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(57) ABSTRACT 

A low-temperature friction-based coating method termed 
friction stir fabrication (FSF) is disclosed, in Which material 
is deposited onto a substrate and subsequently stirred into 
the substrate using friction stir processing to homogeniZe 
and re?ne the microstructure. This solid-state process is 
capable of depositing coatings, including nanocrystalline 
aluminum and/ or metal matrix composites and the like, onto 
substrates such as aluminum at relatively loW temperatures. 
A method of making rod stock for use in the FSF process is 
also disclosed. 
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FRICTION STIR FABRICATION 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application claims the bene?t of US. Provi 
sional Patent Application Ser. No. 60/720,521 ?led Sep. 26, 
2005, Which is incorporated herein by reference. 

GOVERNMENT CONTRACT 

[0002] The present invention Was supported by the United 
States Of?ce of Naval Research under Contract No. 
N000l4-05-l -0099. The United States Government has cer 
tain rights in this invention. 

FIELD OF THE INVENTION 

[0003] The present invention relates to friction stir fabri 
cation, and more particularly relates to coating, surface 
modi?cation and repair of substrates using friction stirring 
techniques, as Well as the production of friction stir rod 
stock. 

BACKGROUND INFORMATION 

[0004] Conventional thermal spray coating techniques, 
such as ?ame spray, high-velocity oxygen fuel (HVOF), 
detonation-gun (D-Gun), Wire arc and plasma deposition, 
produce coatings that have considerable porosity, signi?cant 
oxide content and discrete interfaces betWeen the coating 
and substrate. These coating processes operate at relatively 
high temperatures and melt/oxidiZe the material as it is 
deposited onto the substrate. Such conventional techniques 
are not suitable for processing many types of substrates and 
coating materials, such as nanocrystalline materials due to 
the grain groWth and loss of strength resulting from the 
relatively high processing temperatures. 

SUMMARY OF THE INVENTION 

[0005] One embodiment of the present invention provides 
a loW-temperature friction-based coating method termed 
friction stir fabrication (FSF), in Which material is deposited 
onto a substrate and subsequently stirred into the substrate 
using friction stir processing to homogeniZe and re?ne the 
microstructure. This solid-state process is capable of depos 
iting coatings, including nanocrystalline aluminum and/or 
metal matrix composites and the like, onto substrates such as 
aluminum at relatively loW temperatures. For example, 
friction stir fabrication may be used to add neW material to 
the surfaces of 2519 and 5083 Al, thus modifying the surface 
compositions to address multiple application requirements. 
Coatings produced using FSF have superior bond strength, 
density, and loWer oxide content as compared to other 
coating technologies in use today. The friction stir fabrica 
tion process may also be used to ?ll holes in various types 
of substrates. The present invention also provides a method 
of making friction stirring rod stock. 

[0006] An aspect of the present invention is to provide a 
method of forming a surface layer on a substrate. The 
method comprises depositing a coating material on the 
substrate, and friction stirring the deposited coating material. 

[0007] Another aspect of the present invention is to pro 
vide a method of ?lling a hole in a substrate. The method 
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comprises placing poWder of a ?ll material in the hole, and 
friction stirring the ?ll material poWder in the hole to 
consolidate the ?ll material. 

[0008] A further aspect of the present invention is to 
provide a method of making consumable friction stirring rod 
stock. The method comprises placing poWder of a coating 
material in a die, friction stirring the coating material 
poWder in the die to consolidate the coating material, and 
recovering a rod comprising the consolidated coating mate 
rial. 

[0009] These and other aspects of the present invention 
Will be more apparent from the folloWing description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] FIGS. 1a-1d schematically illustrate a friction stir 
fabrication process in accordance With an embodiment of the 
present invention. 

[0011] FIGS. 2a-2f schematically illustrate a friction stir 
hole repair method in accordance With an embodiment of the 
present invention. 

[0012] FIGS. 3a-3d schematically illustrate a method of 
making a consumable friction stirring rod in accordance 
With an embodiment of the present invention. 

[0013] FIG. 4 illustrates stress-strain curves for a 5083 Al 
substrate material and a 5083 Al nanocrystalline interface 
for a friction stir coated sample produced in accordance With 
an embodiment of the present invention. 

[0014] FIG. 5 is a photomicrograph of a polished friction 
stir fabricated 5083 Al sample corresponding to FIG. 4. 

[0015] FIG. 6 is a photomicrograph of an etched friction 
stir fabricated 5083 Al sample corresponding to FIG. 4. 

[0016] FIG. 7 illustrates stress-strain curves for a 5083 Al 
substrate and a friction stir fabricated 6063 AliSiC (10 
volume percent) coating deposited on a 5083 Al substrate. 

[0017] FIG. 8 is a photomicrograph of a 5083 Al/6063 
AliSiC (10 volume percent) friction stir fabricated sample 
corresponding to FIG. 7, shoWing the substrate, friction stir 
fabricated coating, and interfacial region therebetWeen. 

[0018] FIG. 9 is a photomicrograph of a 2519 Al substrate 
friction stir coated With a 6063 AliSiC metal matrix 
composite in accordance With an embodiment of the present 
invention, including magni?ed regions thereof. 

[0019] FIG. 10 is a series of photomicrographs of an 
AliSiC friction stirred coating in accordance With an 
embodiment of the present invention. 

[0020] FIG. 11 is a photomicrograph of a 6063 Al friction 
stirred coating on a 2519 Al substrate produced in accor 
dance With an embodiment of the present invention. 

[0021] FIG. 12 includes an SEM image of the 6063 Al 
friction stirred coating of FIG. 11, and corresponding EDS 
maps for aluminum and copper. 

[0022] FIG. 13 illustrates photomicrographs of a 5083 Al 
substrate With a hole ?lled by a 5083 Al friction stirred 
material in accordance With an embodiment of the present 
invention. 
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[0023] FIG. 14 shows Vickers hardness values for various 
substrate and coating materials. 

[0024] FIG. 15 is a graph of deposition rate versus trans 
lation velocity for friction stir coating processes of the 
present invention. 

DETAILED DESCRIPTION 

[0025] A friction stir fabrication process in accordance 
With an embodiment of the present invention includes tWo 
steps: coating deposition folloWed by friction stir process 
ing. The coating step imparts suf?cient interfacial adhesion 
such that friction stir processing does not delaminate the 
coating from the substrate. 

[0026] In accordance With an embodiment of the present 
invention, friction stirring is used to deposit a coating 
material on a substrate by frictional heating and compressive 
loading of a rod comprising the coating material against the 
substrate. The applied load is increased, beyond What Would 
be required to join the rod to the substrate, and the portion 
of the rod adjacent to the substrate deforms under the 
compressive load. The deformed metal is then trapped beloW 
a rotating shoulder and sheared across the substrate surface 
as the substrate translates. 

[0027] FIGS. la-ld shoW a step-by-step schematic of the 
process. FIGS. la-lc illustrate the deposition of material 
onto the substrate, and FIG. 1d shoWs the subsequent 
friction stir processing used to ensure metallurgical bonding 
betWeen the substrate and coating, and to homogeniZe and 
re?ne the microstructure of the coating. 

[0028] In the method illustrated in FIG. 1a, a collar is 
attached to a rod comprising the coating material, leaving 
approximately 3 mm of the rod beneath the collar. As shoWn 
in FIG. 1b, this 3 mm section is pressed into the substrate 
While rotating at approximately 3500 RPM. As shoWn in 
FIG. 10, the coating material is spread evenly across the 
surface of the substrate With a layer thickness of about 0.4 
mm. The collar is then repositioned on the ?ller rod, leaving 
the bottom 3 mm of the ?ller rod beneath the collar, and the 
process is repeated. As shoWn in FIG. 1d, once an entire 
cross-sectional layer is deposited on the surface of the 
substrate, the coated substrate is friction stir processed to 
homogeniZe the neW layer and promote interlayer adhesion. 
Additional layers may then be applied in a similar manner 
until the desired coating thickness is achieved. 

[0029] An alternative to the friction stirring deposition 
method described above is to deposit the coating material 
via cold spray, Which is a relatively loW-temperature thermal 
spray process in Which particles are accelerated through a 
supersonic noZZle. HoWever, such cold spray techniques 
may be relatively expensive. In addition to its substantial 
processing cost, the cold spray technique is unable to 
process high aspect ratio particles, such as the nanocrystal 
line aluminum poWder produced by cryomilling, and the 
resultant deposited material contains oxide impurities. As 
such, the friction stirring deposition method may be prefer 
able to cold spray techniques. 

[0030] In accordance With an embodiment of the present 
invention, the coating material is deposited on the substrate 
in nanocrystalline form. After the deposited coating has been 
friction stirred, the nanocrystalline structure of the coating 
material may be maintained. As used herein, the term 
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“nanocrystalline” means a material in Which the average 
crystal grain siZe is less than 0.5 micron, typically less than 
100 nanometers. Due to the fact that the friction stirring 
process is carried out at a relatively loW temperature beloW 
the melting point of the coating material, little or no crystal 
grain groWth occurs during the friction stirring process. 

[0031] In accordance With another embodiment of the 
present invention, the coating material comprises a metal 
matrix composite (MMC). As used herein, the term “metal 
matrix composite” means a material having a continuous 
metallic phase having another discontinuous phase dis 
persed therein. The metal matrix may comprise a pure metal, 
metal alloy or intermetallic. The discontinuous phase may 
comprise a ceramic such as a carbide, boride, nitride and/or 
oxide. Some examples of discontinuous ceramic phases 
include SiC, TiB2 and A1203. The discontinuous phase may 
also comprise an intermetallic such as various types of 
aluminides and the like. For example, titanium aluminides 
such as TiAl and nickel aluminides such as Ni3Al may be 
provided as the discontinuous phase. The metal matrix may 
typically comprise Al, Ni, Mg, Ti, Fe and the like. 

[0032] To produce AliSiC metal matrix composite coat 
ings, aluminum tubes may be ?lled With silicon carbide 
poWder and used as coating rods. The ?lled tubes may yield 
an AliSiC coating, but the volume fraction of the rein 
forcement may vary locally. HoWever, for precise volume 
fraction control, homogenous metal matrix composite rods 
containing the appropriate volume fraction may be used 
instead of poWder ?lled tubes. 

[0033] The reinforcement of the metal matrix composite 
coating may be incorporated into the matrix by traditional 
blending techniques or groWn in-situ from elemental metals 
using reaction synthesis. Table 1 lists example MMC sys 
tems Which can be formed using reaction synthesis. In 
reaction synthesis, elemental metals react due to the thermal 
and/or mechanical energy imparted during processing to 
form intermetallic or ceramic particulates. The rotation of 
the stirring tool and feed material relative to the substrate 
may generate frictional heat Which raises the temperature of 
the elemental constituents to that at Which the reaction can 
initiate. As the reactions of elemental metals used for 
reaction synthesis are exothermic, additional heat is evolved 
in the formation of the intermetallic particles. An aspect of 
using FSF to form in-situ MMC coatings is the fact that the 
shearing of the metal by the stirring tool and rotation of the 
feed material cracks and disperses the oxide barrier coatings, 
Which exist on all metal exposed to oxygen, providing a high 
concentration of the metal-to-metal contact required for the 
reaction to occur. In FSF-based reaction synthesis, the 
reacting metal may be provided from the substrate and the 
feed metal, or all of the reacting metals could be provided 
from the feed material. 

TABLE 1 

Reaction Synthesis of In-situ MMCs Using FSF 

Ti + xAl —>TiAl + (x — l)Al (Aluminum matrix With TiAl reinforcement) 
3Ni + yAl —>Ni3Al + (y — l)Al (Aluminum matrix With Ni3Al 
reinforcement) 
2B + zTi —> TiB2 + (Z — l)Ti (Titanium matrix With TiB2 reinforcement) 
Ti + WNi —> NiTi + (W — l)Ni (Nickel matrix With NiTi reinforcement) 
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[0034] In-situ MMCs may exhibit enhanced mechanical 
properties as compared to MMCs formed ex-situ, i.e., by 
blending the matrix and reinforcement. In-situ formation of 
MMCs yields relatively small single crystal reinforcements, 
Which are thermodynamically stable in the matrix. Further 
more, in-situ formation results in clean, unoxidiZed par 
ticles, and thus the interfacial strength betWeen the rein 
forcement and matrix is higher than that of ex-situ MMCs. 

[0035] Various types of substrates may be coated using the 
friction stir fabrication process of the present invention. For 
example, metal substrates comprising Al, Ni, Mg, Ti, Fe and 
the like may be coated. Furthermore, polymers and ceramics 
may be provided as the substrate. For example, the substrate 
may comprise a thermoplastic material. 

[0036] In accordance With an embodiment of the present 
invention, the coating material is deposited on the substrate 
at a temperature beloW a melting temperature of the coating 
material. For example, deposition may be performed at a 
temperature of from 100 to 500° C. or more beloW the 
melting point of the coating material. When the coating 
material comprises Al, the material may be deposited on a 
substrate at a temperature beloW about 500° C., typically 
beloW about 4000 C. After the coating material is deposited, 
subsequent friction stirring of the material is also preferably 
performed beloW the melting temperature of the coating 
material. For example, When the coating material comprises 
Al, friction stirring temperatures may be maintained beloW 
about 500° C., typically beloW about 4000 C. Furthermore, 
the friction stirring process may be performed at a tempera 
ture beloW a melting temperature of the substrate. 

[0037] Another embodiment of the metal deposition 
method may signi?cantly reduce the labor and time require 
ments. In the process, the ?ller rod is delivered to the 
substrate surface using a “push” method, Where a rotating 
plunging tool pushes a rod of ?nite length through the 
rotating spindle. The spindle is rotated independently using 
an additional motor While the milling machine rotates the 
plunging tool. As the spindle and plunging tool rotate, the 
?ller rod is pressed into the substrate surface With the doWn 
force of the plunging tool. This design alloWs a large volume 
of raW material to be fed to the substrate surface as com 
pared to manual methods. As the rod material is spread onto 
the substrate, the plunging tool continues to feed more ?ller 
rod through the spindle onto the substrate. For example, up 
to 75 mm or more of ?ller rod can be fed through the spindle. 
With machine design improvements, the length of the rod 
stock may be increased. 

[0038] This “push” method is a feasible solution to the 
?ller rod delivery challenge, but in the interest of processing 
speed could be further improved upon. For continuous 
deposition, a “pull” method, Where the spindle rotation pulls 
the rod into the spindle, may be employed so that the rod 
length can be increased and the rods can be fed continuously. 
A method for pulling the rod into the spindle is to employ a 
threaded section on the inner diameter of the spindle throat. 
During the deposition process, the spindle rotates at a 
slightly sloWer rate than the rotating rod stock. Due to the 
difference in rotational velocities, the threaded portion of the 
neck pulls the rod through the spindle and forces the metal 
under the rotating shoulder. The difference in rotational 
velocity betWeen the rod and the spindle, coupled With the 
pitch of the internal threads in the spindle, determine the 
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coating deposition rate. It may be desired to actively control 
the temperature of the rod inside and outside the spindle so 
that the thermally induced softening of the ?ller rod is not 
totally dependent on frictional heating. Such thermal control 
provides means to increase deposition rates to meet appli 
cation requirements. 

[0039] Another embodiment of the present invention pro 
vides a method of repairing holes in substrates, and a Way to 
modify the local properties of a substrate. A hole repair 
method is illustrated in FIGS. 211-2]. As shoWn in FIG. 2a, 
the repair process begins With a substrate having a hole of 
knoWn diameter. If the hole is not circular in cross-section 
or has an unknown or undesired diameter, it may be 
machined to create a hole equal to the diameter of the 
stirring tool used in FIG. 2d. As shoWn in FIG. 2b, if the hole 
is a through-hole, it may be necessary to apply a backing 
plate, e.g., composed of either the substrate material or the 
?ller material. The backing plate serves as a base for the 
friction processing to folloW, and may be inset into the loWer 
surface of the substrate if desired. As shoWn in FIG. 20, a 
layer of loose poWder is deposited into the hole, and 
subsequently stirred into the backing plate or the bottom of 
the hole, as shoWn in FIG. 2d, With a stirring tool subse 
quently equal in diameter to that of the hole. FIG. 2e 
illustrates the resultant layer of material added to the bottom 
of the hole. FIG. 2f illustrates the deposition of more loose 
poWder into the hole, Which may be stirred as shoWn in FIG. 
2d. This process may be repeated until the hole is ?lled. As 
the depth of the ?ll approaches the top of the substrate, ?ash 
material may accumulate around the surface of the hole. 
Once the ?ll depth reaches the substrate surface, the ?ash 
material may be cut aWay leaving a smooth surface. 

[0040] The hole-repair method may be used to modify the 
properties of a surface. A series of holes With any given 
depth may be drilled into a substrate and then re-?lled, using 
the hole-repair method, With a material having the desired 
local properties, thereby selectively modifying the local 
properties of the substrate. With multiple stirring tools 
across the Work volume, the processing time for an entire 
Work piece may be reduced, and the ability to selectively 
vary the local microstructure may be readily accomplished. 

[0041] Because material ?exibility is possible using the 
present process, the desired alloys and material volume 
fractions are not alWays readily available in the rod stock 
form needed for the raW material. As such, an aspect of the 
present invention is to provide a friction stir stock fabrica 
tion method that uses poWder as its raW material. This stock 
fabrication method provides the ability to produce cylindri 
cal rods from a Wide variety of materials and composites in 
various volume fractions. Further, in contrast to the cold 
spray coating method, this friction stir stock fabrication 
method is able to process high aspect ratio particles, such as 
those produced through cryomilling, Which alloWs for the 
inexpensive construction of nanocrystalline rods for depo 
sition by friction stir fabrication. 

[0042] A variation of the hole ?lling method may be used 
for production of rod stock to supply the solid-state friction 
deposition process described above. Because the hole ?lling 
method utiliZes poWder as its raW material, limitless material 
and volume fraction ?exibility exists for production of rods 
and cylinders by this method. For example, the composition 
of the rod stock may be graded along its length, in Which 
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case coatings made from the rod during the FSF process may 
have different compositions and properties Which vary 
gradually from one area of the coating to another, e.g., one 
area of the FSF coating may have relatively high hardness 
While another area may have relatively high corrosion 
resistance. To deposit advanced materials such as nanocrys 
talline aluminum and/or aluminum MMCs using FSF, rod 
stock of these materials With predictable and repeatable 
volume fractions is desired. As these advanced materials are 
not commercially available in rod form, the present loW 
pressure high-shear poWder compaction (LPHSPC) process, 
as shoWn in FIGS. 3a-3d, may be used to provide rods of 
coating materials for the FSF process. 

[0043] In one embodiment, LPHSPC may be accom 
plished by manually depositing approximately 0.25 g of 
poWder into a cylindrical cavity, as schematically shoWn in 
FIG. 3a, and then manually applying a doWnWard compac 
tion force With a spinning cylindrical tool, as shoWn in FIG. 
3b. As shoWn in FIGS. 30 and 3d, the poWder deposition and 
spinning steps are repeated. The doWnWard pressure and 
shear from the spinning tool compact the poWder and adhere 
it to the previous layer. Fully dense sections of, e.g., 3/8 and 
1/2-inch diameter, rods may be fabricated from microcrys 
talline and nanocrystalline aluminum poWders using the 
manual method. HoWever, rods of signi?cant length may be 
fabricated by automated methods for use as feed stock for 
FSF systems. Thus, constructing an automated loW-pressure 
high-shear poWder compaction unit may be desirable. 

[0044] Once the coating has been deposited onto the 
surface of the substrate, e.g., using the solid-state friction 
deposition method, it may then be friction stir processed to 
adhere the coating to the surface of the substrate and re?ne 
the coating microstructure. The goal of the friction stir 
process is to produce a homogenous coating With a bond 
strength approaching the ultimate tensile strength of the base 
alloy. The quality of the friction stirred regions of the 
substrates may be optimiZed, including eliminating any 
channel present along the length of the friction stir path. 
Elimination of the channel may be achieved by using a 
friction stir tool With a threaded pin. By modifying the 
stirring tool geometry, coated substrates may be produced 
Without channels through the use of a threaded-tapered 
stirring tool. 

[0045] The folloWing examples are intended to illustrate 
various aspects of the invention, and are not intended to limit 
the scope of the invention. In the folloWing examples, 
different deposition geometries are used to test the bond 
strength betWeen 5083 Al and a 1/2 inch deposit of nanoc 
rystalline Al (7 W % Mg, cryomilled 4 hrs); and test the bond 
strength betWeen 5083 Al and a 1/2 inch deposit of 6063 
AliSiC (10 v %). Small tensile specimens Were cut such 
that the 5083 Al substrate and the coating (nanocrystalline 
Al or AliSiC) each composed half of the specimen and the 
interface plane betWeen the coating and substrate Was in the 
middle of the gauge length, normal to the loading direction. 

[0046] Friction stir fabrication Was used to coat 2519 and 
5083 Al substrates as folloWs: 2519 and 5083 Al plates With 
AliSiC surface layersithe AliSiC coating Was com 
prised of 6063 Al and approximately 10 v % SiC poWder (1 
mm average particle siZe); A 2519 Al plate With a copper 
free surface to enhance the corrosion resistanceithe cop 
per-free coating Was made from 6063 A1; A 5083 Al plate 
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With a nanocrystalline aluminum deposit to enhance the 
impact resistanceithe nanocrystalline aluminum alloy con 
tained 7 W % Mg, and Was cryomilled for 4 hours; A 
half-inch, curved AliSiC rib on a 5083 Al plateithe rib 
Was composed of 6063 Al and approximately 10 v % SiC 
poWder (1 mm average particle siZe); and repair of a 
one-inch diameter hole in a 5083 Al plate Without adversely 
affecting the plate microstructureithe material used for the 
repair process Was either commercially pure Al or nanoc 
rystalline Al (due to machine limitations, the diameter of the 
hole Was reduced to a half-inch). 

EXAMPLE 1 

[0047] 5083 Al plate Was coated With nanocrystalline 
aluminum deposit. Because the nanocrystalline Al Was a 
limited supply and in poWder form, the coating deposit Was 
made using the “hole-?lling” method and the interface at the 
bottom of the hole Was the interface of interest. FIG. 4 shoWs 
representative stress-strain curves for bulk 5083 Al, and the 
5083 Al substrate With nanocrystalline Al coating. The 
micrographs of FIGS. 5 and 6 shoW the interfacial region 
betWeen the substrate and the deposit as polished and etched, 
respectively. The microstructure in the nanocrystalline 
region is very ?ne While the 5083 is characterized by large 
precipitates and large high aspect ratio grains. 

[0048] Consolidated deposits of nanocrystalline Al poW 
der are preferably homogenous and fully dense. All of the 
5083 Al-nanocrystalline Al tensile specimens tested failed at 
or near the interface at approximately 75-95% of the bulk 
5083 ultimate tensile strength, indicating that metallurgical 
bonding occurred betWeen the base metal and the deposit. 

[0049] The range of bond strengths measured Was 227-285 
MPa, at least 2.5 times larger than any of the bond strengths 
reported for thermal spray coatings (Table 2). The hardness 
of the 5083 Al and nanocrystalline Al Were measured to be 
78112.5 HV and 108.5175 HV respectively (FIG. 14 
summarizes the FSF coating hardness values), indicating 
that after consolidation the nanocrystalline Al retains 
strength superior to 5083 Al. 

EXAMPLE 2 

[0050] An aluminum substrate Was coated With an 
AliSiC metal matrix composite. SiC-poWder-?lled 6063 
Al tubes Were used as the deposition material for samples 
With an AliSiC MMC coating. The matrix for the MMC 
coating may be commercially pure (CP) Al, hoWever, CP Al 
tubes of the desired diameter may not be readily available. 
Therefore, 6063 T5 Al tubes may be substituted for CP Al 
tubes for this demonstration. 6063 Al Was selected because 
it contains silicon, Which limits the dissolution of silicon 
from the silicon carbide reinforcement. Such dissolution 
Would lead to the formation of Al4C3, a detrimental brittle 
phase. The average particle siZe (APS) of the SiC poWder 
used Was 1 mm and the volume fraction of SiC in the 
composites Was approximately 10 vol. %. 

EXAMPLE 3 

[0051] A 5083 Al plate Was coated With an AliSiC metal 
matrix composite. To test the bond strength betWeen 5083 Al 
and 6063 AliSiC (10 v %), a 1/2-inch thick MMC coating 
Was deposited on a 5083 Al substrate using FSF With SiC 
?lled 6063 Al T5 tubes as the feed rod. FIG. 7 shoWs a 
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stress-strain curve for the 5083 Al substrate and the interface 
betWeen the substrate and the AliSiC metal matrix com 
posite coating. A cross-section of the polished MMC coating 
and substrate are shoWn on the right side of FIG. 8. Sig 
ni?cant improvements in both the coating and interfacial 
microstructure have been made. The improvements prima 
rily result from the use of a threaded-tapered stirring tool for 
post-deposition friction stir processing. A friction stir pro 
cessing pass Was made (the stirring tool translated normal to 
the cross-section shoWn in the micrograph) after each incre 
mental increase in the coating thickness of approximately 
1/s-inch. As is evident from the micrograph, the friction stir 
processed (FSP) Zone has a relatively homogeneous micro 
structure While the areas to the left and right of the FSP Zone 
exhibit a layered heterogeneous microstructure. In the FSP 
Zone, the interface betWeen the substrate and the MMC is 
diffuse, and SiC reinforcement is present approximately 2 
mm beloW the original substrate surface. The inset micro 
graph in the middle of the ?gure shoWs the area of maximum 
SiC penetration. 

[0052] The continuity of the aluminum matrix throughout 
the interfacial region and into the substrate indicates that 
metallurgical bonding occurred betWeen the MMC and 
substrate. Tensile specimens Were cut from the coating/ 
substrate on the vertical mid-line of the FSP Zone With the 
interface in the center of the gauge length, normal to the 
loading direction. FIG. 7 shoWs a representative stress-strain 
curve for the coating/substrate tensile specimens and for 
bulk 5083 Al; the ultimate tensile strength (UTS) of 6063 T1 
Al is also indicated on the graph. Failure of the coating/ 
substrate tensile specimen occurred in the gage length at 157 
MPa on the MMC side of the interface; signi?cant necking 
Was observed in the MMC. All coating/substrate tensile 
specimens failed in the MMC half of the sample due to the 
loW strength of the 6063 Al matrix alloy. 6063 Al has an 
ultimate tensile strength of 150 MPa in the Ti condition 
(cooled from fabrication temperature and naturally aged). 

[0053] The bond strength of the coating/ sub strate interface 
nearly doubles that of the best available competing thermal 
spray process. 

EXAMPLE 4 

[0054] A 1.5 mm thick AliSiC MMC coating Was depos 
ited on a 2519 Al substrate using the FSF process in a 
manner similar to that of Example 3. The micrograph on the 
right side of FIG. 9 shoWs the coating/substrate interfacial 
region, Which occurs beloW the original substrate surface. As 
observed in the MMC coated 5083 sample, the metal matrix 
is continuous through the thickness of the interfacial region 
and into the substrate indicating that metallurgical bonding 
has occurred betWeen the coating and substrate. The micro 
graph on the top left in FIG. 9 shoWs the MMC coating as 
Well as friction stir processed and unstirred 2519 after 
etching. It is evident from the micrograph that the micro 
structure in the FSP Zone has been re?ned and the grain siZe 
signi?cantly reduced. The macro-Vickers hardness of the 
MMC coating in the friction stir processed Zone and the 
un-stirred Zone are 5614 HV and 5914 HV, respectively. The 
hardness of FSF 6063 Al is 4713 HV (FIG. 14). Thus, 
addition of approximately 10 vol % SiC results in a 20% 
increase in the coating hardness. 
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EXAMPLE 5 

[0055] A curved AliSiC rib (2.5 mm tall, 13 mm Wide, 
90 mm long) Was built on a 5083 Al plate using the 
solid-state metal deposition method. Visually, it is clear that 
the silicon carbide particulates have been incorporated into 
the 6063 Al matrix and the rib material has been adhered to 
the substrate. FIG. 10 shoWs four micrographs of the 
AliSiC rib material at different magni?cations. Friction stir 
processing of the AliSiC rib shoWn in these micrographs 
Was done using a stirring tool With an unthreaded cylindrical 
pin. The use of this stirring tool resulted in some variation 
in the local SiC volume fraction (bottom tWo micrographs) 
and a channel at the bottom of the FSP Zone. Subsequent 
processing of the same MMC coating and 5083 Al substrate 
With improved tool geometry produced homogeneous coat 
ings Without a channel, as described in the previous sections. 

[0056] The loWest magni?cation image in FIG. 10 (upper 
left) shoWs a comer of the rib on the retreating side of the 
friction stir pass; it is apparent that some inhomogeneity 
exists in the local SiC volume fraction. The upper right 
micrograph shoWs the interfacial region at the edge of the 
FSP Zone. No discontinuity betWeen the matrix and substrate 
is observed and a banded dispersion of SiC exists due to 
repeated FSP of the rib. 

[0057] This experiment demonstrates that the FSF process 
has the ability to deposit discontinuously reinforced metal 
matrix composites in varying and complex shapes. The 
process is not limited by shape or height, and produces 
structures With no discrete interface betWeen the deposited 
structure and the substrate. 

EXAMPLE 6 

[0058] A 1.25 mm thick surface layer of copper-free 6063 
Al Was added to a 2519 Al plate (approximately 4><4 inches) 
using friction stir fabrication. Commercially pure (CP) Al 
may be speci?ed for coating the 2519 surface, hoWever, CP 
Al rods in the desired diameter may not be readily available. 
Therefore, 6063 Al may be substituted for CP Al for this 
demonstration because 6063 Al contains no copper and has 
relatively good corrosion resistance. 

[0059] The resulting structure is as desired, a coherent 
coating that completely shields the more corrosive 2519 Al 
from the surface. FIG. 11 shoWs micrographs of the coating 
and substrate in the as polished state and etched conditions. 
The micro structure in the FSP Zone has been re?ned and the 
grain siZe signi?cantly reduced. The interface betWeen the 
substrate and coating shoWs no visible porosity and exhibits 
banding, alternating layers of coating and substrate material. 
The hardness of FSF 6063 Al coating on the 2519 Al 
substrate Was determined to be 4713 HV (FIG. 16). 

[0060] This demonstrates the feasibility of adding corro 
sion-resistant material to the surface of a substrate using the 
present friction stir fabrication process. FIG. 12 shoWs a 
scanning electron microscope (SEM) micrograph (left) and 
elemental maps of Al (middle) and Cu (right) obtained by 
energy dispersive spectroscopy (EDS). The EDS maps shoW 
that the 6063 Al coating provides a copper-free layer on top 
of the 2519 substrate. Further, there is no limit on the 
thickness of the material that can be added to the substrate 
due to the additive nature of the FSF process. 








