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5711 - ‘ ABSTRACT

A method for forming a three-dimensional object by
applying segments of complementary material and de-
position material so as to form layers of material. Se-
lected segments of material are then shaped after one or
more segment is formed. In this manner, layers of mate-
rial form a block containing the object made of deposi-
tion material and surrounded by complementary mate-
rial. Then, the complementary material which serves as
a support structure during forming is removed. Prefera-
bly, the complementary material has a lower melting
temperature than the deposition material and is re-
moved by heating the block. The deposition material
and complementary material are preferably applied by
thermal spray deposition but may be applied by weld
deposition, liquid slurry, gravity drop or any manual
means such as a hand sifter. It is also preferred but not
necessary to use masks when applying the material.

20 Claims, 4 Drawing Sheets

56 -

5 \\\\\\\\\\\\\\'\
\ 4

2



U.S. Patent

Apr. 12, 1994

Sheet 1 of 4

5,301,415

ANE AL AV ARV AR\ VAR A4
VAV DA A y¥ 2 7
ANl VAV ARYA AN AR ARV
NN /o £ L N L
N L L LN VA4
VA4 N/ 7 7
N Z 2 72 AN Z
VARV AR A\N pAA
Y [ [ 7 L L7
ANE VAN A4 NV 2. 7
NAY VA ARV ARDAR N Ry A A4
AN VAR ARYA S NN /7
NA VAN AY.ANW4 N YA A,
AN L 7 L IN L L L
A VAN, Va4
Z 7 727 Z
St 2 2 7Z NIZ _Z /2
N VAR A4 a4
NI 2 AN AN Ay 4
NS/ 7 7 NN/ [/ L
AN VAN AV ARV 4 RN VAR AR,
X £ 2 L L L
2N 7 7 ANV 7 7
L. X Z. y A4

207\ , 5
] H T s
A g o M !
a~Jg| Z~1| |o| |a| |E[T%
2 E T £
R L.
25 22 ,8
5 (
l JA




Sheet 2 of 4 5,301,415

Apr. 12, 1994

U.S. Patent

A
\Jow))

3l =

gj k32 &33 \ksz \33
Fig.d
o — “_\ 30
Fig.6

23|

23

230

23



U.S. Patent Apr. 12, 1994 Sheet 3 of 4 5,301,415

57 \ '/\ 52 r~ 56 e i

10s NN\NNNNNSSNNNSN\
VAV 49 4\NN\\NN\N\N\\\\\ Y O
7777 7 ANSNNY L 777
7777 ANNNSNNNY 7 7 7 7]
6

2

1@99,

o
N




U.S. Patent Apr. 12, 1994

Sheet 4 of 4

R

16 -//

Fz'g.]].

126

SONANNNNNN
_/

125

NP

122
130

120

122 \

Fz‘g.M. "

126
123 124

NANNNNANNANN

Figi2 Z 0
R

DOOOANNANNN

120

122
5 Fig.15

120 125

127

IIS\_

126 125

124 < 23
126

122 /\

NANARNNRNNE

Fz‘g,]3.

123
122

. 125
126
124

120

134

\\\\>(\\\\\\

120

7 . Fz‘g.]@/

126 ~_ |

120
AN

—126

)

OO

5,301,415



5,301,415

1

METHOD FOR FABRICATION OF
THREE-DIMENSIONAL ARTICLES

RELATED APPLICATION

This application is a continuation of application Ser.
No. 07/829,767, filed Jan. 31, 1992 now abandoned
which is a continuation-in-part of application Ser. No.
620,745, filed Dec. 3, 1990 now U.S. Pat. No. 5,216,529.

FIELD OF THE INVENTION

The invention relates to a method for creating a
three-dimensional object by the formation of layers of a
deposited material and support material.

BACKGROUND OF THE INVENTION

Several methods have been proposed and utilized for
creating three-dimensional objects by the incremental
material build up of thin layers. These processes include
lamination, selective laser sintering, ballistic powder
metallurgy, three-dimensional printing, stereolithogra-
phy and near net thermal spraying. Lamination involves
the simple process of cutting layers of a selected mate-
rial and then bonding those layers together. The layers
may be pre-cut to shapes corresponding to a cross sec-
tion through the article to be created. Alternatively,
standard shapes of material can be stacked and bonded
together. Then, the assembled structure is cut or ma-
chined to produce the desired shape. In U.S. Pat. No.
4,752,352, Michael Feygin proposes a computer con-
trolled method and apparatus for forming a laminated
object. He provides a supply station, a work station for
forming a material into a plurality of layers for lamina-
tion, an assembly station for stacking the layers in se-
quence into a three-dimensional object, a station for
bonding the laminations to complete the formation of
the three-dimensional object and a control station. In his
patent, Mr. Feygin discloses a method in which the
laminations are cut from a roll of material lifted, stacked
and bonded under the direction of a computerized con-
troller. The layers are bonded together by adhesive or
brazing. This and other lamination techniques have
several disadvantages. First, the bond between layers is
critical and limits the strength of the object. Second,
creation of each layer of the laminate also results in the
production of significant amounts of waste materials.
Third, the resulting object has a layered or serrated
edge which must be removed by sanding or grinding.
Finally, lamination is suitable for only those materials
which can be formed into thin layers which can be
bonded together.

In laser sintering, a laser is used to cure a starting
material into a certain configuration according to the
manner in which the laser is applied to that material.
Stereolithography is a more recent yet similar process
which creates plastic prototype models directly from a
vat of liquid photocurable polymer by selectively solidi-
fying it with a scanning laser beam. An example of this
method is described in European Patent 322 257. Both
of these methods require a substantial amount of curable
raw material. In both cases the laser must be carefully
controlled to achieve the desired shape. In some appli-
cations, the laser typically does not fully cure each cross
section. Rather, the laser cures the boundary of a sec-
tion and then cures an internal structure or honeycomb
that traps the uncured fluid. Thereafter, the article must
be subjected to final curing under separate ultraviolet
lights or heat treatment. Additional post processing,
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such as careful sanding and grinding, is required for
making smooth, accurate surfaces.

In ballistic powder metallurgy beams of particles are
directed to the coordinates of a three-dimensional ob-
ject in a three-dimensional coordinate system. A physi-
cal origination seed to which the particulate matter is
attracted is required. The process may use a beam of
particles directed to the origination seed which builds
the particles upward from that seed. Alternatively, one
can use an energy beam which attracts the particulate
matter already in the environment to the seed or an-
other coordinate. Such a system is disclosed by William
E. Masters in U.S. Pat. No. 4,665,492. This method
cannot be used to make objects having undercuts
therein without creating support structures at the same
time. Normally, the support structures are created with
the particle beam during the creation of the object.
Such support structures must be removed by cutting,
grinding, machining or melting.

Three-dimensional printing is another technique simi-
lar to ballistic powder metallurgy. One variation of this
technique creates layers of particles to produce a three-
dimensional image in much the same manner that an ink
jet printer produces two-dimensional images. The tech-
nique relies upon thermal shock or drop on demand
material delivery techniques. A thermal shock tech-
nique forms a particle by vaporizing a small area of the
fluid directly behind the nozzle. The drop on demand
nozzle includes a piezo electric element to constrict the
cavity thereby forcing a drop past the nozzle plate. In
both instances the material is directed to a work surface
in a manner to build up the article. This technique can
only be used for certain kinds of materials.

In another variation of three-dimensional printing a
series of two-dimensional layers are created by adding a
layer of powder on top of a work surface. The pow-
dered layer is selectively joined where the part is be
formed by ink jet printing of a binder material. The
work surface is then lowered and another layer of pow-
der is spread out and selectively joined. The layering
process is repeated until the part is completely printed.
Following a heat treatment the unbonded powder is
removed leaving the fabricated part. Although this
technique has been proposed for metal, ceramic and
plastic materials, it is limited to those materials to which
a reliable binder can be applied.

None of the just described fabrication techniques
have been successfully used to make parts of a variety of
materials. For example, the art has attempted to make
objects by spraying layers of metal on a substrate. Prob-
lems have occurred in that the layers have tended to
camber and possibly to peel apart from the substrate.
Therefore, one must have a release agent or compatible
substrate. Also, the incremental buildup techniques of
fabrication known in the art typically produce stepped
surfaces when an angled profile is desired. The stepped
surfaces require increased post-manufacturing grinding
and polishing.

There is a need for a method to manufacture quality
parts of a variety of materials by incremental build-up of
the chosen material. The method should be capable of
producing articles having undercuts and irregular
shapes. The method should also require very little final
machining after the build-up of material has been com-
pleted.
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BRIEF DESCRIPTION OF THE INVENTION

We provide a method to manufacture a three-dimen-
sional object by incremental material build up of thin
layers. In one embodiment, each layer is composed of
two portions. A first portion shape represents a cross
sectional slice of the three dimensional object being
built and is composed of the desired deposition material.
The second portion is the complement of the object
shape of the first portion and serves as a structure which
supports the growing object form and as a self-anchor-
ing substrate. Both portions are applied by any pre-
ferred means such as thermal spray deposition, weld
deposition, liquid slurry, gravity drop or a manual de-
vice such as a hand sifter. In another embodiment, each
layer is composed of only deposition material. We pre-
fer to use this embodiment when the manufactured
object has no undercuts. When the object to be manu-
factured has no undercuts, each layer is fully supported
by a previously deposited layer. Thus, no complemen-
tary material is needed.

There are two sets of masks employed in one pre-
ferred method. A first set of masks is defined that con-
tains at least one mask corresponding to each cross
section through an article such that there is at least one
mask in every set for every parallel cross section normal
to a center line through the article. A second set of
masks is defined that contains at least one mask corre-
sponding to each mask from the first set of masks and
defines a complement to the cross section defined by
that corresponding mask. In this preferred method, the
deposition material is applied over a mask selected from
a first set of masks. The complementary material is
applied over a mask selected from a second set of masks.
The masks are alternately placed on a work surface, the
deposition material or the complementary material is
applied, then the masks are removed. Thus, a layer is
produced on the work surface, a portion of the layer
being complementary material and a portion being de-
position material. The masks are placed, the materials
are applied and the masks are removed in accordance
with a predetermined sequence so that a plurality of
layers, each placed upon the previous layer, are formed.
In this way, a layered structure is built up which con-
tains the object made of the deposition material sur-
rounded by the complementary material.

For each layer, both of, one of or neither of the com-
plementary material and the deposition material is
shaped as needed to produce the desired object. Such
shaping may be accomplished by any suitable material
forming method and includes milling, grinding, con-
touring, sanding, smoothing, edging, drilling and polish-
ing. Preferably, the shaping occurs after material is
applied and before the subsequent layer is applied. This
shaping can occur immediately after application or can
be delayed. The material may be shaped after one or
more subsequent layers have been applied. Delaying
several layers before shaping can eliminate multiple
shaping of the same profile that becomes necessary
when a subsequent layer melts the profile of an underly-
ing layer.

In another embodiment, the primary material and the
complementary material are applied without masks
being placed between the material delivery means and
the work surface. In this embodiment either the deposi-
tion material or the complementary material is applied,
then that material is shaped which may include creating
a cavity in the shaped material. The other material is
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then applied. Then the layer is ground or shaped as
needed to remove excess material. The process is re-
peated until all layers have been placed.

In yet another embodiment, only one set of masks is
used in the formation of the object. The first manner in
which this is done involves first applying a layer of
complementary material. The complementary material
is then shaped so as to achieve a desired surface. A mask
from the first set of masks is then put into position and
the deposition material is applied.

A second manner in which one set of masks is used
for the formation of the object involves placing a mask
from the second set of masks into position and applying

" the complementary material. The complementary mate-

rial is then shaped and the deposition material is applied.
Once the deposition materia] is applied, it is ground
down to the appropriate level for that layer.

For each embodiment, after the final layer has been
applied, the complementary material is removed leav-
ing the created object. We prefer to use a complemen-
tary material having a lower melting point than the
deposition material. Therefore, the complementary ma-
terial can easily be removed by heating.

We prefer to produce masks in a manner to avoid any
island feature in the masks. To do this we define at least
two masks for each cross section of the object or sup-
port material. We further prefer to position these masks
so that any seams in the deposited material do not align,
but crisscross.

Other objects and advantages of the invention will
become apparent in connection with the description of
the preferred embodiments shown in the following
figures.

DESCRIPTION OF THE DRAWINGS

FIG. 1 is a perspective view of an article to be cre-
ated.

FIG. 2 is a diagram showing a preferred apparatus
that performs the present preferred method of making
three-dimensional objects such as the article shown in
FIG. 1.

FIG. 3 is a cross sectional view of the block of
sprayed material for making the article shown in FIG.
1.

FIG. 4 is a top plan of a strip of mask material in
which different masks have been cut to make the article
of FIG. 1.

FIG. § is a diagram of a thermal spray pattern using
a single spray gun for practicing our method.

FIG. 6 is a diagram showing a multiple spray pattern
using multiple spray sources.

FIG. 7 is a diagram of yet a third preferred embodi-
ment of our apparatus.

FIG. 8 is a sectional view showing grinding of the
block produced with the apparatus of FIG. 7.

F1G. 9 is a cross section of a ball joint which can be
made in accordance with the present invention.

FIG. 10 is a side view of another article to be created.

FIG. 11 is a sectional view showing a step of a pre-
ferred method for creating the article of FIG. 10 in
which complementary material is applied to a substrate.

FIG. 12 is a sectional view of another step of the
preferred method in which the complementary material
is shaped.

FIG. 13 is a sectional view of yet another step of the
preferred method in which a deposition material is ap-
plied around the shaped complementary material.
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FIG. 14 is a sectional view of yet another step of the
preferred method in which the deposition material is
shaped.

FIG. 15 is a sectional view of yet another step of the
preferred method in which complimentary material is
applied around the deposition material.

FIG. 16 is a sectional view of yet another step of a
.preferred method in which several layers have been
formed by the preceding steps.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

In FIG. 1 we show an article 1 which can be manu-
factured in accordance with our method. Article 1 is
comprised of an upper tubular portion 2 and lower
tubular portion § separated by collar 4. Article 1 is
hollow as indicated by passageway 3, and is made of
any appropriate material such as metal, metal alloy,
ceramic, plastic or composite. The material of which
article 1 is fabricated is hereinafter referred to as the
deposition material. The material that surrounds and
supports article 1 during fabrication is hereinafter re-
ferred to as the complementary material. In the present
invention, any means of delivering the deposition mate-
rial and the complementary material is acceptable, how-
ever, in the preferred embodiment of the present inven-
tion, we employ a thermal spray deposition means. The
preferred embodiment also employs two sets of masks,
and a shaping means. A first set of masks is defined that
contains at least one mask corresponding to each cross
section through an article such that there is at least one
mask in every set for every parallel cross section normal
to a center line through the article. A second set of
masks is defined that contains at least one mask corre-
sponding to each mask from the first set of masks and
defines a complement to the cross section defined by
that corresponding mask.

Referring to FIG. 2, the masks are positioned over a
work table 16. Work table 16 preferably is capable of
moving in three directions as indicated by arrows x, y
and z. A sequence of masks, some of which are shown
in FIG. 4, are moved over the table and when a set of
masks reaches a desired position above table 16, head 20
is moved in a manner to direct the delivery of deposi-
tion material from spray gun 24 or complementary ma-
terial (“C. MATL.") from spray gun 22. One preferred
pattern of motion is shown in FIG. 6. In this way, a
layer 7 is formed with a portion of the layer consisting
of deposition material and the remaining portion of each
layer consisting of complementary material. In the pre-
ferred embodiment, the complementary material is
sprayed first. Therefore, a set of masks corresponding to
the complementary material is positioned above table 16
and the complementary material is sprayed. This set of
masks is then removed. After the complementary mate-
rial has been sprayed, a shaping means (not shown in
FIG. 2) such as a grinding, milling or other shaping tool
shapes the complementary material as needed to its final
shape. The next set of masks corresponding to the depo-
sition material is positioned and the deposition material
is sprayed. The deposition material is then shaped as
needed. Although we prefer to move the spray guns
during deposition, one could also use a fixed spray gun
and move the work surface 16. In the apparatus of FIG.
2, the work surface 16 would be moved out from under
mask material 10 to permit shaping of the deposited
material. After each layer is completed, work table 16 is
dropped to allow for application of the next layer. The

10

—

5

40

45

55

60

6

process is then repeated for each layer until the final
block of material is produced.

Upon completion of the process, one will have a
block of material 8, a cross section of which is shown in
FIG. 3. Because we have deposited a complementary
material 6 with the deposition material, we are able to
create intricate shapes and parts having undercut por-
tions. For the particular object of FIG. 1, the comple-
mentary material 6 supports the deposited collar mate-
rial 4. The complementary material must be removed
from the block of material. We prefer that the comple-
mentary material have a melting point lower than the
melting point of the deposition material. If that occurs
the block 8 of material shown in FIG. 3 can be heated
to a temperature so that complementary material 6 can
be heated and melted away from the object 1. We have
found that if the article is to be fabricated in steel or
zinc, a metal alloy or polymer having a melting temper-
ature between approximately 150° to 340° F. makes a
suitable complementary material. Such alloys are manu-
factured by Cerro Metal Products Company of Bela-
fonte, Pa., and sold under the trademark of Cerro.

Although the masks used for our technique could be
produced separately by any means, we prefer to use a
single apparatus, shown in FIG. 2, for producing the
masks and spraying the layers. Generally, we provide a
masking material 10 in roll form on roller 11 which
passes to take-up roll 12. At station 13, wax of an adhe-
sive material can be applied to the under surface of the
masking material or one could use pressure sensitive
paper. This material may be & metal foil paper, rein-
forced paper or other suitable material. We have found
that paper can be used as a masking material for making
an object of stainless steel utilizing a low melting point
alloy as the complementary material. The masking ma-
terial passes under a laser 14 and a mask is cut by the
laser. The cut away portion 15 of the masking material
10 drops from the moving mask material onto a surface
17 for disposal. Fiducial markers 9 may also be cut out
to provide for precise alignment of the mask 10 over the
substrate. The substrate is seated on a set of servo con-
trolled x-y-z (and perhaps rotary) stages. The x-y stages
may be integrated with an optical sensing system, which
detects the fiducial markers, to precisely align the mask
over the substrate. The z-stage drops the substrate by
the thickness of each layer, between consecutive layers.
The masking material may be of any appropriate mate-
rial such as paper, plastic, or metal. If a metal or plastic
is used, then the thermal spray may cause sections of the
mask to move around under the spray turbulence.
Therefore, a “sticky” surface may have to be applied to
the backside of the roll, for example by wax station 13,
to hold the mask in place against the substrate. Alterna-
tively, one could use pressure sensitive paper for the
masks.

The art has observed in some metal spray processes
that residual stress develops in the sprayed metal layer
causing the layer to camber and possible to peel. To
relieve the stress the art has shot peened such layers.
The technique is only successful in situations where
shot is evenly applied over the layer. Since our layers
are flat, we can use this technique. Therefore, we prefer
to provide a shot peener 25 for shot peening each layer.

It is also possible to relieve the stress by induction
heating. Therefore, we alternatively provide an induc-
tion heater 27 which we move over each layer to selec-
tively heat the surface. Such heating is easier to accom-
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plish on flat layers rather than on curved and irregular
surfaces.

Since each layer is comprised of two materials, at
least one mask per layer may require an “island” feature
(i.e., a region unconnected to the mail roll), which is
physically not realizable. For example, if a deposition
material cross-section is circular, then the support struc-
ture mask would require a frame with a circular island.
To handle this situation, two masks, and thus two spray
sequences, are required to form “island” features (FIG.
4). Thus, if a particular layer of the main shape has holes
in it, then at least four masks 32 are required; two to
form the support structure of complementary material
and two to form the structure of deposition material.

With the aforementioned approach there may be
seams in the spray deposition between boundaries of
contiguous sections formed with two masks. This may
be deleterious to the over-all part strength and its fa-
tigue characteristics. To minimize this problem, the
masking operations should be planned so that the seams
between consecutive layers do not align but criss-cross.
For example, FIG. 4 shows the masks for two layers of
a cylinder. Here corresponding edges 33 and 34 for two
mask pairs are positioned so that edges 33 and 34 are at
right angles.

The spray deposition must be uniform within the
bounds of the masks to achieve a uniform deposition
thickness. Conventional thermal spray sources typically
produce Gaussian distributions. One method of produc-
ing a uniform distribution is to use a muitiplicity of
appropriately spaced Gaussian distribution spray pat-
terns. The summation of identical Gaussian distributions
which are spaced apart by 1.5 standard deviations pro-
duces an approximately uniform distribution in the
plane passing through line 232 in FIG. 6 running be-
tween the center axis of the first Gaussian source and
the center axis of the last Gaussian source. An approxi-

- mately uniform distribution will also occur in and all
planes of similar length paralle] to the plane passing
through line 234. This uniform distribution will occur
independent of the number of sources. Thus, a uniform
distribution may be achieved by spraying multiple
passes with a single source as shown in FIG. 5. Here a
spray head 23 produces a spray pattern indicated by
concentric circles 30. The pattern has a standard devia-
tion or. Spray head 23 is moved along path 31. All passes
must be parallel and spaced by 1.5 standard deviations
o. The bounds of the spray must extend beyond the
masks 32 onto the mask material 10. Alternatively a
uniform distribution can be achieved using a set of spray
heads 23 shown in FIG. 6 and spraying in a single pass,
indicated by arrows 35. There are enough spray heads
23 to cover the limits of the largest mask boundaries.
The multiple spray head method would produce faster
cycles times and may be more precise relative to the
single spray head method.

The mask production/spray methods so far disclosed
require extremely tight control of the spray deposition
to assure that a uniform, constant and repeatable thick-
ness of material be deposited for each layer. Also, the
complementary support/deposition material masks for
each layer, must be accurately positioned to assure a
perfect boundary between the complementary support
and deposition materials.

An alternative embodiment shown in FIGS. 7 and 8
alleviates the problem of masking inaccuracies and re-
duces the need for post-production finishing by incor-
porating a milling or grinding tool 50 to “face” each
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layer 7 to the exact thickness after each layer is depos-
ited. In this embodiment, only a deposition material
mask is required. First the mask for the deposition mate-
rial is positioned over work table 16. The deposition
material is applied and the mask is then removed. The
applied deposition material is shaped as necessary. Then
the complementary material is applied directly over
that entire layer, without using a mask, filling in the
region adjacent to the just applied deposition material as
well as covering the top 52 of deposition material. A
milling head or a grinding wheel 50 (or a combination
of these) then passes over that layer removing the ex-
cess complementary material 56 which covers the depo-
sition material and trimming that layer 57 to the exact
thickness. The resulting milled surface should be suffi-
ciently rough to assure bonding of the next layer to be
deposited thereon. The process is then repeated for
each layer until the final block of material is produced.
Then the complementary material 6 is removed and the
article is polished or otherwise processed as required.

Another alternative embodiment also incorporates a
milling or grinding tool to “face” each application of
deposition material. In this embodiment, only a comple-
mentary material mask is required. First, the mask for
the complementary material is positioned over a work
table. The complementary material is applied and the
mask is then removed. The complementary material is
then shaped to the desired contours. The deposition
material is then applied over the entire layer without
using a mask, filling in the region adjacent to the deposi-
tion material in the previous layer as well as covering
the top of the just applied complementary material. A
grinding wheel removed the excess deposition material
and trims each layer to the exact thickness. The process
is then repeated for each layer until the final block of
material is produced. Then, the complementary mate-
rial is removed.

In an alternative embodiment, the complementary
material is applied first and is applied using no masks.
Then a shaping means passes over the complementary
material, shaping and contouring the complementary
material surface so that the complementary material
surface defines the surface of the object being produced
for that layer. The deposition material masks are then
positioned over the complementary material and the
deposition material is applied. The deposition material is
then shaped as desired. This process is repeated for each
layer until the final block of material is produced. Then,
the complementary material is removed. Conversely,
one could first apply and shape the deposition material
mask and apply the complementary material over the
mask. Furthermore, a combination of these techniques
could be used. That is, shape and mask the complemen-
tary material for selected layers, but shape and mask the
deposition material in other layers.

In yet another embodiment, no masks are required.

 First, a layer of complementary material is applied using

no masks. Then a shaping means passes over the com-
plementary material, shaping and contouring the com-
plementary material surface so that the surface of the
complementary material defines the surface of the ob-
ject being produced for that layer. The deposition mate-
rial is then applied. The deposition material is then
shaped as desired. This process is repeated for each
layer until the final block of material is produced. Then
the complementary material is removed. The converse
method of first depositing and shaping the deposition
material could also be used.
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Any of the just described methods can be used to
produce the article of FIG. 10 using the sequences of
FIGS. 11 thru 16.

In FIG. 11 we show a hemispherical article 110
which can be manufactured in accordance with a se-
quence shown in FIGS. 11 through 16. Article 110 has
a curved inner surface 112, a curved outer surface 114
and a cavity 116 that is bounded by inner surface 112.
Article 110 is formed by applying several layers 118
upon a substrate 120 that is placed upon a work surface
122. Each layer 118 is composed of two types of mate-
rial. The material of which article 110 is fabricated we
refer to as the deposition material 124. The material that
surrounds and supports article 110 is hereinafter re-
ferred to as the complementary material 126. Thus, each
layer 118 that is formed consists partly of deposition
material 124 and the remaining portion of each layer
118 consists of complementary material 126.

Substrate 120 is first positioned on work surface 122.
A segment 125 of complementary material 126 is ap-
plied to substrate 120 by complementary material deliv-
ery means. A shaping means 130 shapes and contours at
least one surface of segment 125 of complementary
material 126 so that the segment 125 of complementary
material 126 defines a portion of a complement to inner
surface 112 of article 110 for that layer. A segment 123
of deposition material 124 is then applied upon at least
one of substrate 120 and complementary material 126 by
deposition material means. Shaping means 130 shapes
and contours at least one surface of segment 123 of
deposition material 124 so that segment 123 defines the
desired surface of article 110 for that layer 118. A seg-
ment 127 of complementary material 126 is then applied
upon at least one of substrate 120, deposition material
124 and complementary material 126. Shaping means
130 shapes and contours the surface of segment 127 of
complementary material 126 as needed so that shaped
segment 127 defines a portion of a complement to the
surface of article 110 for layer 118. Thus, a layer 118 is
formed that consists of a segment 123 of deposition
material 124 surrounded by two segments 123 and 127
of complementary material 126. Subsequent layers 118
are applied similarly, with the exception that segment
123 of deposition material 124 is applied to at least one
of substrate 120, complementary material 126 and depo-
sition material 124. Upon completion of the process, a
block 134 of complementary material 126 and deposi-
tion material 124 is produced. The complementary ma-
terial 126 is then removed from block 134 leaving the
deposition material 124 in the shape of article 110. Be-
cause at least a portion of each layer was shaped as it
was created, the article 110 should be in or very close to
its desired shape.

In the above described process of fabricating article
110, two segments of deposition material 124 and two
segments of complementary material 126 are formed on
layer 118. Two segments of deposition material 124 are
needed for this layer because one segment contacts and
defines inner surface 112 of article 110 and the other
segment of complementary material 126 contacts and
defines outer surface 114. Thus, for each cross-sectional
layer 118 that is formed, a segment 127 of complemen-
tary material 126 surrounds the outer surface 114 of
article 110, and an additional segment of complemen-
tary material will be applied for each cavity or passage-
way through a given layer 118. Additionally, if a given
cross sectional layer 118 requires more than one section
of deposition material and these sections are not con-
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nected, then a segment of deposition material will be
applied for each such section.

The effect of shaping the complementary material is
that much less, and in some instances no further machin-
ing of the finished object is necessary once the process
is complete. The deposition material can also be shaped
after it has been sprayed. This will enable objects hav-
ing curved outer surfaces to be more easily produced.
Because the interface between the complementary ma-
terial and deposition material may change direction
from one layer to the next, it is understood that it may
be preferable to shape the deposition material for one
layer and to shape the complementary material for the
next layer.

The solid-freedom fabrication system disclosed here
would also permit the fabrication of complete func-
tional assemblies containing two or more mating parts
in one process without the requirement of discrete as-
sembly operations. In FIG. 9 we show a ball joint 40
having a ball head 42 in a socket 44 separated by space
46. This part can be made such that ball head 42 is one
material and socket 44 is a second material. During
fabrication a complementary material is deposited to fill
space 46 and surround head 42 and socket 44. For exam-
ple, the socket 44 may be steel, the ball head 42 a com-
posite, and the complementary material can be Cerro
metal. Upon application of the materials, the workpiece
is heated to melt away the Cerro metal, leaving the
assembly shown in FIG. 9. Variations of the preferred
embodiment can be employed. For example, although
several preferred means of producing the masks are
disclosed, any means of producing the masks could be
employed.

Although the preferred means of delivering the depo-
sition material and complementary material is by ther-
mal spray deposition, any suitable means such as a liquid
slurry, a gravity feed device or a manual device such as
a hand sifter may be used. Also, although we show the
spray heads 22, 24 and 25 on a single mounting head 20
in the apparatus of FIG. 2. It should be understood that
separate mounting heads could be provided for each
spray head or for selected combinations of spray heads.

While we have described certain preferred embodi-
ments of our apparatus and method, it should be dis-
tinctly understood that our invention is not limited
thereto, but may be variously embodied with the scope
of the following claims.

We claim:

1. A method for the fabrication of a three dimensional
article having a desired shape comprising the steps of

a) sequentially applying a series of layers, each said
layer comprised of deposition material, each said
layer being applied onto at least one of a substrate
and another layer;

b) removing material from at least one surface of a
plurality of selected layers after each selected layer
has been deposited to shape a portion of an outside
surface of the article being fabricated to any de-
sired form; and ’

c) depositing at least one layer of deposition material
over at least one of the plurality of selected layers
from which material has been removed, the at least
one layer of deposited deposition material not
being deposited over the outer surface from which
material has been removed.

2. The method of claim 1 also comprising the step of

further processing the article after all layers have been
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deposited as required to produce a final form of the
three dimensional article.

3. The method of claim 2 wherein the step of further
processing the article includes polishing the article.

4. A method for the fabrication of a three dimensional
article having a desired shape comprising the steps of

a) sequentially applying a series of layers, each said
layer comprised of at least one segment of a com-
plementary material and at least one segment of a
deposition material, each said layer being applied
onto at least one of a substrate and another layer;

b) removing material from at least one surface of a
plurality of selected segments of said complemen-
tary material before applying a selected layer of
deposition material so that said complementary
material defines a complement to said desired
shape;

c) depositing at least one layer of complementary
material over at least one of the plurality of se-
lected segments from which material has been re-
moved, the at least one layer of deposited comple-
mentary material not being deposited over the
surface from which material has been removed;
and

d) removing said complementary material from said
applied deposition material.

5. The method of claim 4 further comprising the step
of removing material from at least one surface of se-
lected segments of said deposition material so that said
deposition material is shaped to said desired shape.

6. The method of claim 4 wherein said complemen-
tary material has a melting point below a melting point
of said deposition material.

7. The method of claim 4 wherein said complemen-
tary material is metal alloy having a melting tempera-
ture between approximately 150° to 340° F. and said
deposition material is a steel.

8. The method of claim 4 wherein said complemen-
tary material is selected from the group consisting of a
metal, a metal alloy, a ceramic, a plastic and a composite
thereof.

9. The method of claim 4 wherein said deposition
material is selected from the group consisting of a metal,
a ceramic, a plastic and a composite thereof.

10. The method of claim 4 wherein at least one of said
complementary material and said deposition material
are applied by thermal spray deposition.

11. The method of claim 4 wherein at least one of said
complementary material and said deposition material
are applied by liquid slurry.

12. The method of claim 4 also comprising the step of
further processing the article after all layers have been
deposited as required to produce a final form of the
three dimensional article.

13. The method of claim 12 wherein the step of fur-
ther processing the article includes polishing the article.

14. A method for the fabrication of a three dimen-
sional article having a desired shape comprising the
steps of

a) creating a first set of masks, each mask correspond-
ing to at least a portion of a cross section through
said article such that there is at least one mask in
said first set for every parallel cross section
through said article normal to a centerline through
said article;

b) creating a second set of masks, each mask corre-
sponding to at least one mask from said first set of
masks and defining a complement to a cross section
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defined by a corresponding mask from said first set
of masks;

c) alternatively placing on a substrate at least one
mask from said first set and then at least one mask
from said second set in accordance with a predeter-
mined sequence;

d) applying a complementary material over at least
one mask selected from said second set of masks
placed on at least one of said substrate, any comple-
mentary material on said substrate and any deposi-
tion material on said substrate to form at least one
segment of said complementary material;

e) removing said mask selected from said second set
of masks after applying said complementary mate-
rial;

f) shaping at least one surface of selected segments of
said complementary material so that said comple-
mentary material defines a complement to said
desired shape;

g) applying deposition material over at least one mask
selected from said first set of masks and placed on
at Jeast one of said substrate, any deposition mate-
rial on said substrate and any complementary mate-
rial on said substrate to form a segment of deposi-
tion material;

h) removing said mask selected from said second set
of masks after applying said deposition material;
and

i) removing said complementary material from said
applied deposition material.

15. The method of claim 14 further comprising the
step of shaping at least one surface of selected segments
of said deposition material to said desired shape.

16. The method of claim 14 wherein said masks are
selected from the group consisting of foil, plastic, paper
and pressure sensitive paper.

17. The method of claim 14 wherein pairs of masks
from said first set of masks define at least some of said
cross sections through said article with each pair of
masks defining a single cross section.

18. A method for the fabrication of a three dimen-
sional article having a desired shape and having a set of
parallel cross sections through said article and normal
to a centerline through said article comprising the steps
of

a) creating a first set of masks, each mask correspond-
ing to at least a portion of a cross section through
said article such that there is at least one mask in
said first set for every parallel cross section
through said article normal to a centerline through
said article;

b) placing on a work surface at least one mask se-
lected from said first set of masks;

c¢) applying deposition material over the at least one
mask selected from said first set of masks and
placed on said work surface;

d) removing said mask selected from said first set of
masks after applying said deposition material;

e) shaping of at least one surface of selected layers of
deposition material;

f) applying a complementary material over at least
one of said substrate, any complementary material
on said substrate and any deposition material on
said substrate to form a segment of complementary
material and deposition material;

g) repeating said aforementioned steps until each of
said parallel cross sections has been applied; and
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h) removing said complementary material from the
deposition material.

19. The method of claim 18 wherein said repeating
steps of placing said mask from said first set of masks
and applying said disposition material are performed
after said steps of applying and shaping said disposition
material.

20. A method for the fabrication of a three dimen-
sional article having a desired shape and having a set of
parallel cross sections through said article and normal
to a centerline through said article comprising the steps
of

a) creating a set of masks, each mask corresponding
to a cross section through said article;

b) placing on a substrate at least one mask selected
from said set of masks;

c) applying a complementary material over at least
one mask selected from said set of masks and
placed on at least one of said substrate, any comple-
mentary material on said substrate, and any deposi-
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tion material on said substrate to form at least one
segment of complementary material;

d) after applying said complementary material re-
moving said mask selected from said set of masks
which was placed prior to applying said comple-
mentary material;

e) shaping at least one surface of selected segments of
said complementary material so that said comple-
mentary material defines a complement to said
desired shaped;

f) applying deposition material over at least one of
said substrate, any deposition material on said sub-
strate and any complementary material on said
substrate to form a segment of deposition material;

g) repeating said aforementioned steps until each of
said parallel cross sections has been applied; and

h) removing said complementary material from said

applied deposition material.
- * * * * *
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