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Intermetallic Matrix Composites via in-situ Displacement Reactions

M.J. Kaufman
Principal Investigator
University of Florida

This constitutes the final report on ONR Grant No. N00014-91-J-4132 which was performed

_at the University of Florida from 7/1/91-6/30/95. This report is divided into a summary section

that indicates the program goals followed by highlights of the accomplishments with reference to

the appropriate papers/dissertations that resulted from this work. The research students involved in

this program are then described followed by a listing of papers, patents and presentations. Copies
of the manuscripts and patents are included at the end.

A. Scientific Research Goals

Among the obstacles encountered in the development of intermetallic matrix compos1tes are (1)
the thermodynamic and mechanical incompatibility between the matrix and reinforcement phases
-and (2) the matrix-reinforcement interfacial properties which are not ideal from the standpoint of
achieving optimum properties in the composite as a whole. In the past, the first of these problems
has been addressed by coating the reinforcements with some sort of barrier or compliant layer
before their introduction into the matrix. The various coating methods investigated (sol-gel, CVD,
PVD) tend to be expensive, time consuming and unreliable with respect.to producing sound -
coatings. This research program was initially concentrated on identifying more cost-effective and
reliable schemes for developing the requisite coatings. The basic approach is to identify simple
processing schemes whereby a beneficial reaction product (or products) is produced in-situ at the
interfaces between the matrix and reinforcement during consolidation or subsequent heat treatment.
As the research evolved, greater focus was placed on the need to achieve a better understanding of
microstructural evolution during in-situ'displacement reactions and on the correlation between the
evolved microstructures and the mechanical properties. In the case of silicide-based IMC’s, there
- was a clear need to determine the influence of discrete silica particles, incorporated during the
consolidation of powder samples, on the mechanical properties and on both grain size and shape.

B. Highlights

Mo-Si-C

e Mechanical alloying of elemental molybdenum, silicon and carbon powders allows their -
consolidation at relatively low temperatures to produce silica-free, SiC-reinforced MoSi,
composites. The reactions that occur during mechanical alloying and consolidation have been
characterized in some detail (1,2).

e When mechanically alloyed Mo and Si powders are consolidated without carbon, the
incorporated silica exists as discrete particles rather than as grain boundary films (1,2).

e The discrete silica particles present in the MoSi,-20 vol. % SiC composites produced by more
conventional blend and press methods appear to be detrimental to the high temperature strength
of MoSi, (Jayashankar and Kaufman, in preparation).

e Silica-free composites with varying quantities of SiC (10-60 vol. %) can be synthesized from
elemental powders using a combination of mechanical alloying followed by in-situ




displacement reactions. The variations in loading fraction allow the CTE to be tailored to match
that of potential reinforcements. Likewise, it is also possible to match more closely the CTE of -
the SiC-MoSi, mixture with that of a substrate for those instances when the product material is
to be used as a coating (3,4).

Thermodynamic calculations revealed that the form of the Mo-Si-C temary phase diagram
proposed by Nowotny et al. is correct at all temperatures whereas that by van Loo is incorrect.
Specifically, there is a MoSi,+SiC+Mo,Si,C (Nowotny phase) three-phase field as opposed to
the three-phase equilibria between MoSi,, SiC and Mo,Si, proposed by van Loo (5).

The SiC size and volume fraction dictate the upper grain size based on Zener drag arguments
such that the higher loading fractions correspond to finer grain sizes and vice-versa
(Jayashankar and Kaufman, in preparation).

The fine-grain material appears to be superplastic based on strain rate sensitivity measurements.
This implies that grain boundary sliding is the dominant mode of deformation at elevated
temperatures. It also suggests that it might be possible to superplastically form the fine-grain
composite material {after consolidation of the sub-micron, mechanically alloyed powders) into
a complex shape and then coarsen the grains to the “limiting grain size” dictated by the loading
fraction of the SiC in order to increase the creep strength (6).

The presence of silica appears to reduce the high temperature strength of MoSi, containing 20
vol. % SiC for similar grain sizes. The highest strengths are achieved in the coarsest-grain,
silica-free materials containing only 5 vol.% SiC suggesting that it should be possible to tailor
the strength somewhat (6).

Previous reports of the brittle-to-ductile transition (BDTT) in MoSi, are questionable at best. It
appears that the so-called BDTT is a misnomer in this and many other materials that exhibit
high elongations at some intermediate temperature. - Specifically, it is clear that MoSi, will be
brittle at all temperatures (below the melting point) at sufficiently high strain rates due to the
lack of a sufficient number of active deformation mechanisms (slip systems). The increased
elongations at elevated temperatures and sufficiently low strain rates is again related to the onset
of grain boundary sliding rather that a true change from brittle to ductile behavior (J ayashankar
and Kaufman, in preparation).

Investigations of the extent of the Mo,S1,C s1ng1e-phase field have revealed that it is much
narrower than that published in previous studies (Nowotny, et al., van Loo, et al.).
Consequently, our. attempts to produce single phase Mo,Si,C have met with limited success
although we are able to produce structures containing only a small volume fraction of a second
phase, the nature of which depends on the bulk composition (i.e., the-direction of deviation
from the single phase field) (7).

Mo-Si-Al

Aluminum additions to Mo and Si can be used to produce silica-free MoSi, + AlO,
composites. Depending on the amount of aluminum (substituted for silicon), the matrix phase
is either the tetragonal C11, structure or the hexagonal C40 Mo(Si1,Al), structure or a mixture
of these phases (8-10).

The volume fraction of alumina is lower than that of the silica due to the ~25% volume decrease
associated with the silica to alumina structural transformation (8).

The aluminum incorporated in the MoSi, can be used to reduce the oxide on pre-oxidized
niobium to form a protective alumina coating. As expected, the kinetics of this reaction and the
relative protection depend on the aluminum concentration/activity (11).



Similar attempts to produce silica-free MoSi, + ZrO, composites using this approach were
largely unsuccessful presumably because of the more sluggish transport/transformation kinetics
of zirconium relative to aluminum as well as the very low solubility of zirconium in MoSi,
again in contrast to that for aluminum. This implies that high solubility solutes are more
suitable for such reactions if there is a sufficient' driving force for the reduction reaction.
(Similar conclusions were drawn from the work on displacement reactions in NiAl using silica -
precursors as indicated below.)

The Mo-Si-Al phase diagram appears to be only partially correct and attempts are being made to
investigate the regions of the diagram surrounding the C40 phase field in order to determine the
diagram more accurately and to elucidate the effects of other phases on the properties of the
C40 structure (7).

Unlike binary MoSi, which undergoes catastrophic oxidation “pest” at intermediate
temperatures, the C40 Mo(SiAl), phase appears to be susceptible to pest-like degradation at
room temperature in moist environments; further analysis to understand this phenomenon
mechanistically is underway (Eason, unpublished results). :

In spite of their higher symmetry, the hexagonal C40 and Nowotny phases are extremely brittle
much like the tetragonal C11, MoSi, phase. Therefore, the transition to a higher symmetry
structure (i.e., more slip systems) only enhances toughness and ductility when the dislocations
are mobile at the temperature of interest (Ross and Eason, unpublished results). '

Mo-Si-B

In-situ solid-state displacement reactions have been used to synthesize MoSi,-molybdenum
boride composites at temperatures lower than 0.7T, (where Ty, is the melting point of the
boride). Finer structures are obtained when MoSi, and MoB are the product phases compared

with the MoSi, + Mo,B, composites. It appears that the finer scale structure is related to the
fact that these phases grow in a coupled manner (12, 13).

~ The discrete silica particles in these Mo-Si-B composites contain boron and, therefore, have a

lower melting temperature -than those without boron. Aluminum additions can be used to
reduce the silica in these composites as in the silicides without boron; in this case, the structure
contains alumina, the boride and MoSi, (or Mo(SiAl), depending on the aluminum
concentration) (12-14).

This concept was extended to the Mo-Si-B-Ti system in order to produce TiB,-reinforced

MoSi,. The reactants were Mo,Si,, Ti,Si, and boron and the product phases were MoSi, and
- TiB, as expected (and silica since there was no deoxidant added). The structures tended to be

submicron in scale consistent with the ternary alloys. Significantly, the temperatures required
to form the TiB, and effect consolidation are considerably lower than those required using.
mixtures of these phases or those produced using Martin Marietta’s XD™ process (12-14).

Thermodynamic calculations of the Mo-Si-Ti-B quaternary system were made based on the
available data and the results confirmed that there is a two-phase field between TiB, and MoSi,
(14).

Aluminum additions can be used to reduce the borosilicate phase in the TiB,-reinforced MoSi,
as in the other materials described above (11-13).




NiAl + ALO,

e Molybdenum-reinforced NiAl composites were investigated using in-situ displacement
reactions as the means of protecting the reinforcement. Carbon additions to the NiAl matrix
resulted in the formation of an intermediate Mo,C layer at the interface. However, pre-
carburization of the molybdenum prior to reacting it with NiAl resulted in the carbon diffusing
from the carbide into the NiAl matrix leaving behind molybdenum solid solution (15).

e Alumina reinforced NiAl can be produced by reacting aluminum with less stable oxides that are
intentionally introduced into NiAl during powder processing. As with the MoSi, results, the
more rapid diffusing species are better suited for the displacement reactions. For example, it is
clear that silica transforms most rapidly whereas the other oxides studied (those based on iron,
titanium, chromium, etc.) react initially before “shutting down” due to the sluggishness of the
diffusion through the reaction layer (16).

e When the silica precursor was used, the resulting alumina phase appeared as a composite
mixture consisting of about 75% alumina and 25% NiAl (with some silica in solution). This
structure is related to the volume reduction accompanying the silica to aluminum reaction (16).
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