When Biotas Meet: Understanding
Biotic Interchange

GEERAT J. VERMET)

When the barrier between biotas with long separate
histories breaks down, species invade from one biota to
the other. Studies of episodes of marine and terrestrial
biotic interchange that have occurred during the last 20
million years show that large-scale extinction of species
before the onset of interchange renders biotas especially
prone to invasion. As environments and species are being
exploited and eliminated on an ever increasing scale in the
human-dominated biosphere, the geographical expansion
of species from biotas in which evolution of high compet-
itive, defensive, and reproductive abilities has proceeded
the furthest will become more frequent. Historical events
and interactions are essential ingredients for understand-
ing the current and future structure and composition of
the world’s biota.

by physical and biological barriers. The position and effec-

tiveness of these barriers vary through time as climates
change and as tectonic upheavals in the earth’s crust alter the
configuration of water bodies and land masses. If a barrier separat-
ing two biotas with long independent histories breaks down, species
may invade from one biota (donor biota) to the other (recipient
biota). This biotic interchange has occurred frequently during the
Neogene period, the last 25 million years of earth history. In the
human-dominated biosphere, barriers are being breached on an
unprecedented scale. Not only are species being transported piece-
meal through human commerce around the world, either deliber-
ately or by accidental introduction (1), but humans are bringing
about wholesale biotic interchange by creating avenues of dis-
persal in the place of former barriers. Construction of the Suez
Canal has enabled hundreds of marine species to enter the
Mediterranean from the Red Sea since 1869 (2). Large numbers of
estuarine and nearshore species from Japan are being established
on the western coast of North America thanks to the transport of
larvae in huge volumes of ballast water in ships (3). The potential
for extensive interchange exists in tropical America as well. Only a
few marine plants and animals have crossed between the eastern’
Pacific and western Atlantic oceans through the freshwater Pana-
ma Canal (4-6), but construction of a sea-level canal across the
Central American isthmus or the augmentation of the present
canal’s freshwater supply with seawater would re-establish a
marine connection between the rich biotas of western and eastern
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tropical America, a connection that was interrupted by the emer-
gence of a land bridge during the Pliocene about 3.1 million years
ago (5, 7).

Besides providing the foundation for predicting the pattern and
consequences of invasions still to come, studies of past episodes of
biotic interchange have an important bearing on several basic
questions in ecology and evolutionary biology. They enable us to
investigate how new species are accommodated in existing biotas,
what factors determine the geographical ranges of species, whether
species (including invaders) are important as agents of extinction,
whether biotas are saturated with species, how selective regimes are
altered by new arrivals, and whether such changes stimulate or are
accompanied by speciation.

Documentation of range expansion of species from one biota to
another rests on historical evidence. A species may be recognized as a
participant in biotic interchange if it occurred as a fossil in the donor
biota before it appeared in the recipient biota, or if there is cladistic
evidence that it descended from ancestors in the donor biota. Because of
their good fossil record, mammals and molluscs have figured prominent-
ly in studies of biotic interchange. Advances in taxonomy, phylogenetic
reconstruction, and biogeography of these and other groups, together
with refinements in stratigraphic correlation, are revealing details of
many episodes of biotic interchange. Although much remains to be
learned, empirical and theoretical studies are yielding several principles of
historical ecology. I shall elaborate on these in the context of Neogene
biotic interchanges.

Biotic Interchange During the Neogene

Climatic changes and geographical rearrangements have made the
Neogene a time of extensive biotic interchange (Fig. 1). Interrup-
tion of the Tethys seaway across the Middle East during the late
early Miocene (18 million years ago) led to interchange between the
land biotas of Asia and Africa (8, 9). Northward movement of the
plate carrying Australia and New Guinea brought the isolated land
biota of those two continental islands into contact with the rich
biota of southeast Asia (10-12). The Pliocene epoch witnessed the
completion of the Central American land bridge, accelerating the
great American interchange between the land biofas of North and
South America that had begun during the late Miocene (13-16).
The middle Pliocene opening of the Bering Strait between Asia and
North America initiated the trans-Arctic interchange between the
cold-water marine biotas of the North Pacific and Arctic-Atlantic
basins (17, 18). Intensifying oceanic circulation associated with
these changes in geography (19) led to interchange between the
temperate marine biotas of the Northern and Southern hemispheres
in the eastern Pacific (20, 21) and, to a lesser extent, between the
marine biotas of the temperate eastern and western Atlantic (18).
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Interchange by long-distance larval dispersal between the western
and eastern tropical Pacific began in the Pleistocene, perhaps as the
result of the northward motion of the Line Islands into the path of
the eastward-flowing North Equatorial Countercurrent in the cen-
tral Pacific (22). Circam-Antarctic currents associated with the
West-Wind Drift resulted in interchange among the cold-water
marine biotas of the Southern Hemisphere. Although this inter-
change began with the opening of Drake Passage between South
America and Antarctica, it has become particularly intense during
the Pleistocene or perhaps a little earlier (20, 24). Intermittent
interchange has occurred during much of the Paleogene and Neo-
gene between the land biotas of Asia and North America (25-27),
between the temperate marine biotas of the western and eastern
North Pacific (28, 29), and between the tropical marine biotas of the
eastern and western Atlantic (30). Numerous smaller scale inter-
changes have occurred among biotas within Eurasia, North Amer-
ica, and other continents, and between river systems on many
continents. These will not be considered further here.

For most interchanges, invading species make up only a small
proportion of the potential pool of invaders
in the donor biota. Only 2 to 11% of North

(11 of 70 species, 16%) (22). Species taking part in the trans-Arctic
interchange account for 23 to 46% of the shallow-water molluscan
species in the cool-temperate North Pacific, depending on habitat and
geographical location, and less than 1% of comparable North Atlantic
assemblages (18). Data for other donor biotas do not exist because
estimates of the number of invading species and of the number of
potential invaders in the donor assemblages are not available.

The contribution of invaders to recipient biotas varies widely. In
the eastern Pacific, 100% of the corals but less than 5% of the
molluscs are of western or central Pacific origin (7, 22, 36). Invaders
from the Red Sea make up 9.4% to 20% of eastern Mediterranean
assemblages, depending on the taxonomic group (2). Nonflying
placental mammals derived from Asian ancestors make up about
41% of the mammal fauna of Australia and New Guinea (10).
Slightly more than 50% of the 120 mammalian genera from the late
Pleistocene (Lujanian) of South America is derived from North
American ancestors (14). Gentry (16) estimates that more than 90%
of the angiosperm species of lowland rain-forests in Central America
(geologically part of North America) are identical to or derived from

American mammal genera, and 2 to 7% of
their South American counterparts, took
part in the great American interchange dur-
ing any one land-mammal age (14). About
4.3% of Red Sea fishes overall, and 24% of
sand-dwelling fishes in the northern Gulf of
Aqaba, have colonized the eastern Mediter-
ranean (2). Estimates for other groups in the

trans-Suez interchange are lacking, but the
proportions are not likely to differ much
from those in fishes. Of approximately 250
gastropod species in the Line Islands, only

Pleistocene

33 (13%) have invaded the offshore islands
in the eastern Pacific, and 11 (4.4%) have

penetrated to the Pacific coast of the Amer-
ican mainland (36). Among corals, the pro-
portion of Line Islands species reaching
mainland tropical America is a little higher
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Fig. 1. World maps showing major episodes of biotic interchange during the late Miocene, Pliocene,
and Pleistocene-Recent. Question marks indicate uncertainties about the directionality of interchange.
Symmetrical interchange is indicted by a two-headed arrow. For asymmetrical interchanges, the
predominant direction of invasion is indicated by single-headed arrows.
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invaders across the Panama land bridge from South America. By
contrast, the great majority of montane plant species in South
America are of North American origin (16). Trans-Arctic invaders
from the Pacific make up only 10% and 22% of northeastern
Adtlantic and northwestern Atlantic molluscan faunas, respectively,
but on rocky shores in northeastern North America, invaders
account for 83% of molluscan species (18).

Asymmetry of Invasion

The pattern of biotic interchange is often highly one-sided, with
movement in one direction across a former barrier predominating
over that in the other direction. The trans-Suez interchange, for
example, has been overwhelmingly from the Red Sea to the
Mediterranean. At least 91 molluscs, 15 crabs, and 41 fishes have
invaded the Mediterranean from the Red Sea, as compared to only
three molluscs, no crabs, and six fishes in the opposite direction (2).
Invasion across the Bering Land Bridge was predominantly east-
ward during the Pleistocene, but apparently was even-handed
during the Pliocene and earlier (25, 26, 31). The great American
interchange during the Pleistocene was mainly southward for savan-
nah-adapted mammals and montane plants (14, 16, 31). During this
interval, about 11% of North American mammal genera invaded
South America, whereas only 2% of South American genera extend-
ed to North America. Late Miocene and Piocene phases were
symmetrical for these mammals (14, 31). Invasion of rain-forest
groups (birds, mammals, and plants) was overwhelmingly from
south to north during the great American interchange (16, 31).
Invasion of marine species across the central Pacific was almost
entirely from west to east, there being no convincing case of
invasion in the opposite direction (22, 32, 36). The Pliocene phase
of the transequatorial interchange in the temperate eastern Pacific
involved at least six taxa extending southward from North to South
America and only two extending northward from South to North
America (21). For the North Pacific, my preliminary data indicated
that nine genus-level molluscan taxa invaded from North America to
Asia beginning in the late Miocene, whereas 47 invaded in the
opposite direction from west to east. Earlier episodes of interchange
across the temperate North Pacific were probably less lopsided (29).
The trans-Arctic' interchange heavily favored invasion from the
Pacific to the Atlantic (18, 33). Among shell-bearing molluscs, 261
species in the Arctic-Atlantic basin are of Pacific origin, whereas only
34 species in the North Pacific originated in the Atlantic (18). Other
groups of invertebrates and algae show a similar pattern. Within the
North Atlantic, almost 100 shell-bearing molluscan species invaded
from Europe to North America during the Pleistocene, and only five
(all introduced by humans) moved in the opposite direction (18).
Only three marsupial mammals have extended their range beyond
Australia and New Guinea to eastern Indonesia, whereas rodents
and lowland tropical plants invaded and diversified extensively in the
Australo-Papuan region (10, 12, 16). Other Neogene episodes of
interchange have been insufficiently documented to establish quan-
titative estimates of the pattern of invasion. In all cases of asymmet-
rical interchange, the per-species probability of invasion is signifi-
cantly higher for one donor than for the other (2, 14, 18, 22, 31).

Passive transport by unidirectional currents may contribute to the
explanation for asymmetrical interchange through the Suez Canal
(2) and across the tropical Pacific (21), but fails as an explanation
for most marine interchanges and for all terrestrial cases (17). Even
in the tropical Pacific, passive transport could in principle occur
westward by the North and South Equatorial Currents, just as it
does in the tropical Atlantic, but all Pacific invasions are eastward
via the North Equatorial Countercurrent (22, 32, 36).
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Asymmetrical patterns of interchange have often been taken to
imply that species in the biota providing most of the invaders are, on
average, superior in competition, defense, or reproduction to species
in the biota receiving the bulk of the invaders (7, 25, 32-34). The
great success of placental mammals of Asian origin in Australia as
compared to the limited penetration of marsupials and monotremes
of Australian origin into East Indian faunas is correlated with the
generally lower metabolic rates and lower life-time fecundities of the
indigenous Australian mammals (12). In South America, native
predaceous marsupials may have been competitively replaced by
invading North American carnivores, and some of the extinctions

-among native ungulates and other mammals may have been the work

of North American predators, which are thought to have been faster
and more powerful than their South American counterparts (35).
Whether biological superiority in fact played a decisive role in these
asymmetrical interchanges remains a matter of conjecture. The first step
in demonstrating this role is to show that the incidence or expression of

‘traits correlated with high competitive, defensive, or reproductive per-

formance is greater among invaders than among ecologically comparable
native species in the recipient biota. Such indirect evidence is available for
the shell armor of molluscs taking part in the asymmetrical interchanges
through the Suez Canal and across the tropical Pacific (7, 36). This does
not, of course, prove that the interactions among species affect the
success of invasion, nor does it follow that invaders are the best
protected, the most fecund, or the most adept competitors among the
potential invaders in the donor biota (7).

The strongest evidence for the role of organisms in controlling the
pattern of interchange comes from invasions of oceanic islands and
non-Eurasian grasslands by human-introduced species. Island biotas
and the grassland biotas of South America, Australia, and parts of
western North America contain species that are highly susceptible to
herbivory, predation, and disease resulting from the introduction of
continental species, especially warm-blooded birds and mammals
(37-39). It is possible that the diseases carried by invading plants
and especially by vertebrates provide the most potent mechanism for
the competitive success of invaders in these and other recipient biotas
(37). Species evolving in diverse continental and marine biotas may
carry, and be adapted to, a larger array of pathogens and parasites than
species from biologically less “sophisticated” assemblages.

That levels of adaptation to enemies are not alone in controlling
patterns of invasion is demonstrated by the great rarity of inter-
changes between tropical and temperate marine biotas. Enemy-
related adaptation is generally more common and better expressed in
tropical species than in allied temperate ones (7). If this difference
were decisive as a determinant of susceptibility to invasion, temper-
ate biotas would be highly susceptible at all times to invasion from
the tropics. Although such invasions can be documented for the
Paleogene and perhaps the earliest Neogene, when the cold climates
of the present northern oceans gradually developed (29), there is
little evidence of subsequent invasion of temperate marine biotas by
tropical taxa. Similarly, there are few if any well-documented instances
of temperate to tropical invasion during the Neogene. These points
are well illustrated by the late Neogene transequatorial interchange in
the eastern Pacific (20, 21), which involved mostly warm-temperate
marine species that traversed the intervening tropics.

The magnitude of extinction before the onset of interchange also
strongly affects a biota’s susceptibility to invasion. The Indo-West
Pacific biota, which serves as the source for most or all of the species
participating in the interchange across the tropical Pacific, lost few or
no molluscan and coral genera during the Pliocene, before interchange
began, whereas the tropical eastern Pacific biota, which was at the
receiving end of the invasion, suffered extinction of most of its corals
and about 15% of Pliocene molluscan subgenera (22, 40). The
generally southward invasion of marine species during the Pliocene
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phase of the transequatorial interchange is consistent with the fact that
the temperate fauna of the southeastern Pacific suffered more extinc-
tion than did that of the northeastern Pacific near the end of the
Miocene (21). Within the North Pacific, the predominantly eastward
invasion of temperate molluscs from Asia to North America is
correlated with higher late Miocene and Pliocene magnitudes of
extinction on the North American side. The trans-Arctic interchange
provides another good example. Invaders from the Atlantic make up
less than 4% of the molluscan faunas in the North Pacific, where the
magnitude of species-level extinction since the early Pliocene was 20%
to 40%, whereas in the northeastern and northwestern Atlantic,
invaders from several biotas make up 21% and 36% of the living
faunas, respectively, and extinction affected 50% and about 75% of
species, respectively, since the early Pliocene (17, 40). The trans-Suez
interchange also exemplifies invasion from an area in which few taxa
became extinct to one in which major faunistic losses have occurred
episodically since latest Miocene time (2). Data on mammal genera
(14) show that asymmetrical invasion from North to South America
during the Pleistocene is linked to higher rates of extinction of South
American as compared to North American mammals during the
preceding Pliocene epoch. Too little is known about the history of
extinction and the extent of invasion to evaluate the role of prior
impoverishment in other episodes of biotic interchange.

These results have several implications for biogeography. First,
the resistance of biotas to invasion is reduced by prior extinction of
species in that biota. The presence of incumbent species in the
recipient biota evidently inhibits the establishment of invaders (41,
42), even if potential invaders occasionally disperse into that biota.
This may be the biogeographical equivalent of the well-documented
ecological phenomenon that undisturbed communities of competi-
tive dominants resist recruitment of other species, which typically
require newly opened space to gain a foothold (43).

A related point is that the limits of geographical range of species
are set not only by topographic features and climate barriers, but to
an important degree also by other species. This conclusion is
supported by Hallam’s (44) observation that Tethyan ammonoids
did not penetrate the Boreal realm during several epochs of the
Jurassic until native Boreal species had disappeared, by Geist’s (45)
contention that the southward penetration of Asian mammals into
western North America during the Pleistocene took place mainly
after many native mammals had become extinct, and by the inter-
pretation that the establishment and expansion of European fresh-
water fishes in the American Great Lakes and of European birds in
New Zealand were facilitated by human-caused disturbance and
impoverishment of the native recipient biotas (46). As environments
around the world are being disturbed and as species are being
exploited and eliminated on an ever increasing scale, this phenom-
enon of geographical release is likely to become more common.

These empirical conclusions are broadly in accord with predic-
tions from theoretical models of communities in which competition
is the most important interaction among species (47). According to
these models, communities that should be most difficult to invade are
those in which interactions among species are strong and in which the
number of species is large. These conditions are evidently met in biotas
in which the evolution of enemy-related traits has been little affected
by extinction and in which circumstances were favorable to diversifi-
cation and the evolution of high biological performance.

Invasion, Extinction, and Saturation

If asymmetrical patterns of interchange result in part from differ-
ences between biotas in the average biological performance of
species, the arrival of invaders in the biologically less sophisticated
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biota might lead to the extinction of many native species (48). This
has indeed been commonly observed when continental invaders
(especially predators) colonize lakes and oceanic islands (39, 49).
Invasion-induced extinction has also been claimed for some South
American mammals during the great American interchange (35) and
for North American multituberculate and plesiadapiform mammals
following the Eocene invasion of rodents from Asia (50). Human-
caused introductions usually result in the ecological restriction of
active continental and marine species (51) or even in the provision of
new resources (52). The reduction in population size associated with
invasion-induced ecological restriction might render species more
prone to extinction from causes unrelated to invasion, but such an
effect would be indirect. No invasion-related extinctions have been
documented in studies of the marine trans-Suez, transequatorial,
trans-Arctic, or trans-Pacific interchanges (18, 21, 22, 41), or in
Asian mammal faunas following invasion by species from Africa and
North America (9, 27). Sometimes, new arrivals even provide new
resources or enhance existing ones, as in the case of the introduction
of nitrogen-fixing trees in Hawaii, European Littorina littorea shells
for northwestern Atlantic hermit crabs, and Asian eelgrass (Zostera
Japonica) on the tidal flats of the northeastern Pacific (52).

A major open question in ecology is whether living biotas and
communities are saturated with species. Can a given community
support more species than are actually found there, or would the
addition of species be counterbalanced by extinctions? The fact that
biotas in which there was little prior extinction have been largely
unaffected by invasion may mean that these “intact” biotas are close
to saturation. On the other hand, it may imply only that none of the
species in the available pool of potential invaders happens to “fit in”
to the recipient biota. Moreover, invasion usually results in the
enrichment of biotas of continents and oceans. In some biotas, such
as the mammal faunas of South America and Asia, interchange has
pushed diversity to levels higher than the pre-extinction number of
species (9, 13, 27). Most extinctions that result from invasions in
continental biotas affect, or are caused by, species with high per
capita energy requirements, especially endothermic vertebrates. Ev-
idence from biotic interchange therefore supports the view (53) that
saturation is more likely to apply to species with high metabolic
requirements than to most assemblages of plants, invertebrates, and
ectothermic vertebrates.

A Sea-Level Panama Canal

What kind of biotic interchange would occur if a saltwater
connection were re-established between the Pacific and Atlantic
oceans across the Central American isthmus? The marine biotas on
opposite sides of the isthmus differ both in the development of
enemy-related traits and in their history. Eastern Pacific gastropods,
especially those found on rocky bottoms, show a higher incidence
and greater expression of armor, are more likely to die as a result of
shell breakage, and are susceptible to crushing at larger shell sizes
than are their western Atlantic counterparts (7, 54). Predation on
corals and grazing of algae are more intense in the eastern Pacific
than in the western Atlantic (5-7). The differencé in armor came
about in part because of selective extinction. In the western Atlantic,
where about 32% of late Miocene and Pliocene molluscan subgen-
era are no longer found living, gastropods with well-armored
apertures were more prone to extinction than were less specialized
forms, whereas in the eastern Pacific, which has lost only 15% of
molluscan subgenera since the early Pliocene, armored gastropod
taxa were underrepresented among the extinct groups (40). For
corals, the interoceanic difference in extinction was reversed, with
nearly all eastern Pacific and less than half the Caribbean genera
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disappearing from their respective basins following the uplift of the
land bridge (22). Briggs (32, 55), assuming that the biotas on the
two sides of the isthmus are essentially saturated with species,
suggested that interchange would be largely from the Atlantic to the
Pacific and would lead to many extinctions, because the fish fauna of
the Adantic is richer than that of the Pacific and because competition
was thought to be more intense in richer biotas. Topp (56) argued
that interchange would be relatively minor, and without strong
directionality, because he assumed that neither biota had suffered
much prior extinction. The data referred to above, however, imply
that biotic interchange through a sea-level canal or its equivalent
across Central America would be asymmetrical, with the bulk of the
participants invading from the less impoverished but still biologi-
cally more sophisticated eastern Pacific to the more impoverished
and less sophisticated western Atlantic. This may be true even for the
corals, despite the fact that the eastern Pacific coral fauna suffered
more than did the coral fauna of the Caribbean. In the eastern
Pacific, the original corals present during the Neogene were replaced
by species from the central Pacific, and these corals in turn invaded
from a fauna of highly sophisticated corals, a fauna that was less
affected by extinction than was the reef biota of the Caribbean.
Glynn (5) has, moreover, warned of the likelihood that the vora-
cious coral predator Acanthaster planci (the crown-of-thorns sea-star)
would extend its current range in the Indo-West Pacific and eastern
Pacific to the Caribbean region. If the Central American marine
interchange conforms in pattern to other marine interchanges, it
should result in ecological shifts but few extinctions of western
Atlantic species.

Conclusions and Prospects

What little we know about biotic interchange implies that the
history of extinction and the adaptational attributes of species in the
affected biotas strongly influence the pattern and extent of inter-
change. The available evidence points to three tentative conclusions:
(i) many (perhaps most) episodes of interchange are strongly
asymmetrical; (ii) biotas providing the bulk of the invading species
in asymmetrical interchanges contain species that have evolved high
competitive, defensive, and reproductive performance in compari-
son with native species in the recipient biotas; and (iii) biotas in
which the magnitude of extinction before the onset of interchange
was high are especially vulnerable to invasion.

An interesting but unexplored possibility is that the greater than
average susceptibility of species of high biological performance to
extinction provides exceptional opportunities for invaders with
similar qualities. To test this idea further will require information on
selectivity of extinction and of subsequent invasion.

Ecologists traditionally emphasize energy flow, competition, pre-
dation, symbiosis, and recruitment in their attempts to understand
how communities of species function and what factors regulate the
distribution of species. It is clear, however, that history provides an
additional critical element that has been poorly integrated into most
studies of living communities and into predictions about the ecology
of the future. Unfortunately, most of the available historical data
come from only a few groups of organisms. Not only will it be
important to extend the historical perspective to other components
of the living biota, but we must be cautious about applying the
results for one group to other groups. The differences in the
extinction and invasion histories of molluscs and corals in tropical
America illustrate this point well. In particular, interchanges show-
ing asymmetry in one group may be more even-handed or even
reversed in pattern for others, and the pattern and extent of
interchange may vary widely according to habitat.
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Studies of biotic interchange can also be rich sources for evolu-
tionary biologists. If the time of arrival of an invading lineage can be
pinpointed, invaders can serve as good models for the study of
speciation and of changes in selective regimes. With invasion sure to
play an increasingly important role in the ecology of the biosphere,
a better understanding of the pattern and evolutionary consequences
of biotic interchange is both theoretically interesting and practically
useful.
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Vapor-Phase Fabrication and Properties of
Continuous-Filament Ceramic Composites

T. M. BEsMANN, B. W. SHELDON,* R. A. LOWDEN, D. P. STINTON

The continuous-filament ceramic composite is becoming
recognized as necessary for new, high-temperature struc-
tural applications. Yet because of the susceptibility of the
filaments to damage from traditional methods for the
preparation of ceramics, vapor-phase infiltration has be-
come the fabrication method of choice. The chemical
vapor infiltration methods for producing these compos-
ites are now being studied in earnest, with the complexity
of filament weaves and deposition chemistry being merged

with standard heat and mass-transport relationships. Two of
the most influential effects on the mechanical properties of
these materials are the adhesion and frictional force between
the fibers and the matrix, which can be controlled by a
tailored interface coating. A variety of materials are available
for producing these composites including carbide, nitride,
boride, and oxide filaments and matrices. Silicon carbide—
based materials are by far the most advanced and are already
being used in aerospace applications.

NTIL JUST A FEW YEARS AGO, VAPOR-PHASE SYNTHESIS

was rarely thought of as a route to structural materials. The

technology was restricted to the deposition of specialty
coatings and, more recently, to the fabrication of thin-film electronic
devices. Now, however, it is emerging as a method for the prepa-
ration of near-final-shape, continuous-filament ceramic composites
(CFCCs) for advanced structural applications. Conventional tech-
niques for the fabrication of ceramics such as hot pressing (in which
a ceramic body is simultaneously subjected to high temperatures and
pressures) involve fiber-damaging extremes of temperature and
mechanical stress. For example, the popular SiC-based fiber Nicalon
suffers degradation at processing temperatures above 1100°C (1, 2),
a temperature well below that for sintering SiC. The high-modulus,
small-diameter (15-pm) Nicalon fibers are also susceptible to me-
chanical damage from high-pressure consolidation methods. This
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susceptibility has led to several novel approaches involving impreg-
nation of fibrous preforms with matrix precursors. By far the
greatest success has been obtained with vapor sources, leading to a
class of techniques termed chemical vapor infiltration (CVI).

CVI originated in efforts to densify porous graphite bodies by
infiltration with carbon (3). The technique has developed commer-
cially such that half of the carbon-carbon composites currently
produced are made by CVI (the remainder are fabricated by the
curing of polymer-impregnated fiber lay-ups). The earliest report of
the use of CVI for ceramics fabrication was a 1964 patent for
infiltrating fibrous alumina with chromium carbides (#). During the
past two decades, much of the development of CVI techniques has
taken place at the University of Karlsruhe (5), the University of
Bordeaux (6), and Oak Ridge National Laboratory (7, 8).

In CVI, gaseous reactants infiltrate a porous (typically fibrous)
preform held at an elevated temperature, depositing matrix material
on the substrate structure via a standard chemical vapor deposition
(CVD) reaction. This CVD coating grows with continued deposi-
tion to form the composite matrix. CVD reactions are attractive in
that they permit the use of a wide variety of ceramic matrix materials
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