept new entrants 
Identifiable funding/investor interest

(Yes, auto manufacturers, major pans suppliers, 1)

B) Consistent with Ontario economic 
activities

Is of sufficient scale to warrant attention 
Stimulates employment 
Nurtures existing technology 
Develops/adapts technology 
Complements export objectives

C) Consistent with industry technology
Current subject of research activity:
Canada
Other areas
Improve cost/performance of product or process

D) Balances short 4 long term 
economic impacts

Able to stimulate employment/economic
development within 5 years 

Can be developed as long term investment

Risk level is consistent with sector 
participants' expectations

(D 
(D 
(3) 
(D 
(D

(2) 
(D 
(D

(2)

(Necessarily, 1) 

(2)

ONTARIO COMPETITIVE CAPABILITY

A) Appropriate to Ontario economic base | 1.5
Consistent with mandate/interests of 

implementing organizations (l)
Scale is appropriate to available resources/capabilities (2)
Builds/is complementary to existing strengths of implem 

enting organizations
Exploits Ontario technical/research capabilities
Good linkages to U.S. market
Low power cost essential to success

B) Accessible to Ontario organizations
Is consistent with historical trading

patterns/relationships (NotforR&D, 3) 
Consistent with government support programs (2) 
Low trade barriers (l) 
Compatible local customs/culture (l)

C) Available resources
Financing infrastructure is viable and competitive 
Public sector requirements are acceptable 
Sufficient research/technical personnel

in Ontario (Not in manufacturers, 2.5) 
Is a commercially viable opportunity (1.5)

STRATEGIC SUMMARY MATRIX | J.41
Valve components are likely to see the earliest introduction in terms of 
gasoline engines for North American built cars. Stationary parts and/ 
or small parts will be introduced first. Linkages with the auto manufac 
turers will be essential for success.

ONTARIO CAPABILITY SUMMARY MATRIX j 1.86 \ 
Ontario is well placed to be a centre of manufacturing but will have to 
secure commitment from U. S. parent companies to manufacture in On 
tario.

COMMENTS
An attractive opportunity in general. Ontario capability to sup 

ply is limited by lack of design responsibility for both engines and en 
gine components.

Linkages will have to be established with the manufacturers or 
commitments secured from U. S. parents before the opportunity can be 
realized. Linkages with Japanese companies for supply of parts for 
transplant manufacturing operations in North America may be an al 
ternative development strategy, but probably harder to achieve. On 
tario needs to emphasize low power costs and access to U. S. market.

BENEFITS/COSTS TO ONTARIO

High Medium Low

en
LIKELIHOOD OF 

SUCCESSFUL IMPLEMENTATION

Highen Medium Low

D]

Success of implementation will be dependent upon strength of 
linkages with major auto and auto parts manufacturers. If these can be 
developed quickly, then success will increase significantly.
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OPPORTUNITY: PISTON COMPONENTS
PLASMA COATED AND FIBRE REINFORCED METAL MATRIX

CODE/MATRIX: M,L

STRATEGIC ATTRACTIVENESS TO INDUSTRY

A) Sustainable growth
Growing international markets 
Requires specialized expertise 
Competitive structure will accept new entrants 
Identifiable funding/investor interest

(Limited in Canada, 2.5)

ONTARIO COMPETITIVE CAPABILITY

B) Consistent with Ontario economic 
activities

Is of sufficient scale to warrant attention 
Stimulates employment 
Nurtures existing technology 
Develops/adapts technology 
Complements export objectives

C) Consistent with industry technology
Current subject of research activity:
Canada
Other areas
Improve cost/performance of product or process

D) Balances short A long term 
economic impacts

Able to stimulate employment/economic
development within 5 years 

Can be developed as long term investment 
Risk level is consistent with sector

participants' expectations

(D 
(2) 
(2) 
(D 
(2)

(2.5) 
d) 
(D

(2.5) 
(Required, 2)

(2)

A) Appropriate to Ontario economic base 2.35 
Consistent with mandate/interests of

implementing organizations (3) 
Scale is appropriate to available resources/capabilities (2.5) 
Builds/is complementary to existing strengths of implem 

enting organizations (Research yes, manufacture no, 2.5) 
Exploits Ontario technical/research capabilities (2) 
Good linkages to U.S. market (2) 
Low power cost essential to success (2)

B) Accessible to Ontario organizations l 7.7
Is consistent with historical trading

patterns/relationships (No, overseas technology, 3) 
Consistent with government support programs (2) 
Low trade barriers (2) 
Compatible local customs/culture (2)

C) Available resources
Financing infrastructure is viable and competitive 
Public sector requirements are acceptable 
Sufficient research/technical personnel

in Ontario 
Is a commercially viable opportunity

(Limited, 2) 
(Can be, 2)

STRATEGIC SUMMARY MATRIX j 1.85 
Technology is under active development in all major auto producing 
countries. Both plasma coatings and matrix reinforced products are 
likely to be used. Strong linkages with auto manufacturers and parts 
suppliers will be required for Ontario to participate in the market. 
Long term market growth is quite attractive.

ONTARIO CAPABILITY SUMMARY MATRIX l 2.72 
Current Canadian research is limited. No major linkages with U. S., 
Japanese or European piston producers have been established. Alcan 
has position in matrix materials through Lanxide A Dural in U. S.

COMMENTS
Most significant problem in terms of Ontario is the lack of well 

established linkages with major producers/users of piston compo 
nents.

Alcan is taking a position in matrix materials through its invest 
ments in Lanxide A Dural in the U.S.

Japanese and Europeans appear to be much further ahead in 
R&D and practical application of the parts than U.S. auto manufac 
turers.

Monolithic piston parts are a long term research project.

BENEFITS/COSTS TO ONTARIO

High Medium

LIKELIHOOD OF 
SUCCESSFUL IMPLEMENTATION

High Medium

Low

CH

Low

Success can be raised if strong relationships with existing foreign 
producers are established.
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OPPORTUNITY: HEAT MANAGEMENT PARTS 
(EXHAUST PORT LINERS, CYLINDER LINERS, ETC.)

CODE/MATRIX: M,M

STRATEGIC ATTRACTIVENESS TO INDUSTRY

A) Sustainable growth
Growing international markets 
Requires specialized expertise 
Competitive structure will accept new entrants 
Identifiable funding/investor interest

(By car manufacturers, 1)

B) Consistent with Ontario economic | 2.2( 
activities

Is of sufficient scale to warrant attention (2.5)
Stimulates employment (2.5)
Nurtures existing technology (3)
Develops/adapts technology (1)
Complements export objectives (2)

C) Consistent with industry technology j 1.6
Current subject of research activity:
Canada (2) 
Other areas (1.5) 
Improve cost/performance of product or process (1.5)

D) Balances short Si long term | 1.6 
economic impacts

Able to stimulate employment/economic
development within 5 years (2) 

Can be developed as long term investment (1) 
Risk level is consistent with sector

participants' expectations (2)

ONTARIO COMPETITIVE CAPABILITY

A) Appropriate to Ontario economic base
Consistent with mandate/interests of

implementing organizations
Scale is appropriate to available resources/capabilities 
Builds/is complementary to existing strengths of implem 

enting organizations (Research only, 2.5) 
Exploits Ontario technical/research capabilities (2) 
Good linkages to U.S. market (2) 
Low power cost essential to success (2)

B) Accessible to Ontario organizations
Is consistent with historical trading

patterns/relationships
Consistent with government support programs 
Low trade barriers 
Compatible local customs/culture

C) Available resources
Financing infrastructure is viable and competitive 
Public sector requirements are acceptable 
Sufficient research/technical personnel

in Ontario (2) 
Is a commercially viable opportunity (2)

STRATEGIC SUMMARY MATRIX | L86
Heat management for both gasoline and diesel engines will be essen 
tial to reduce the size of the radiator. Application is more critical in 
diesel engines where fuel efficiency can be increased significantly by 
better heat management. Products are already in commercial produc 
tion in Japan for diesel engines, (swirl chamber insulation, exhaust 
port insulation).

ONTARIO CAPABILITY SUMMARY MATRIX| 2.701 
Strong limkages with auto manufacturers will be required. Ontario 
manufacturers' lack of design responsibility is major negative factor.

COMMENTS
Linkages with auto manufacturers will be essential. Ontario 

manufacturers have not yet established these linkages. Ontario compa 
nies may be more successful in establishing arrangement with Japa 
nese companies than with U.S. companies by stressing the low power 
costs in Ontario and the ability to enter the U. S. market under the auto 
pact.

BENEFITS/COSTS TO ONTARIO

High

d
Medium

LIKELIHOOD OF 
SUCCESSFUL IMPLEMENTATION

High Medium

Low

d

Low

Over time success can be raised provided linkages are estab 
lished.
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OPPORTUNITY: GAS TURBINE COMPONENTS CODE/MATRIX: L,L

STRATEGIC ATTRACTIVENESS TO INDUSTRY

A) Sustainable growth
Growing international markets 
Requires specialized expertise 
Competitive structure will accept new entrants 
Identifiable funding/investor interest

(Long term R&D only, 3)

B) Consistent with Ontario economic 
activities

Is of sufficient scale to warrant attention 
Stimulates employment 
Nurtures existing technology 
Develops/adapts technology 
Complements export objectives

C) Consistent with industry technology
Current subject of research activity:
Canada
Other areas
Improve cost/performance of product or process

D) Balances short 8i long term 
economic impacts

Able to stimulate employment/economic
development within 5 years 

Can be developed as long term investment 
Risk level is consistent with sector

participants' expectations

(2) 
(2.5)

(2) 
(D
(3)

(2) 
(2) 
(D

(3) 
d)

(3)

ONTARIO COMPETITIVE CAPABILITY

A) Appropriate to Ontario economic base |__2.
Consistent with mandate/interests of 

implementing organizations (2)
Scale is appropriate to available resources/capabilities (2)
Builds/is complementary to existing strengths of implem 

enting organizations
Exploits Ontario technical/research capabilities
Good linkages to U.S. market
Low power cost essential to success

B) Accessible to Ontario organizations
Is consistent with historical trading

patterns/relationships (3) 
Consistent with government support programs (2) 
Low trade barriers (3) 
Compatible local customs/culture (2)

C) Available resources
Financing infrastructure is viable and competitive 
Public sector requirements are acceptable 
Sufficient research/technical personnel

in Ontario (3) 
Is a commercially viable opportunity (Very distant, 3)

STRATEGIC SUMMARY MATRIX l 2.75 
Developments are being sponsored by the military in the U. S. and by 
industry in Japan. Opportunities are quite distant in terms of commer 
cialization within North America. Technology is highly proprietary 
and difficult to access by non-engine manufacturer.

ONTARIO CAPABILITY SUMMARY MATRIX l 2.42 
Very limited opportunity for Ontario to compete. More viable opportu 
nity may be in supply of specialized NDE equipment for quality assur-

COMMENTS
Developments in this field are controlled by the engine manufac 

turers. Stationary applications may be commercialized by 1995 in Ja 
pan. Aircraft use of ceramics will not occur until beyond 2010-2015.

BENEFITS/COSTS TO ONTARIO

High Medium Low

LIKELIHOOD OF 
SUCCESSFUL IMPLEMENTATION

High Medium

EH
Low

In long term application will be commercialized, but need 30 
years for this to happen.
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OPPORTUNITY: BEARINGS CODE/MATRIX: L,M

A)

B)

STRATEGIC ATTRACTIVENESS TO INDUSTRY

Sustainable growth
Growing international markets 
Requires specialized expertise 
Competitive structure will accept new entrants 
Identifiable funding/investor interest

(Only for current producers, 3)

C)

Consistent with Ontario economic 
activities

Is of sufficient scale to warrant attention 
Stimulates employment 
Nurtures existing technology 
Develops/adapts technology 
Complements export objectives

Consistent with industry technology
Current subject of research activity:
Canada
Other areas
Improve cost/performance of product or process

D) Balances short 8t long term 
economic impacts

Able to stimulate employment/economic
development within 5 years 

Can be developed as long term investment

(3)
(3) 
(3)
(2)
(3)

(3) 
(3) 
(D

(3)

Risk level is consistent with sector 
participants' expectations

(By existing producers, 3)

(3)

A)

B)

C)

ONTARIO COMPETITIVE CAPABILITY

Appropriate to Ontario economic base __3.
Consistent with mandate/interests of

implementing organizations (3) 
Scale is appropriate to available resources/capabilities (3) 
Builds/is complementary to existing strengths of implem 

enting organizations (Not in Ontario, 3) 
Exploits Ontario technical/research capabilities (3) 
Good linkages to U.S. market (3) 
Low power cost essential to success (3)

Accessible to Ontario organizations
Is consistent with historical trading

patterns/relationships
Consistent with government support programs 
Low trade barriers 
Compatible local customs/culture

Available resources
Financing infrastructure is viable and competitive 
Public sector requirements are acceptable 
Sufficient research/technical personnel

in Ontario 
Is a commercially viable opportunity

(3)
(2)
(3) 
(3)

(3)

(Yet to be determined, 3)

STRATEGIC SUMMARY MATRIX | 2.66 
A long term strategically attractive application for a wide variety of 

industries, especially jet engines and process equipment manufactur 
ers. Industry will remain dominated by manufacturers in U. S., Japan 
and Europe.

ONTARIO CAPABILITY SUMMARY MATRIX |
Very limited opportunity for Ontario to participate.

COMMENTS
Research into ceramic bearings will be retained by the existing 

producers. Much of the research is funded by the U.S. military.
Costs for berarings would have to be substantially reduced to 

penetrate non-aerospace markets to a significant degree.

BENEFITS/COSTS TO ONTARIO

High Medium Low

LIKELIHOOD OF 
SUCCESSFUL IMPLEMENTATION

High

O
Medium Low

Application will be developed but impact will be felt outside of 
Canada for the most part.
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OPPORTUNITY: CUTTING TOOLS & EXTRUSION DIES CODE/MATRIX: H,H

STRATEGIC ATTRACTIVENESS TO INDUSTRY

A) Sustainable growth
Growing international markets 
Requires specialized expertise 
Competitive structure will accept new entrants 
Identifiable funding/investor interest

(By existing manufacturers, 2)

B) Consistent with Ontario economic 
activities

Is of sufficient scale to warrant attention 
Stimulates employment 
Nurtures existing technology 
Develops/adapts technology 
Complements export objectives

C) Consistent with industry technology
Current subject of research activity:
Canada
Other areas
Improve cost/performance of product or process

D) Balances short Si long term 
economic impacts

Able to stimulate employment/economic
development within 5 years 

Can be developed as long term investment 
Risk level is consistent with sector

participants' expectations

(2)
(2)
(3)
(2)
(3)

(3) 
(2) 
(D

(3) 
(3)

(3)

ONTARIO COMPETITIVE CAPABILITY

A) Appropriate to Ontario economic base | 2.3
Consistent with mandate/interests of

implementing organizations (3) 
Scale is appropriate to available resources/capabilities (2) 
Builds/is complementary to existing strengths of implem 

enting organizations (3) 
Exploits Ontario technical/research capabilities (3) 
Good linkages to U.S. market (2) 
Low power cost essential to success (1)

B) Accessible to Ontario organizations | 1.1
Is consistent with historical trading

patterns/relationships (l) 
Consistent with government support programs (2) 
Low trade barriers (2) 
Compatible local customs/culture (2)

C) Available resources
Financing infrastructure is viable and competitive 
Public sector requirements are acceptable 
Sufficient research/technical personnel 

in Ontario (2)
Is a commercially viable opportunity (In total, yes, 2)

STRATEGIC SUMMARY MATRIX j 2.35 
A major application which is developing rapidly. Existing cutting tool 
manufacturers are actively developing products. Most significant 
problem is cost differential between traditional tools and ceramics.

ONTARIO CAPABILITY SUMMARY MATRIX j 2.03\ 
Canada has few domestically owned cutting tool companies. Current 
overcapacity in cutting tool industry limits opportunity for Canada to 
develop supply capability.

COMMENTS
Industry currently has significant excess capacity.
Lack of a significant machine tool industry in Canada is a detri 

ment to the development of a cutting tool industry.
Low power costs in Canada may be incentive for Japanese to set 

up manufacturing operations in Canada. U. S. manufacturers unlikely 
to establish operations in Canada until capacity is exhausted.

BENEFITS/COSTS TO ONTARIO

High Medium Low

LIKELIHOOD OF 
SUCCESSFUL IMPLEMENTATION

High Medium

CH
Low
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OPPORTUNITY: MISCELLANEOUS STRUCTURAL COMPONENTS 
PROCESS EQUIPMENT COMPONENTS

CODE/MATRIX: M,H

A)

B)

STRATEGIC ATTRACTIVENESS TO INDUSTRY

Sustainable growth
Growing international markets 
Requires specialized expertise 
Competitive structure will accept new entrants 
Identifiable funding/investor interest

C)

D)

Consistent with Ontario economic 
activities

Is of sufficient scale to warrant attention 
Stimulates employment 
Nurtures existing technology 
Develops/adapts technology 
Complements export objectives

Consistent with industry technology
Current subject of research activity:
Canada
Other areas
Improve cost/performance of product or process

Balances short Si long term 
economic impacts

Able to stimulate employment/economic
development within 5 years 

Can be developed as long term investment 
Risk level is consistent with sector

participants' expectations

(2)
(2)
(3) 
(2) 
(2)

(3) 
(2) 
(2)

(3) 
(2)

(2)

ONTARIO COMPETITIVE CAPABILITY

A) Appropriate to Ontario economic base | 2.5
Consistent with mandate/interests of

implementing organizations (3) 
Scale is appropriate to available resources/capabilities (3) 
Builds/is complementary to existing strengths of implem 

enting organizations (3) 
Exploits Ontario technical/research capabilities (2) 
Good linkages to U.S. market (2) 
Low power cost essential to success (2)

B) Accessible to Ontario organizations | 2.5
Is consistent with historical trading

patterns/relationships (3) 
Consistent with government support programs (2) 
Low trade barriers (2) 
Compatible local customs/culture (3)

C) Available resources
Financing infrastructure is viable and competitive 
Public sector requirements are acceptable 
Sufficient research/technical personnel

in Ontario (2) 
Is a commercially viable opportunity (2)

STRATEGIC SUMMARY MATRIX | 2.54 
Market is already developed to some extent. Cost reductions in compo 
nents are required to extend scope of application. Also required is im 
provement in performance of products.

ONTARIO CAPABILITY SUMMARY MATRIX| 2.5 \
Lack of product design responsibility is greatest barrier to develop 
ment of Canadian supply capability. Need linkages to European, Japa 
nese equipment manufacturers.

COMMENTS
Canadian participation in industry limited by lack of design re 

sponsibility for much of machinery industry. Development of a ceramic 
component industry can help to recapture part of market lost to low 
cost countries.

BENEFITS/COSTS TO ONTARIO

High Medium Low

LIKELIHOOD OF 
SUCCESSFUL IMPLEMENTATION

High Medium Low
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OPPORTUNITY: NDE EQUIPMENT CODE/MATRIX: H,H

STRATEGIC ATTRACTIVENESS TO INDUSTRY

A) Sustainable growth | 1.0 
Growing international markets (1) 

(Depends on growth in overall ceramics industry) 
Requires specialized expertise (1) 
Competitive structure will accept new entrants (1) 
Identifiable funding/investor interest (Yes, AECL, 1)

B)

C)

Consistent with Ontario economic 
activities

Is of sufficient scale to warrant attention 
Stimulates employment 
Nurtures existing technology 
Develops/adapts technology 
Complements export objectives

Consistent with industry technology
Current subject of research activity:
Canada
Other areas
Improve cost/performance of product or process

(D 
(D 
(D 
(D 
(D

1.0

(D 
(D 
(D

(Will be essential for ceramic industry development)

D) Balances short Si long term 
economic impacts

Able to stimulate employment/economic
development within 5 years 

Can be developed as long term investment 
Risk level is consistent with sector

participants' expectations

(2) 
(D

(D

ONTARIO COMPETITIVE CAPABILITY

A) Appropriate to Ontario economic base | 1.3
Consistent with mandate/interests of

implementing organizations (1) 
Scale is appropriate to available resources/capabilities (1) 
Builds/is complementary to existing strengths of implem 

enting organizations (l) 
Exploits Ontario technical/research capabilities (1) 
Good linkages to U.S. market (1) 
Low power cost essential to success (3)

B) Accessible to Ontario organizations j__L
Is consistent with historical trading

patterns/relationships (l) 
Consistent with government support programs (l) 
Low trade barriers (1) 
Compatible local customs/culture (1)

C) Available resources
Financing infrastructure is viable and competitive 
Public sector requirements are acceptable 
Sufficient research/technical personnel

in Ontario (2) 
Is a commercially viable opportunity (1)

STRATEGIC SUMMARY MATRIX | 1.08 
An essential technology for the development of the ceramics industry 
and therefore an essential industry.

ONTARIO CAPABILITY SUMMARY MATRIX | 1.19\ 
Ontario has a good position in the design and supply of specialized 
NDE equipment. AECL technology is very interesting.

COMMENTS
NDE equipment will be essential for future success of the ad 

vanced ceramics industry.
Ontario has several companies at the leading edge of certain as 

pects of NDE, plus AECL, which has very interesting NDE technology.

BENEFITS/COSTS TO ONTARIO

High Medium Low

CZI O
LIKELIHOOD OF 

SUCCESSFUL IMPLEMENTATION

High Medium Low

CH
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OPPORTUNITY: SEMI-CONDUCTOR MATERIALS
GALLIUM ARSENIDE, INDIUM PHOSPHIDE AND OTHER III-1V MATERIALS

CODE/MATRIX: H,H

STRATEGIC ATTRACTIVENESS TO INDUSTRY

A) Sustainable growth [
Growing international markets 
Requires specialized expertise 
Competitive structure will accept new entrants 
Identifiable funding/investor interest

B) Consistent with Ontario economic 
activities

Is of sufficient scale to warrant attention 
Stimulates employment 
Nurtures existing technology 
Develops/adapts technology 
Complements export objectives

C) Consistent with industry technology
Current subject of research activity:
Canada
Other areas
Improve cost/performance of product or process

D) Balances short 8i long term 
economic impacts

Able to stimulate employment/economic
development within 5 years 

Can be developed as long term investment 
Risk level is consistent with sector

participants' expectations

(D 
(l) 
d) 
(D 
(D

(J) 

(D 
(J)

(D 

(D

(D

ONTARIO COMPETITIVE CAPABILITY

A) Appropriate to Ontario economic base
Consistent with mandate/interests of 

implementing organizations
Scale is appropriate to available resources/capabilities
Builds/is complementary to existing strengths of implem 

enting organizations
Exploits Ontario technical/research capabilities
Good linkages to U.S. market
Low power cost essential to success

B) Accessible to Ontario organizations
Is consistent with historical trading

patterns/relationships
Consistent with government support programs 
Low trade barriers 
Compatible local customs/culture

C) Available resources
Financing infrastructure is viable and competitive 
Public sector requirements are acceptable 
Sufficient research/technical personnel

(D 
(D 
d) 
(3)

(D 
(D 
(3) 
(D

in Ontario 
Is a commercially viable opportunity

(More needed, 2) 
(D

STRATEGIC SUMMARY MATRIX | 1.0
A critical technology and industry for the development of electronics. 
Targeted by Japanese, U.S., Europeans as next major industry.

ONTARIO CAPABILITY SUMMARY MATRIX | 7.15 
Canada has a domestic supply base for materials. Ontario has re 
search and development and product development capability and 
manufacturers.

COMMENTS
These materials will be essential in the new generation of elec 

tronics devices that are being developed. At the present time no country 
has a clear lead in the technology of manufacture or use. Canada has a 
position as a raw material supplier and is developing a capability to 
manufacture devices. This industry should be targeted for develop 
ment.

BENEFITS/COSTS TO ONTARIO

High Medium Low

LIKELIHOOD OF 
SUCCESSFUL IMPLEMENTATION

High

G]
Medium Low
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OPPORTUNITY: OPTO-ELECTRONIC CERAMICS CODE/MATRIX: H,H

A)

B)

STRATEGIC ATTRACTIVENESS TO INDUSTRY

Sustainable growth [
Growing international markets 
Requires specialized expertise 
Competitive structure will accept new entrants

1.0
(D 

(D 

(D
(Market is highly specialized and niche oriented) 

Identifiable funding/investor interest (l)

C)

Consistent with Ontario economic 
activities

Is of sufficient scale to warrant attention 
Stimulates employment 
Nurtures existing technology 
Develops/adapts technology 
Complements export objectives

Consistent with industry technology
Current subject of research activity:
Canada
Other areas
Improve cost/performance of product or process

D) Balances short Si long term 
economic impacts

Able to stimulate employment/economic
development within 5 years 

Can be developed as long term investment 
Risk level is consistent with sector

participants' expectations

(D 
(D 
(3) 
(D 
(D

(D 
(D 
(2)

(1.5) 
(D

(D

ONTARIO COMPETITIVE CAPABILITY

A) Appropriate to Ontario economic base | 1.3
Consistent with mandate/interests of

implementing organizations (1) 
Scale is appropriate to available resources/capabilities (1) 
Builds/is complementary to existing strengths of implem 

enting organizations (1) 
Exploits Ontario technical/research capabilities (1) 
Good linkages to U.S. market (l) 
Low power cost essential to success (3)

B) Accessible to Ontario organizations | 1.
Is consistent with historical trading

patterns/relationships (1) 
Consistent with government support programs (l) 
Low trade barriers (1) 
Compatible local customs/culture (1)

C) Available resources
Financing infrastructure is viable and competitive 
Public sector requirements are acceptable 
Sufficient research/technical personnel

in Ontario (Needs upgrading, 2) 
Is a commercially viable opportunity (1)

STRATEGIC SUMMARY MATRIX | 1.12
A critical technology and industry for the future. Technology is evolv 
ing rapidly. Ontario and Canada have particular strengths in certain 
segments of the industry.

ONTARIO CAPABILITY SUMMARY MATRIX | 7.28 | 
Draws upon Canadian expertise in telecommunications. NRC setting 
up laboratory in Quebec City to emphasize technology.

COMMENTS
This a major and rapidly developing technology and industry. 

Ontario has some particular strengths. Ontario based companies in 
volved in the industry range from very small to quite large. The market 
is highly fragmented and this enables a wide variety of manufacturers 
to participate.

BENEFITS/COSTS TO ONTARIO

High Medium Low

LIKELIHOOD OF 
SUCCESSFUL IMPLEMENTATION

High Medium Low
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OPPORTUNITY: PIEZOELECTRIC AND OTHER SENSORS CODE/MATRIX: H,H

STRATEGIC ATTRACTIVENESS TO INDUSTRY

A) Sustainable growth
Growing international markets 
Requires specialized expertise 
Competitive structure will accept new entrants 
Identifiable funding/investor interest

B) Consistent with Ontario economic 
activities

Is of sufficient scale to warrant attention 
Stimulates employment 
Nurtures existing technology 
Develops/adapts technology 
Complements export objectives

C) Consistent with industry technology
Current subject of research activity:
Canada
Other areas
Improve cost/performance of product or process

D) Balances short A long term 
economic impacts

Able to stimulate employment/economic
development within 5 years 

Can be developed as long term investment 
Risk level is consistent with sector

participants' expectations

LO
(D
(D
(D

(Yes, 1)

(D 

(D 

(D 

(D 

(D

(D 

(D 

(D

1.0

(D 

(D

(D

ONTARIO COMPETITIVE CAPABILITY

A) Appropriate to Ontario economic base | 1.3
Consistent with mandate/interests of

implementing organizations (1) 
Scale is appropriate to available resources/capabilities (1) 
Builds/is complementary to existing strengths of implem 

enting organizations (1) 
Exploits Ontario technical/research capabilities (1) 
Good linkages to U.S. market (1) 
Low power cost essential to success (3)

B) Accessible to Ontario organizations l 1.2
Is consistent with historical trading

patterns/relationships (2) 
Consistent with government support programs (1) 
Low trade barriers (l) 
Compatible local customs/culture (1)

C) Available resources
Financing infrastructure is viable and competitive 
Public sector requirements are acceptable 
Sufficient research/technical personnel

in Ontario (1) 
Is a commercially viable opportunity (1)

STRATEGIC SUMMARY MATRIX j LO
Sensors will be required for almost every industrial process. The appli 
cations are extensive and highly appropriate to the development of 
niche applications. Market entry is available even for relatively small 
companies.

ONTARIO CAPABILITY SUMMARY MATRIX j 1.28\ 
Ontario has good base of expertise and manufacturing capability.

COMMENTS
Perhaps the best opportunity for Ontario to develop. The existing 

base of technology and manufacturing capability is sufficiently devel 
oped to permit a rapid increase in the size of the industry, given good 
support for R&D and product development.

BENEFITS/COSTS TO ONTARIO

High Medium Low

LIKELIHOOD OF 
SUCCESSFUL IMPLEMENTATION

High Medium Low
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OPPORTUNITY: NUCLEAR AND BIOLOGIC CERAMICS CODE/MATRIX: MM

STRATEGIC ATTRACTIVENESS TO INDUSTRY

A) Sustainable growth
Growing international markets

(Biologic ceramics are much closer to market than nuclear
ceramics)

Requires specialized expertise (l) 
Competitive structure will accept new entrants

(For biologic ceramics, 2)
Identifiable funding/investor interest (3) 

(Yes, for nuclear ceramics in Canada. Japanese and 
Europeans have good position in biologic ceramics)

B) Consistent with Ontario economic | 2. C 
activities

Is of sufficient scale to warrant attention (2)
Stimulates employment (2)
Nurtures existing technology (2)
Develops/adapts technology (1.5)
Complements export objectives (2.5)

C) Consistent with industry technology | 2.5
Current subject of research activity:
Canada (3) 
Other areas (2.5) 
Improve cost/performance of product or process (2)

D) Balances short 4 long term | 2.6 
economic impacts

Able to stimulate employment/economic
development within 5 years (3) 

Can be developed as long term investment (2) 
Risk level is consistent with sector

participants' expectations (3)

A)

B)

C)

ONTARIO COMPETITIVE CAPABILITY

Appropriate to Ontario economic base j 1.4
Consistent with mandate/interests of

implementing organizations (1) 
Scale is appropriate to available resources/capabilities (1) 
Builds/is complementary to existing strengths of implem 

enting organizations (Yes, for nuclear ceramics, 1) 
Exploits Ontario technical/research capabilities (1) 
Good linkages to U.S. market (3) 
Low power cost essential to success (3)

Accessible to Ontario organizations
Is consistent with historical trading

patterns/relationships
Consistent with government support programs 
Low trade barriers 
Compatible local customs/culture

Available resources
Financing infrastructure is viable and competitive 
Public sector requirements are acceptable 
Sufficient research/technical personnel

in Ontario 
Is a commercially viable opportunity

(2) 
(D
(3) 
(2)

(In part, 2)

(To be determined, 2)

STRATEGIC SUMMARY MATRIX | 2.20 
Nuclear ceramics are a special case. AECL has good technology for 
lithium blankets for fusion reactor and for encapsulation of spent fuel. 
Biologic ceramics are just emerging and there is opportunity for Cana 
dian companies to develop specialized markets.

ONTARIO CAPABILITY SUMMARY
Good for nuclear ceramics.
Biologic ceramics are unknown quantity.

MATRIX

COMMENTS
AECL is in good position to develop nuclear ceramics. 
Biologic ceramics development will probably require linkage to 

Japanese or European technology.

BENEFITS/COSTS TO ONTARIO

High Medium Low

LIKELIHOOD OF 
SUCCESSFUL IMPLEMENTATION

High Low

CH
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OPPORTUNITY: ALUMINUM NITRIDE POWDER CODE/MATRIX: H,H

STRATEGIC ATTRACTIVENESS TO INDUSTRY

A) Sustainable growth
Growing international markets 
Requires specialized expertise 
Competitive structure will accept new entrants 
Identifiable funding/investor interest

B) Consistent with Ontario economic 
activities

Is of sufficient scale to warrant attention 
Stimulates employment 
Nurtures existing technology 
Develops/adapts technology 
Complements export objectives

C) Consistent with industry technology
Current subject of research activity:
Canada
Other areas
Improve cost/performance of product or process

D) Balances short Si long term 
economic impacts

Able to stimulate employment/economic
development within 5 years 

Can be developed as long term investment 
Risk level is consistent with sector

participants' expectations

d) 

(D 

(D 

(D 

(D

(D 

(D 

(D

(1.5) 
(D

(3)

A)

B)

C)

ONTARIO COMPETITIVE CAPABILITY

Appropriate to Ontario economic base __L
Consistent with mandate/interests of

implementing organizations (1) 
Scale is appropriate to available resources/capabilities (J) 
Builds/is complementary to existing strengths of implem 

enting organizations (1) 
Exploits Ontario technical/research capabilities (1) 
Good linkages to U.S. market (J) 
Low power cost essential to success (1)

Accessible to Ontario organizations
Is consistent with historical trading

patterns/relationships
Consistent with government support programs 
Low trade barriers 
Compatible local customs/culture

Available resources
Financing infrastructure is viable and competitive 
Public sector requirements are acceptable 
Sufficient research/technical personnel

in Ontario 
Is a commercially viable opportunity

(No history, l) 
(D 
(2) 
(D

(J) 

(D

STRATEGIC SUMMARY MATRIX | 7.27 
Aluminum nitride has significantly better properties than aluminum 
oxide as a substrate for integrated circuits. Material is likely to dis 
place aluminum oxide in many of the higher value-added circuits 
within the next ten years. Electrofuel has taken a position in the busi-

ONTARIO CAPABILITY SUMMARY MATRIX | 1.08 
Electrofuel has developed a new manufacturing process and has 
started to sell material in U.S. and Japan.

COMMENTS
One of the most significant opportunities for Ontario to enter the 

functional ceramics business. The market is just starting to develop 
and new entrants can enter the market. Market and product develop 
ment will need support in the near term.

BENEFITS/COSTS TO ONTARIO

High Medium Lown
LIKELIHOOD OF 

SUCCESSFUL IMPLEMENTATION

High Medium Low

a
A significant opportunity for Ontario to establish a major posi 

tion early in the product development cycle.

96 Advanced Ceramics:


