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(57) ABSTRACT 

A metal matrix composite and method Wherein a reinforce 
ment preform is made by partially sintering ceramic par 
ticles and a metal matrix material is used into the preform. 
In one example, the resulting isotropic metal matrix com 
posite has an ultimate tensile strength of at least 80 ksi in all 
directions, a high temperature strength retention of at least 
85% up to 500° F., and a high temperature stiffness retention 
of at least 95% at temperatures up to 500° F. Preferably, the 
preform has an average pore siZe of 1-5 microns, an average 
interconnected porosity 35-45 vol. %, a 100% open porosity, 
and a ?exure strength of greater than 7 ksi. 
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METAL MATRIX COMPOSITE 

RELATED APPLICATIONS 

[0001] This application claims priority from Provisional 
Application No. 60/427,112 ?led Nov. 18, 2002. 

GOVERNMENT RIGHTS 

[0002] This invention Was made With US. Government 
support under Contract Nos. NAS8-010019 and NAS8 
02014 awarded by NASA, DAAE07-99-C-L016 and 
DAAE07-98-C-X015 aWarded by the US. Army, DAAD17 
02-C-0039 aWarded by US. Army, and DAAH01-00-C 
R070 aWarded by US. Army. The Government has certain 
rights in the invention. 

FIELD OF THE INVENTION 

[0003] This invention relates to isotropic metal matrix 
composites With superior strength and high-temperature 
strength and stiffness retention features and a method of 
making the same. 

BACKGROUND OF THE INVENTION 

[0004] There is an ongoing search for neW high strength 
and durable light Weight materials. In one example, alumi 
num alloys have been used for both the engine head and 
block of gasoline engines to loWer the Weight of the engine 
and improve fuel economy. But, aluminum alloys do not 
have a suf?cient stiffness or high-temperature strength for 
diesel engines Where the cylinder pressure can be at least 
tWice that of a gasoline engine. 

[0005] Metal matrix composites including ceramic rein 
forcement material in a metal matrix are an attractive 
alternative to metal alloys because of their high strength and 
loW Weight. Usually, the ceramic reinforcement material is 
in the form of poWders, ?bers, or Whiskers. 

[0006] Unfortunately, the typical tensile strengths for 
many metal matrix composites range from 30 to 70 ksi and, 
moreover, typical metal matrix composites lose a substantial 
percent of strength and stiffness at temperatures above 200° 
F. Wear resistance is also an issue in some knoWn metal 
matrix composites. 

[0007] Those skilled in the art have long sought a stronger 
and more durable metal matrix composite Which exhibits 
high temperature strength and stiffness retention. See, for 
example, patent application No. PCT/US97/06323; US. Pat. 
No. 5,394,930; EP 0754,659 B1; EP 0380,973; and US. Pat. 
No. 5,141,683 all incorporated by this reference herein. 

[0008] Sometimes, the ceramic poWders of the metal 
matrix composite are ?rst formed into a preform prior to 
infusion by the metal matrix material. Compaction and 
adhesive binders are usually used to make the preform. The 
paper entitled “Strength and Fracture Toughness of Alumi 
num/Alumina Composites With Interpenetrating NetWorks” 
(Prielipp et. al, Materials Science and Engineering (A 197, 
1995, 19-30)), incorporated by reference herein, proposes 
sintering the ceramic poWders to make a preform Which can 
then be machined to provide near net shape parts and 
components. But, the highest tensile strength of the resulting 
metal matrix composite Was 75 ksi Which is not suitable for 
some applications. There have been reports of metal matrix 
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composites With a ?exural strength exceeding 100 ksi but 
the tensile strength Was less than 70 ksi. 

SUMMARY OF THE INVENTION 

[0009] It is therefore an object of this invention to provide 
a metal matrix composite Which exhibits a higher tensile 
strength. 

[0010] It is a further object of this invention to provide 
such a metal matrix composite Which retains its tensile 
strength and stiffness at elevated temperatures. 

[0011] It is a further object of this invention to provide 
such a metal matrix composite Which exhibits good Wear 
resistance. 

[0012] It is a further object of this invention to provide 
such a metal matrix composite Which has a loW coef?cient 
of thermal expansion. 

[0013] This invention results from the realiZation that a 
more durable metal matrix composite With a higher tensile 
strength and Which suf?ciently retains its tensile strength 
and stiffness at elevated temperatures is effected by the use 
of a partially sintered reinforcement preform tailored to have 
a speci?ed pore siZe, porosity, and ?exure strength, by 
choosing substantially pure ceramic poWders, and by care 
fully selecting the metal matrix material to be infused into 
the preform depending on the choice of the ceramic poW 
ders. Ceramic poWders are partially sintered resulting in an 
isotropic reinforcement preform. The preform is infused 
With a metal matrix material by pressure casting, squeeZe 
casting, or similar techniques resulting in an isotropic metal 
matrix composite With high strength, high stiffness, tem 
perature resistance, a loW coef?cient of thermal expansion, 
and good Wear resistance properties. 

[0014] This invention features an isotropic metal matrix 
composite comprising a reinforcement preform made by 
partially sintering ceramic particles and a metal matrix 
material infused into the preform. In one example, the 
resulting isotropic metal matrix composite has an ultimate 
tensile strength of at least 80 ksi in all directions. The tensile 
strength is typically greater than or equal to 100 ksi. Typi 
cally, the isotropic metal matrix composite has a high 
temperature strength retention of at least 85% up to 500° F. 
and a high temperature stiffness retention of at least 95% at 
temperatures up to 500° F. 

[0015] It is preferred that the preform has an average pore 
siZe of 1-5 microns, an average interconnected porosity 
35-45 vol. %, a 100% open porosity, a ?exure strength of 
greater than 7 ksi, and isotropic properties. It is also pre 
ferred that the ceramic particles are substantially pure (e.g., 
at least 99.0% pure). 

[0016] The metal matrix material should be selected to 
prevent chemical reaction With the preform. The particles of 
the preform may be alumina or silicon carbide and the metal 
matrix material may be aluminum, aluminum alloys, mag 
nesium, magnesium alloys, copper, and copper alloys. If 
aluminum is used, it should be substantially pure aluminum 
(e.g., 99.999% pure aluminum). One preferred aluminum 
alloy is aluminum alloy No. 201. Typically, the metal matrix 
composite has a coef?cient of thermal expansion of less than 
7.0 ppm/° F. 
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[0017] This invention also features a method of making a 
metal matrix composite Wherein ceramic particles are par 
tially sintered to form an isotropic reinforcement preform 
having an average pore siZe of betWeen 1-5 microns, an 
average interconnected porosity of betWeen 35 -45 vol. %, an 
approximately 100% open porosity, and a ?exure strength of 
greater than 7 ksi. The partially sintered preform is then 
infused With a metal matrix material. 

[0018] Infusion may include subjecting the preform to the 
molten metal matrix material under pressure by pressure 
casting or squeeZe casting techniques. 

[0019] Typically, the isotropic metal matrix composite has 
an isotropic high temperature stiffness retention of at least 
95% at temperatures up to 500° F., a high temperature 
strength retention of at least 85% up to 500° F., and an 
ultimate tensile strength is at least 80 ksi in all directions. 
The ceramic particles should be substantially pure and in 
one example Were at least 99.0% pure. It is preferred that the 
metal matrix material is selected to prevent chemical reac 
tion With the preform. The particles of the preform may be 
alumina or silicon carbide and the metal matrix material may 
be aluminum, aluminum alloys, magnesium, magnesium 
alloys, copper, and copper alloys. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] Other objects, features and advantages Will occur 
to those skilled in the art from the folloWing description of 
a preferred embodiment and the accompanying draWings, in 
Which: 

[0021] FIG. 1 is a three dimensional schematic vieW of an 
example of a metal matrix composite part in accordance 
With the subject invention in the form of a diesel engine 
combustion plate; 

[0022] FIG. 2 is a three dimensional schematic vieW of 
tWo combustion plates joined Within a cast aluminum alloy 
structure; 

[0023] FIG. 3 is a three dimensional schematic vieW of an 
example of a reinforcement preform made by partially 
sintering ceramic particles in accordance With the subject 
invention; 
[0024] FIG. 4 is a photomicrograph of the preform shoWn 
in FIG. 3; and 

[0025] FIG. 5 is a photomicrograph of the preform shoWn 
in FIG. 3 after infusion by a metal matrix material. 

DISCLOSURE OF THE PREFERRED 
EMBODIMENTS 

[0026] Aside from the preferred embodiments or 
examples disclosed beloW, this invention is capable of other 
embodiments and of being practiced or being carried out in 
various different Ways. Thus, it is to be understood that the 
invention is not limited in its application to the details of 
construction and the particular components set forth in the 
folloWing description or illustrated in the draWings. 

[0027] Metal matrix composite part 10, FIG. 1 is, in one 
particular example of this invention, a diesel engine com 
bustion plate insert, but the invention is clearly not limited 
to this part alone. In this example, the ceramic reinforcement 
material used Was alumina and the metal matrix material 
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Was aluminum alloy No. 201. Other possible ceramic rein 
forcement materials include silicon carbide, and other oxide 
and non-oxide ceramics. Other possible metal matrix mate 
rials include, inter alia, substantially pure aluminum (e.g., 
99.999% pure or better), aluminum alloys, magnesium, 
magnesium alloys, copper, and copper alloys. 

[0028] TWo such parts 10, FIG. 2, in one example, Were 
joined to be a part of cast aluminum alloy structure 12 to 
form a diesel engine head plate subcomponent. Inserts 10 
may be joined to structure 12 by gravity casting or using 
processes such as braZing or diffusion bonding. 

[0029] The construction of part 10, FIGS. 1-2 begins With 
partially sintering ceramic particles to form the reinforce 
ment preform 14, FIG. 3. The ceramic particles used should 
be substantially pure (e.g., at least 99.0% pure) to prevent 
substrate strength deterioration due to undesirable chemical 
reactions at the ceramic/aluminum alloy metal interface 
during pressure casting. Preferably, preform 14 has isotropic 
properties, a pore siZe of betWeen 1-5 microns, an average 
interconnected porosity of betWeen 35-45 vol. %, 100% 
open (interconnected) porosity, and a ?exure strength of 
greater than 7 ksi. Machining of preform 14 can take place 
before infusion as shoWn in FIG. 3 or after infusion With the 
metal matrix material. 

[0030] In the example shoWn in FIG. 3, the A1203 preform 
14 (99.1% Wt) had a 100% open (interconnected) porosity, 
a median pore siZe of betWeen 2.6-3.4 microns, an apparent 
porosity of 40.7%, a bulk density of 2.33 g/cc, a ?exural 

strength of 7.8 ksi, and a thermal conductivity (200-550° of 0.06-0.04 W/cm-o K and a CTE (RT-550o F.), of 3.39-3.71 

10(-6)/° F. 

[0031] FIG. 4 is a photomicrograph of preform 14, FIG. 
3 shoWing the isotropic nature of the partially sintered 
ceramic (A1203) particles. 

[0032] Surprisingly, one preform that met the above 
requirements is available from Coors Ceramics, Inc. 
(Golden, Colo.) and is typically used for ?ltering purposes 
and for kiln components. Other preforms that have an open 
porosity, an average pore siZe of 1-5 microns, an average 
interconnected porosity of betWeen 35-45 vol. %, and a 
?exure strength of greater than 7 ksi made of alumina, 
silicon carbide and other ceramic materials, hoWever, can be 
used. The molded shape of the preform Will depend on the 
particular application. 

[0033] To form part 10, FIGS. 1-2, a metal matrix material 
is infused into the preform. In one example, aluminum alloy 
no. 354 Was melted and preform 14, FIG. 3 subjected to the 
molten alloy material under pressure by pressure casting or 
squeeZe casting techniques. A photomicrograph of one iso 
tropic resultant part or component (e.g., part 10, FIGS. 1-2) 
is shoWn in FIG. 5. 

[0034] The resulting metal matrix composite part had a 
?exural strength of 89.5 ksi, a thermal conductivity (200 
550° of 5.52-6.46 W/cm-° K and a coefficient of thermal 
expansion (RT-550° of between 552-646 10(—6)/° F. 

[0035] Additional examples resulted in ultimate tensile 
strengths (using a standard axial tension test methodology) 
of at least 80 ksi in all directions and even exceeding 100 ksi 
and all aluminum/alumina examples resulted in a metal 
matrix composite With a high temperature strength retention 



US 2004/0173291 A1 

of 85% up to 500° F. or even 550° F. and a high temperature 
stiffness retention of 95% at temperatures up to 500° F. The 
measured coef?cient of thermal expansion Was less than 7.0 
ppm/° F. 

[0036] Preferably, the metal matrix material chosen (e.g., 
substantially pure aluminum, aluminum alloys, magnesium, 
magnesium alloys, copper, and copper alloys) do not react 
chemically With the material of the preform and vice versa. 

[0037] As shoWn in FIG. 5, the metal matrix composite 
exhibits a dense, fully in?ltrated structure With a clean 
matrix/ceramics interface and an absence of cast defects. 
The isotropic metal matrix composite of the subject inven 
tion has a high ?exural strength and, at the same time, a loW 
coef?cient of thermal expansion and a high thermal conduc 
tivity. By changing the matrix alloy and ?nal heat treatment 
of the metal matrix composite, it Would be possible to 
achieve various combinations of mechanical and physical 
properties to meet different requirements for metal matrix 
composites in substantially variable conditions. One positive 
feature of a continuous porous alumina preform (e.g., 100% 
open porosity) is its retention of strength at elevated tem 
peratures and thus it can be utiliZed in service conditions 
Where conventional high temperature aluminum alloys 
severely lose their strength. Also, the use of alumina rein 
forcement enables applications Where high Wear and light 
materials are needed. 

[0038] The mechanical and thermophysical properties of 
the porous alumina preform and the corresponding metal 
matrix composite can be tailored to accommodate a Wide 
range of service requirements for both structural and speci?c 
applications by slight variations in the porous substrate 
processing parameters. 

[0039] If the preform is made of a partially sintered 
ceramic material, there is also no need to place the preform 
in the mold since it is able to retain its shape during all stages 
of the pressure casting process. An additional advantage of 
a porous preform is that it can be sintered and/or machined 
to a net shape prior to in?ltration by the metal matrix 
material. Metal matrix composite shapes, such as plates, 
rods, bars and the like, can be pressure cast and then ?nish 
machined to the ?nal shape. Moreover, it is possible to 
infuse multiple preforms at one pressure casting run to 
utiliZe the processing space of the pressure casting unit in the 
most ef?cient Way. Therefore, the unit cost of the metal 
matrix composite pressure casting run can be substantially 
reduced by maximiZing the volume of the metal matrix 
composites created per casting and by the elimination of 
expendable graphite molds. 

[0040] To minimiZe fabrication costs, it is preferred to 
directly in?ltrate the aluminum matrix alloy into the par 
tially sintered reinforcement preform. TWo experiments 
Were performed to determine hoW to best in?ltrate multiple 
large parts in a single pressure casting to produce a fully 
homogeneous, pore-free metal matrix composite micro 
structure using free-standing porous ceramic performs. 

EXAMPLE 1 

[0041] Five 8.75“ diameter><0.3“ thick partially sintered 
reinforcement preforms made by partially sintering ceramic 
particles (A1203) Were pressure cast Within a simple graphite 
mold to keep the ?ve preforms separated to facilitate casting 
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demolding and metal matrix composite part separation and 
surface cleaning. All ?ve preforms Were successfully in?l 
trated and did not shoW any casting defects. 

EXAMPLE 2 

[0042] Apressure casting chamber Was equipped With tWo 
separate independent heating elements and separate thermo 
couples to record temperatures in both heating Zones. TWo 
presintered reinforcement preforms made by partially sin 
tering ceramic particles Were suspended using tubular stain 
less steel holders above the graphite crucible With the 
Al-2Cu metal matrix alloy charge. The crucible Was placed 
on the top of the pneumatic piston alloWing crucible move 
ment in the vertical direction. After the chamber Was evacu 
ated, the aluminum alloy Was melted and overheated to 770° 
C. At this temperature, the crucible With the melt Was raised 
to the level and the porous preforms Were fully immersed 
into the melt and the chamber Was pressuriZed With argon to 
885 psi. The temperature of the melt and the pressure Were 
maintained at this level for 12 minutes and then the heater 
poWer Was turned off and the crucible Was loWered to its 
initial position to terminate a contact of the preforms With 
the pool of liquid alloy and to alloW solidi?cation of the 
matrix alloy Within the free-standing porous preform plates. 
It took 15 minutes for full solidi?cation of the alloy under 
positive pressure. After cooling to room temperature and 
unloading a defect-free, near net shape metal matrix com 
posite part as depicted in FIG. 1 Was obtained. 

[0043] The result, in any embodiment, is a metal matrix 
composite With a higher tensile strength and Which retains 
its tensile strength and stiffness at elevated temperatures. 
The metal matrix composite of the subject invention exhibits 
good Wear resistance and has a loW coefficient of thermal 
expansion. By using a partially sintered reinforcement pre 
form tailored to have a speci?ed open pore siZe and a 
speci?c range of porosity and ?exural strengths and by using 
substantially pure ceramic poWders and by selecting the 
metal matrix material depending on the choice of the 
ceramic poWders to be infused into the preform, a Wide 
variety of different types of parts and components for a Wide 
variety of applications is effected. 

[0044] Although speci?c features of the invention are 
described and shoWn in some draWings and examples and 
not in others, this is for convenience only as each feature 
may be combined With any or all of the other features in 
accordance With the invention. The Words “including”, 
“comprising”, “having”, and “With” as used herein are to be 
interpreted broadly and comprehensively and are not limited 
to any physical interconnection. Moreover, any embodi 
ments or examples disclosed in the subject application are 
not to be taken as the only possible embodiments or 
examples. 
[0045] Other embodiments Will occur to those skilled in 
the art and are Within the folloWing claims: 

What is claimed is: 
1. A metal matrix composite comprising: 

an isotropic reinforcement preform made by partially 
sintering ceramic particles; and 

a metal matrix infused into the preform yielding an 
isotropic metal matrix composite having an ultimate 
tensile strength of at least 80 ksi in all directions. 
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2. The metal matrix composite of claim 1 in Which the 
tensile strength is greater than or equal to 100 ksi. 

3. The metal matrix composite of claim 1 in Which the 
metal matrix composite has an isotropic high temperature 
strength retention of at least 85% up to 500° F. 

4. The metal matrix composite of claim 1 in Which the 
metal matrix composite has an isotropic high temperature 
stiffness retention of at least 95% at temperatures up to 500° 
F. 

5. The metal matrix composite of claim 1 in Which the 
preform has an average pore siZe of 1-5 microns, an average 
interconnected porosity 35-45 vol. %, a 100% open porosity, 
and a ?exure strength of greater than 7 ksi. 

6. The metal matrix composite of claim 1 in Which the 
ceramic particles are substantially pure. 

7. The metal matrix composite of claim 6 in Which the 
ceramic particles are at least 99.0% pure. 

8. The metal matrix composite of claim 1 in Which the 
metal matrix material is selected to prevent chemical reac 
tion With the preform. 

9. The metal matrix composite of claim 1 in Which the 
particles of the preform are selected from the group con 
sisting of alumina and silicon carbide. 

10. The metal matrix composite of claim 1 in Which the 
metal matrix material is selected from the group consisting 
of aluminum, aluminum alloys, magnesium, magnesium 
alloys, copper, and copper alloys. 

11. The metal matrix composite of claim 10 in Which the 
aluminum is substantially pure aluminum. 

12. The metal matrix composite of claim 11 in Which the 
aluminum is 99.999% pure aluminum. 

13. The metal matrix composite of claim 10 in Which the 
aluminum alloy is aluminum alloy No. 201. 

14. The metal matrix composite of claim 1 in Which the 
metal matrix composite has a coefficient of thermal expan 
sion of less than 7.0 ppm/° F. 

15. A metal matrix composite comprising: 

a partially sintered reinforcement preform made of 
ceramic particles; and 

a metal matrix infused into the preform yielding an 
isotropic metal matrix composite having a high tem 
perature strength retention of at least 85% up to 500° F. 

16. The metal matrix composite of claim 15 in Which the 
ultimate tensile strength of the metal matrix composite is at 
least 80 ksi in all directions. 

17. The metal matrix composite of claim 15 in Which the 
metal matrix composite has a high temperature stiffness 
retention of at least 95% at temperatures up to 500° F. 

18. The metal matrix composite of claim 15 in Which the 
preform has an average pore siZe of 1-5 microns, an average 
interconnected porosity 35-45 vol. %, a 100% open porosity, 
and a ?exure strength of greater than 7 ksi. 

19. A metal matrix composite comprising: 

a partially sintered reinforcement preform made of 
ceramic particles; and 

a metal matrix infused into the preform yielding an 
isotropic metal matrix composite With a high tempera 
ture stiffness retention of at least 95% at temperatures 
up to 500° F. 

Sep. 9, 2004 

20. The metal matrix composite of claim 19 in Which the 
metal matrix composite has a high temperature strength 
retention of at least 85% up to 500° F. 

21. The metal matrix composite of claim 19 in Which the 
preform has an average pore siZe of 1-5 microns, an average 
interconnected porosity of betWeen 35-45 vol. %, approxi 
mately 100% open porosity, and a ?exure strength of greater 
than 7 ksi. 

22. The metal matrix composite of claim 19 in Which the 
ultimate tensile strength of the metal matrix composite is at 
least 80 ksi in all directions. 

23. A metal matrix composite comprising: 

a reinforcement preform made by partially sintering 
ceramic particles to have an average pore siZe of 
betWeen 1-5 microns, an average interconnected poros 
ity of betWeen 35-45 vol. %, approximately 100% open 
porosity, and a ?exure strength of greater than 7 ksi, 
and isotropic properties; and 

a metal matrix infused into the preform. 

24. The metal matrix composite of claim 23 in Which the 
metal matrix composite has a high temperature strength 
retention of at least 85% up to 500° F. 

25. The metal matrix composite of claim 23 in Which the 
ultimate tensile strength of the metal matrix composite is at 
least 80 ksi in all directions. 

26. The metal matrix composite of claim 23 in Which the 
metal matrix composite has a high temperature stiffness 
retention of at least 95% at temperatures up to 500° F. 

27. A metal matrix composite comprising: 

a preform made by partially sintering ceramic particles to 
have an average pore siZe of betWeen 1-5 microns, an 
average interconnected porosity of betWeen 35-45 vol. 
%, approximately 100% open porosity, a ?exure 
strength of greater than 7 ksi, and isotropic properties; 
and 

a metal matrix infused into the preform yielding an 
isotropic metal matrix composite With a high tempera 
ture strength retention of at least 85% up to 500° F., 
high temperature stiffness retention of at least 95% up 
to 500° F., and an ultimate tensile strength of at least 80 
ksi in all directions. 

28. A method of making a metal matrix composite, the 
method comprising: 

partially sintering ceramic particles to form a reinforce 
ment preform having an average pore siZe of betWeen 
1-5 microns, an average interconnected porosity of 
betWeen 35-45 vol. %, an approximately 100% open 
porosity, and a ?exure strength of greater than 7 ksi; 
and 

infusing the partially sintered preform With a metal matrix 
material. 

29. The method of claim 28 in Which infusion includes 
subjecting the preform to the molten metal matrix material 
under pressure. 

30. The method of claim 29 in Which infusion includes 
pressure casting. 

31. The method of claim 29 in Which infusion includes 
squeeZe casting. 
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32. The method of claim 28 in Which the resulting metal 
matrix composite has a high temperature stiffness retention 
of at least 95% at temperatures up to 500° F. 

33. The method of claim 28 in Which the resulting metal 
matrix composite has a high temperature strength retention 
of at least 85% up to 500° F. 

34. The method of claim 28 in Which the ultimate tensile 
strength of the resulting metal matrix composite is at least 80 
ksi in all directions. 

35. The method of claim 28 in Which the ceramic particles 
are substantially pure. 

36. The method of claim 35 in Which the ceramic particles 
are at least 99.0% pure. 
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37. The method of claim 28 in Which the metal matrix 
material is selected to prevent chemical reaction With the 
preform. 

38. The method of claim 28 in Which the particles of the 
preform are selected from the group consisting of alumina 
and silicon carbide. 

39. The method of claim 28 in Which the metal matrix 
material is selected from the group consisting of aluminum, 
aluminum alloys, magnesium, magnesium alloys, copper, 
and copper alloys. 

40. The method of claim 39 in Which the aluminum is 
substantially pure aluminum 

* * * * * 


