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ABSTRACT

Discontinuously reinforced metal matrix composites are a class of materials that exhibit a blending of properties of the reinforcement and the matrix.  The reinforcement can be ultrahigh strength whiskers, short or chopped fibers or particles.  Each of the reinforcements has property or cost attributes that dictate its use in a given situation.  Commercial producers have concentrated on composites with particulate reinforcement because of cost issues.  These composites have been made by a number of manufacturing techniques. These include powder metallurgy, casting and spray deposition. The technique that has consistently produced higher property composites has been powder metallurgy. This paper concentrates on the commercial production of metal matrix composites.  There have been many laboratory scale manufacturing methods developed for creating metal matrix composites.  These will not be addressed in this paper.  Recent work in this area has focused upon refining techniques that offer lower cost manufacturing. Scale-up of facilities to produce vacuum-hot pressed composite billets has been completed with the help of DOD funds through a Defense Production Act Title III program.  Several companies have been working with a cold isostatic pressing-vacuum sintering process,(“CIP/Sinter”), to produce lower cost billet stock.  In July 1996, the Talon Corporation used private capitol to put in a scaled-up CIP/Sinter facility.  This paper will review the recent test data generated from aluminum composites made by the CIP-Sinter manufacture method.  These data will be compared with data generated by the Title III program that represent state-of-the-art processing.  This comparison will demonstrate that both manufacture methods produce composites with similar properties.

For a number of years several companies have been developing a discontinuous powder metallurgy ceramic-particulate-reinforced metal matrix composite.  The most common of the composites is silicon carbide particulate, SiC, reinforced aluminum.   When compared with its unreinforced matrix alloy, the metal matrix composite  is characterized by significant increases in elastic modulus, tensile, shear and fatigue strength, wear properties and low thermal expansion along with high thermal conductivity.  The largest gains are made in the increase in elastic modulus, stiffness, and the reduction in expansion.

The SiC / Aluminum composites have been made into many automobile engine components.  These applications attempt to take advantage of the lower thermal expansion, the increased stiffness, the high thermal conductivity and the increased wear resistance of the composite.  A partial list of the components tested to date include connecting rods, push rods, pistons, valve spring retainers and valve lifters.  This composite material is being considered for connecting rods since the expansion is similar to steel, and this will reduce the large end, crankshaft, clearance problems encountered with aluminum alloys in this application. When designing an aluminum connecting rod, excess clearance must be included, so that when the engine cools to a low temperature the rod and bearing do not seize to the crank due to shrinkage of the aluminum.  One obstacle for the use of these composite materials for connecting rods is the expense of manufacturing the rods.  Blanks of SS25 Composite were supplied to Jet Engineering for forging trials.  These trials were successful in producing a near net connecting rod with standard forging practice. 

INTRODUCTION

Metal matrix composites, as we know them today, have evolved significantly during the past 20 years.  The primary support for these composites has come from the aerospace industry for airframe and spacecraft structures.  More recently the automotive, electronic and recreation industries have been working diligently with these composites.  The driving force behind the development of most of the existing composites has been their capability to be designed to provide needed types of material behavior.  Discontinuously reinforced metal matrix composites have virtually isotropic properties and lend themselves to metallic design methodologies.  The particle and whisker reinforced composites have the advantage of being formable by standard metalworking practices. Classically, stiffness and strength have received the most attention as tailorable properties.  In recent years, interest has arisen in controlling attributes such as coefficient of thermal expansion, thermal conductivity, friction characteristics and wear resistance.

The composite fabrication technique is an important consideration.  For a given set of constituents, the fundamental link between properties and cost is determined by the fabrication method.  Processing, in general, is concerned with the introduction of a reinforcement into the matrix with a uniform distribution.  A major hurdle is the achievement of proper bonding between the matrix and the reinforcement in order to attain good load transfer between phases.  Not all combinations of reinforcement and matrix are compatible and many cannot be processed into commercially useful composites.  In some composites, the coupling between the reinforcement and the matrix is poor and adhesion promoters are needed.  In others excessive interfacial reactivity can lead to a brittle layer around the reinforcement.

A wide variety of fabrication techniques have been explored for metal matrix composites.   These include liquid phase methods, deposition of matrix from a semi-solid or vapor phase, and solid state consolidation.  Liquid phase processing has attractive economic aspects.  Chopped fibers, porous ceramic compacts and particulates have been incorporated into molten matrix alloys. In some cases, pressure assistance has been used to infiltrate the reinforcement with the molten matrix.  These methods result in microstructures dictated by the solidification of the molten metal.

The powder metallurgy processing technique is attractive for several reasons.  This approach offers microstructural control of the phases that is absent from the liquid phase route.  The P/M processing employs lower temperatures and, therefore, theoretically offers better control of interface kinetics.  The P/M approach also makes it possible to employ matrix alloy compositions and microstructural refinements that are only available via the use of rapidly solidified powders.  

Because of their basis as a powder, these composites must be metal-worked to develop the best properties.  The composites behave in a manner similar to new high strength aluminum alloys made by the powder metallurgy technique, i.e., the previous particle oxide skins must be broken up by metal working before the true properties of the matrix metal and, hence, the composite can be achieved.  The most common primary breakdown process has been extrusion.  Other metal working processes such as rolling, forging, shear spinning and swaging have also been demonstrated.   Machining, drilling or grinding operations do not cut or break critical fibers and therefore do not degrade mechanical properties.  The ceramic reinforcements give rise to dulling of the machine tools that decreases the machinability of these composites.  The qualities of low-cost components and the use of existing metalworking equipment have contributed to rapid growth in the use of this form of metal matrix composite.

POWDER METALLURGY PROCESSING METHODS

Manufacturing methods that have commercial applications are protected by patents.  Many patents have been granted by the United States Patent office for manufacturing particulate-reinforced, metal matrix composites.   This paper will review patents that have been issued since 1986 and relate to powder metallurgy processing of aluminum composites.  Jatkar et al.1, describe a high energy ball mill technique to ensure blending of a malleable matrix and particles of reinforcing material.  Begg and Terrant2 describe high energy ball milling of at least 40 volume percent hard reinforcing phase with either aluminum or magnesium alloys.  The mixes are consolidated by hot isostatic pressing in this processing technique.  Zendalis and Gilman3  describe a method for high energy ball milling rapidly solidified aluminum alloy and reinforcing particles with a reinforcement range of 0.1 to 50 volume percent.  The blended composite is consolidated into a solid mass and can be forged, rolled or extruded.  These patents describe methods that result in composites with high mechanical properties. These methods have size limitations, however,  for the ball milling, cost implications due to the high energy ball milling and have not been successfully scaled-up for commercial production.  

Commercial aluminum matrix composites are made by processes that are standard methods for processing monolithic powder metal aluminum after a blending operation is carried out to introduce the reinforcement.  Sawtell, et al,4 describe this composite production process as prior art in their patent that describes processing blended powder into composites by inert gas processing of compacts.

The processing of powder metallurgy composites has specific, required steps.  These steps are shown in Figure 1.  

1.
Powders of aluminum alloy must be blended with the reinforcement.

2.
The blended powders must be compacted into a “green form," typically by cold isostatic pressing.  As an alternate, the blended powder can be compacted in a die.

3.
The die and compacted powder or the “green form” must be placed inside a vacuum container, the assembly is then heated to a temperature appropriate for removing the gasses that are trapped in the oxide on the aluminum powder. 

4.
The assembly is further heated to a processing temperature and compacted into a billet.  

The billets, typically, have a 100 percent theoretical density and must be removed from the can or the die. If the billet is compacted in an aluminum jacket, the removal of this jacket must be complete, that is, the entire jacket must be removed so that nonreinforced metal is not introduced into the composite during subsequent processing. The composite is removed during this procedure, resulting in processing losses.  This reduces the yield of starting powder to finished product and translates into increased cost of the composite.  After billets are removed from a die, the die will require some level of refurbishment that will add cost to the processing of the composite.
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Figure 1. Schematic Diagram of Processing Steps for Manufacture of Powder Metallurgy Composites.

Carden5 describes the cold isostatic pressing of blended powders into billet green forms followed by vacuum sintering to produce composite billets containing between 1 and 40 volume percent boron carbide as the reinforcement, referred to as “Talbor”.  These CIP/Sinter composites are made by the processing sequence also shown in Figure 1. 

1.
The aluminum alloy powders and the B4C reinforcement are blended.  This blending process is similar to the operation described in the vacuum hot press processing.

2.
The blended powder is compacted into “green forms” by cold isostatic pressing. The “green forms” are typically 90 percent dense at this stage of processing.

3.
The “green forms” are then vacuum sintered to produce billets that are also typically 90 percent dense.  No can removal is necessary.

The Talbor billets are ready for extrusion after the sintering step.  The subsequent extrusion or other hot-working process will fully densify the composite and produce the microstructure necessary for high strength and other desired mechanical properties.  The reduction in processing steps for the Talbor composites results in cost reductions.  The Title III billets 6 are made by vacuum pressing in large dies, forty eight cm diameter by sixty cm long.  These billets must be extruded into smaller sizes for final processing into product.  This initial extrusion adds several dollars per pound in cost and results in some material loss during the extrusion.  The Talbor billets can be made ready for final product fabrication, reducing both initial processing costs as well as intermediate extrusion cost and associated losses.

In order to demonstrate that the Talbor manufacturing process produces composite material that exhibits mechanical properties that are similar to composites manufactured by the conventional route, a series of tests was conducted.  These tests included, tensile, compression and fatigue and were conducted on composites that were extruded into rods with an extrusion ratio of 35:1. Two lots of the Talbor H-15, one lot of Talbor H-25, two lots of Talbor E-5 and two lots of Talbor E-15(6092/B4C/15p, 6092/B4C/25p, 7093/B4C/5p and 7093/B4C/15p) were processed for the tensile testing.  The tensile samples were machined according to the drawing shown in Figure 2.  The tests were conducted according to standard ASTM B-557.  The average of at least four tests per lot is reported.  The test results are contained in Table 1.  The 6092 and 7093 matrix composites were heat treated to a T-6 condition.  For comparison, tensile data from the Air Force Title 3 program 7 for silicon carbide-reinforced aluminum composites manufactured by the conventional vacuum hot press process and was also tested in accordance with ASTM B-557.  Compression tests were conducted on extruded tubes; tube sizes are contained in Table 2.  Test samples were sections of the tubes that had lengths that were three times the outside diameter; sample lengths are also contained in Table 2.  Three samples from eight lots of composite were tested; compressive yield strength is the only data that is reported.  The failure mode for these samples is a buckle at one end of a tube.  The buckle stress is a function of the tube wall thickness to diameter ratio and is not a true ultimate.  The strain measurement was not precise enough for modulus determination.  The compression yield strength for Talbor H-15 is 410 ±23 Mpa, (59.5±3.3 ksi).  As a comparison, the Title 3, 6092/SiC/17.5p composite 7 has a compressive yield strength of 413 MPa (59.9 psi) for 3.8 mm thick sheet that is similar to the tube wall thickness. 
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Figure 2  Drawing of Standard Tensile Sample.

Table 1 Tensile Test Data for Extruded Talbor Composites
Material
Elastic 
Yield
Ultimate
Strain at


Modulus
Strength
Strength
Failure


(GPa)[106psi]
(Mpa) [ksi]
(Mpa) [ksi]
( % )

Talbor H-15
98 [14.2]
372 [54]
476 [69]
7.0

6092/SiC/17.5p
106 [15.4]
434 [63]
496 [72]
6.5

Talbor H-25
120 [17.4]
400 [58]
524 [76]
4.5

6092/SiC/25p
123 [17.8]
427 [62]
538 [78]
4.6

Talbor E-5 
77 [11.2]
621[90]
676 [98]
8.5

Talbor E-15 
102[14.8]
640[93]
687[100]
4.5

7075 Aluminum8
72 [10.4]
510 [74]
565 [82]
7.0

Table 2  Talbor Tube Dimensions
Outside Diameter
Wall Thickness
Compression Test

( mm )
( mm )
Sample Length (mm)

44.0
1.45
131

38.1
1.45
114

34.9
1.45
105

31.8
1.30
95

22.2
1.45
67

18.8
1.38
57

The fatigue samples of Talbor were taken from the second lot of H-15 used for the tensile evaluation.  Additional samples were machined according to the drawing shown in Figure 3.  The original extruded rod was heat treated to T-6 condition before samples were machined.  The samples were placed in hydraulic grips and tested with a stress ratio of 0.1.  The results of these tests are contained in Figure 4.  For reference, fatigue data for 6061 T-6 and 7475 T-753 from the Mil-Handbook 58 are also shown in Figure 4. 
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Figure 3.  Drawing of Fatigue Test Sample.
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Figure 4.  Axial Fatigue Test Data for Talbor H-15, Monolithic Aluminum and Similar Aluminum Matrix Composites.

 In addition, fatigue data for 6092/SiC/20p and 6092/SiC/25p composites from tests reported by Lockheed Fort Worth 9 are plotted in Figure 4.  All of these data indicate that Talbor H-15 has fatigue strengths that are higher than monolithic 6061 or 7475.  The fatigue properties of all of the composites are similar.  The matrix alloy is the same for the composites and they all were derived from powder, indicating that similar microstructures have been generated after all processing routes.

Automobile Engine Demonstrations

Several years ago, Revmaster Aviation and MTC Engineering entered into a joint program to evaluate forged pistons for racing engines.  MTC Engineering of Cocoa, Florida machined a set of four pistons from forged metal matrix composite , registered by Revmaster Aviation as Revlite®.  These pistons were installed into a GS-1100 Suzuki Motorcycle. Each cylinder had four valves.  Pistons were also machined from the best currently available aluminum alloy, forged hypereutectic aluminum, and installed in an identical engine.   The hypereutectic pistons were machined with clearances of 0.002 inches at the bottom of the skirt and 0.007 inches just under the ring land.  These clearances are tighter than normal for aluminum pistons because of the reduced expansion of the hypereutectic alloy.  The composite has a further reduced expansion and this allowed the clearances to be reduced to 0.0002 inches at the bottom of the skirt and 0.0035 just under the ring land.  These clearances approach a zero clearance condition and required that the cylinders were honed with extreme care prior to insertion of the pistons.  Both engines were set-up for a static compression ratio of 17 : 1.  The test was to run the drag bikes in races for a year and compare the performance of the bikes. This year of racing involved 100 races at local 1/4 mile drag strips and at National events.  The engines were also tested for ring sealing before and after racing and for static leakage after racing.

The ring sealing was measured with a Super Flow Dyno. During this test the motor cases are sealed and the engines are run maximum horsepower and torque.  These engines were run at 11,000 RPM with VP-14 racing gasoline.  The hypereutectic piston engine had a ring seal blow-by of 70 SCFH before the 100 races and this increased to greater than the limit of 400 SCFH after the races.  The MMC engine had a ring seal blow-by of 75 SCFH before racing and 230 SCFH after the 100 races.  These engines use approximately 14,000 SCFH when they are run under racing conditions. Therefore, the Revlite engine had less than 2.0% blow-by after the 100 races.

The static leakage was measured with a Sun Cylinder Leakage Tester, Model 22B.  With this test the hypereutectic piston engine exhibited a leakage of greater than 10 percent after the 100 races and the MMC engine had a leakage of less than 4 percent after the 100 races.  The clearances were measured after the races.  The hypereutectic pistons had 0.005 to 0.006 inches at the top of the skirts and 0.010 to 0.011 at the oil ring while the MMC pistons had no change in dimensions.  The stability and tight clearances of the MMC pistons allowed the rings to maintain their sealing capability throughout the 100 races.  The pistons did not rock due to excessive clearance when the engine was cold and this maintained the edges of the rings.

These measurements were translated into performance differences for the two drag bikes.  The MMC Bike was winning races throughout the year with elapsed times in the 1/4 mile of between 8.55 and 8.75 seconds.  The bike with the hypereutectic pistons was competitive for the first five races and had elapsed times of greater than 9 seconds at the end of the year.  After this evaluation, MTC Engineering was going to launch a new product with the MMC piston, however, the owner had a heart attack and retired before the venture could be launched.

Samples of MMC were supplied to Sealed Power Corporation, Grand Rapids Michigan, for wear testing.  The samples were as follows:

A.
20 v% SiC / 2124 Al

B.
25 v% SiC / 2124 Al

C. 
30 v% SiC / 2124 Al

D. 
20 v% SiC / 7091 Al.

These materials were made into blocks for a block on ring type friction and wear test( Hommel T2000 tester).  The wear ring was cast iron with a surface finish of 220 grit paper. The blocks were finished with 600 grit paper and had approximately a 0.8 micron finish.  The contact load was 120 pounds, the speed was 197 R.P.M. and SAE 20W lubricant was used at 200 °F.  The test was run on each sample for 276,000 revolutions or approximately 23 hours.  The test set-up was brought to temperature at zero load.  Initial friction readings were taken at 2,000 revolutions.  The friction and wear data are summarized in table IV. These data show the very low friction coefficient and low wear rates found with the composites.

 In addition, the wear scars in the cast iron were less than 250 microns, indicating that the composite not only did not wear but it also did not wear the cast iron.  This mutual low wear condition is ideal for engine components.

Table 3  Friction and Wear Date for Aluminum MMC

 Composite I.D.   
Coefficient    
Volume loss

                  
of Friction    
from Block

                                   

(10-5cu cm)

                  
Start     
Finish

20% SiC/ 2124     
.096  
.119    
6.34

25% SiC/ 2124     
.101  
.123    
6.23

30% SiC/ 2124    
.098  
.119    
4.15

20% SiC/ 7091     
.101   
.---    
6.31

SPF-251 Std Coating
.141 
.129   
13.11

CONCLUSIONS

The data presented in this paper indicate that composites manufactured by the CIP/Sinter process can be lower cost because of fewer manufacturing steps and reduced in-process losses.   One composite system made with this process, Talbor composites, have mechanical properties that are similar to composites that are manufactured by vacuum-hot pressing techniques.  This lower cost of billets will translate into lower product costs and more favorable performance /cost trade-offs.  In addition, several automobile engine applications have been evaluated and advantages for using Talbor composites have beed demonstrated.
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