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Introduction
The expanding market for metal matrix composites (MMCs) presents a unique niche application for
rapid prototyping I manufacturing. MMCs are well suited to RP for two reasons. First, these
relatively new high performance materials are largely used in high cost, low production
applications which are easily accommodated by RP techniques. Second, the hard and brittle
ceramic reinforcement phases used in MMCs add cost and complexity to traditional production
methods. Special tools or processes are required to machine these materials, and the cost and
design limitations imposed by the production of a mold limit the competitiveness of casting [1,2].
In comparison, the additive nature of Selective Laser Sintering (SLS) avoids the problems
associated with machining of the ceramic phase, and the wide range of geometries which can be
produced ensures the versatility of the process.

Process Description
The new RP process consists of three steps: the production of a porous ceramic preform by SLS of
polymer coated powder, a polymer debinding / fuing cycle, and the infiltration of the metal matrix
into the preform. A schematic of these steps is shown ifFigure 1.

Oil Trap

Infiltrant
Alloy

Steel Substrate

Step 3: Metal Infiltration

Figure 1. Schematic showing the three steps of the new production process.
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preforms. By holding the preforms at 1100 °C for 2 hours, a thin layer of the SiC is converted to
Si02. The formation of the silica layer allows light bonding between the individual particles;
however, no real sintering or densification of the preform occurs at this stage. Sintering of the SiC
directly was not attempted because of the high temperature and inert atmosphere which are
required. Even with the addition of boron and free carbon as sintering aids, processing
temperatures of 2150 °C are typically used during commercial processing of SiC powders [4].
Such processing conditions would have added substantially to the cost of the production process.
Future work may be directed toward the elimination of the polymer debinding and perform
oxidation step by directly sintering the SiC under the laser beam. Preliminary experiments have
indicated that such processing is possible.

Pressureless Infiltration
Infiltration of the porous preforms with the metallic matrix is the final step in the production
process. This process is not as readily achieved with a metal-ceramic material system as it is
with the more common metal-metal systems such as the iron-copper and copper-solder systems
used in other RP processes. The obstacles associated with this process are due to the relative
surface energies required to drive the inftltration process. In a spontaneous or pressureless
inftltration process, the surface tension of the liquid inftltrant must be lower than the surface
energy of the solid matrix. Because the surface energies of ceramic materials tend to be quite
low, this situation rarely occurs. As the table below shows, the surface energies of typical
ceramics are lower than the surface tensions of common metals and alloys.

Surface Energies of Common Alloys and Ceramic Materials [5-8].

Material TemPerature eC) Surface Energy (mN/m)

Pt(l) 1770 1865

Fe(l) 1120 1835

CU(l) 1120 1270

Alo) 660 914

Mg-8Alo) 600 571

SiC(s) RT 3800

TiC(s) 1100 1190

Al203<s) 1850 905

Zr02(s) RT 770

Si02(s) 1300 310

For the magnesium-SiC material system which we are considering, the values shown in the table
suggest that inftltration should not be difficult because of the relatively high surface energy of SiC.
This high value is misleading. The surface energy for SiC listed in the table was established for a
perfectly clean surface of SiC at room temperature. The exposed surfaces of most SiC, including
the particles in the preform, are no longer SiC, instead they have formed a surface layer of Si02.
As can be seen, the surface energy of silica is among the lowest of the common ceramic materials.
It is the surface layer of silica which effectively prevents the inftltration of most alloys.

Because of the unfavorable surface energies of these materials, processes such as squeeze casting
have been develOPed which use an externally applied pressure to overcome the surface energy
considerations and force the liquid into the matrix. Such a process is not suitable for this
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application because it requires the production of a mold. An alternative approach to pressure
infiltration is the incorporation of a reactive species such as magnesium, lithium, or titanium into
the infiltrant alloy [9-11]. It has been shown that the presence of these elements promotes wetting.
Sessile drop experiments with SiC and aluminum have recorded a change in contact angle from
112° to 83° with the addition of 5 wt% Mg to the aluminum [9]. It has been proposed that the
change in wetting behavior is due to reactions between the magnesium and the oxide layer present
on the surface of the SiC [12]. The Al-Mg-O and Mg-Si-O ternary phase diagrams are shown in
Figure 3. As can be seen, the system is fairly complex with many possible stable phases.
Fosterite (MgZSi04), Spinel (MgAl204), and Mullite (3Al203 . Si02) were suggested as the most
likely reaction products. The exact nature of the reaction at the interface has not been defInitively
established, but the experimental evidence for superior wetting behavior provided by magnesium
suggested that a magnesium based alloy would make a suitable infiltrant. For the infiltration
experiments, a common die casting alloy AZ91D was selected. Aside from its ability to wet the
SiC, this alloy provides low weight and high thermal conductivity.

1121\(0)

Figure 3. Phase diagrams for the Mg-Si-O and Al-Mg-O systems [13,14].

Infiltration Experiments
To prevent oxidation of the preform and infiltrant alloy, the infiltration process must be performed
in a controlled atmosphere. A sealed retort capable of being evacuated and backfilled with inert gas
was required for successful infiltration. A purge cycle consisting of evacuation to approximately
100 mTorr followed by a backfill with inert gas to atmospheric pressure was rePeated twice before
the heating cycle was begun. The purge gas was allowed to flow through the retort during the
entire eXPeriment. The gas was vented through an oil trap which provided a slight positive
pressure in the retort. Strips of the infiltrant alloy approximately 3 mm thick were placed directly
on top of the SiC preforms. This arrangement ensured the shortest infiltration distance for the part
geometry used in these experiments. A steel substrate was used to support the preform and
prevent reactions between the magnesium alloy and the retort. A schematic of the experimental set
up is labeled as Step 3 in Figure 1. Following the purging of the retort atmosphere, the process
cycle consisted of a one hour ramp to the infiltration temPerature, a one hour hold, and a slow cool
to room temperature.

Previous research conducted by Aghajanian et aI, indicated that a nitrogen based atmosphere is
required for spontaneous infiltration [15,16]. The preforms manufactured by SLS behaved
similarly, with no infiltration occurring in helium or argon atmospheres. When a nitrogen
atmosphere was used, the infiltration proceeded readily, if somewhat slower than is observed with
other materials systems. A processing temperature of 670°C was sufficient to infiltrate a 1 em
thick preform in one hour. Typical microstructures are shown in Figure 4. As can be seen, the
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completely infIltrated. This excess material collects at the bottom of the preform along the surface
of the substrate such that it would occasionally block through holes in the parts. The presence of
Second, holes of varying dimensions were present in the test geometry to determine if over
infiltration would occur. It was determined that the surface tension effects which drive the
infiltration process are quite weak and close particle spacing is required for infiltration. Holes as
small as 2 mm in diameter were still too large to provide a sufficient capillary force with which to
draw in the infiltrant and remained uninfiltrated. A related concern is the small amount of excess
infiltrant which must be provided in any infiltration process to ensure that the part will be
completely infIltrated. This excess material collects at the bottom of the preform along the surface
of the substrate such that it would occasionally block through holes in the parts. The presence of
the excess magnesium does not cause substantial difficulties in the processing of the parts because
it is very easily removed. The great difference in hardness between the excess magnesium alloy
and the composite part allows abrasive bead blasting or tumbling processes to quickly remove the
excess material. The high hardness of the ceramic phase effectively limits any additional material
removal once the surface of the composite is reached.

The third concern is warping or large scale distortion of the preform. Warpage was observed in
some of the test pieces. It appears that the infiltration process disrupts the light bonding which
exists between the SiC particles. The weakened structure of the preform tends to conform to the
shape of the substrate. This distortion suggests that parts with overhanging features may present
problems during infiltration. Two possible methods to alleviate this problem include packing the
preform in a supporting powder bed which is not infiltrated by the magnesium, or using a ceramic
binding agent such as a preceramic polymer [19] which can be decomposed to provide a SiC
"glue" to hold the individual particles together.

Conclusions
A process has been established for the rapid manufacturing of MMCs based on Selective Laser
Sintering. Parts with complex geometries, containing between 40 and 50 vol% SiC were
successfully produced. The low thermal expansion and high thermal conductivities provided by
these materials may make them suitable for applications such as electronic packaging. Future work
on this process will focus on direct SLS processing of the SiC which would allow the removal of
the polymer binder along with the current debinding I fmng stage. Additionally, the incorporation
of a ceramic precursor to the preform may provide higher SiC content and improved preform
strength and stability during the infiltration process.

References

1. N. Tomac, K. T0nnessen, "Machinability of Particulate Aluminum Matrix Composites,"
Annals of the CIRP, 41 (1) (1992), 55-58.

2. T. S. Srivatsan and D. M. Bowden, ed., Machinins- of Composite Materials Proceedings of
the Machining of Composite Materials Symposium ASMffMS 1-5 November, 1992.

3. M. Wohlert and D. Bourell, "Production of Full Density Metal-Matrix Composites by a
Combined Selective Laser Sintering I Metal Infiltraion Process" To be published TMS
Proceedings October 6-10, 1996 Fall Meeting Cincinnati, OH.

4. D. Richerson, Modem Ceramic Ens-ineering Properties, Processing, and Use in Design, 2nd
ed. (New York, NY: Marcel Dekker, Inc., 1992),540.

5. R. Pampuch, Consitiution and PrQperties of Ceramic Materials (Elsevier, 1991), 68.

86



6. L. E. MUff, Interfacial Phenomena in Metals and Alloys (Addison-Wesley, 1975), 101-107.

7. C. T. Lynch, ed., Practical Handbook of Materials Science (Boca Raton, Florida: CRC
Press, Inc. 1989).

8. W. D. Lynch, H. K. Bowen, and D. R. Uhlmann, Introduction to Ceramics 2nd Edition
(Wiley & Sons, 1976), 183.

9. D. Han, H. Jones, and H. V. Atkinson, "The wettability of silicon carbide by liquid
aluminium: the effect of free silicon in the carbide and of magnesium, silicon and copper alloy
additions to the aluminum," Journal of Materials Science, 28 (1993),2654-2658.

10. M. Gupta et ale "Wetting and interfacial reactions in Al-Li-SiCp metal matrix composites
processed by spray atomization and deposition," Journal of Materials Science, 26 (1991), 6673
6684.

11. M. Kobashi, T. Choh, "The wettability and the reaction for SiC particlelAl alloy system,"
684-690.

12. S.Y. OH, J. A. Cornie and K. C. Russell, Ceramic Engineering and Science Proceedings,
8 (1987), 912.

13. A. M. Alper, ed., Phase DiagramS in AdYanced Ceramics (San Diego, Ca: Academic Press,
Inc., 1995), 96.

14. W. D. Lynch et aI., p.288.

15. M. K. Aghajanian et al., "The fabrication of metal matrix composites by a pressureless
infIltration technique," Journal of Materials Science, 26 (1991),447-454.

16. M. K. Aghajanian et al., "A New InfJltration Process for the Fabrication of Metal Matrix
Composites," SAMPE Quarterly 7 (1989), 43-46.

17. Robert S. Busk, Magnesium Products Design, (New York, NY: Marcel Dekker, Inc.,
1987), 167.

18. K. Schmidt, C. Zweben, and R Arsenault, "Mechanical and Thermal Properties of Silicon
Carbide Particle-Reinforced Aluminum," Thermal and Mechanical Behavior of Metal Matrix and
Ceramic Matrix Composites, ASTM STP 1080, (1990), 155-164.

19. J. M. Schwark and Mark J. Sullivan, "Isocyanate-Modified Polysilazanes: Conversion to
Ceramic Materials," Mat Res. Soc. Symp. Proc. 271 (1992), 807-812.

87



88


