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PRODUCING PARTS BY COMPOUND FORMATION OF PRECURSOR POWDERS

* k k k *

This invention relates to a method and apparatus which uses
a directed energy beam to selectively sinter a powder to
produce a part. In particular, this invention relates to a
computer aided laser apparatus which sequentially sinters a
plurality of powder léyers'to build the desired part in a
layer-by-layer fashion. The present application is
particularly directed towards a powder comprising a plurality
of materials where the powder has more than one bondihg or
dissociation temperature.

ackq; of the Inventi

The economies associated with conventional part production
methods are generally related directly to the quantity of parts
to be produced and the desired material characteristics of the
finished parts. For example, large scale manufacture casting
and extrusion techniques are often cost effective, but these
production methods are generally unacceptable' for small
quantities, i.e. replacement parts or prototype production.
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Many such conventional part production methods require

expensive part specific tooling. Even powder metallurgy
requires a die for shaping the powder, making powder metallurgy
unattractive as a method for producing a small number of parts.

Where only a small ‘number of 'parts are dgsired,
conventional production methods involving a subtractive
méchining method are usually used to produce the desired part.
In such subtractive methods, material is cut away from a
‘starting block of material to produce a more complex shape.
Examples of subtractive machine tool methods include: milling,



“Thls I nvention rel ates Lg_g_ggLﬁgd and apparatus whi ch usesd H'dPFECPed J'7/ - .
ener gy beanlto‘ééTEEYT‘ely sinter a powder to produce a part. In

darticular, thig g%&@ﬁ&ﬂamk_lﬁhﬁs to a conputer aided | aser apparatus

whi ch sequentlal urality of powder |ayers to build the
desired part in “@Mﬂﬂﬂw fashi on. The present application
S particularly s a powder gonprising a plurality of
materials where the powder has nore than one bonding or dissociation

t enper at ur e. Backaround of the Invention
drilling, grinding, ;athe cutting, flame cutting, electric,

discharge machine, etc. While such conventional machine tool
subtractive methods are usually effective in producing the
desired part, they are deficient in many respects.

First, such conventional machine tool subtractive methods
produce a large amount of waste material for disposal.
" Further, such machine tool methods usually involve a large
initial expense for setting up the proper machining protocol
10 and tools. As such, the set-up time is not only expensive, but
relies a great deal on human judgment and expertise. These
problems are, of course, exacerbated when only a small number

of parts are to be produced.

15 Another difficulty associated with such conventional .
machining techniques involves tool wear - which not only
involves the cost_of replacement, but also reduces machining
accuracy as the tool wears. Another limit on the accuracy and
tolerance of any part produced by conventional machining

20 techniques is the tolerance limits inherent in the particular
machine tool. For example, in a conventional milling machine
or lathe, the lead screws and ways are manufactured to a
certain tolerance, which limits the tolerances obtainable in
manufacturing a part on the machine tool. Of course, the

25 tolerances attainable are reduced with age of the machine tool.

The final difficulty associated with such conventional
machine tool subtractive processes is the difficulty or
impossibility of making many part cgnfiguraticns. That is,

30 conventional machining methods are usually best suited for
producing symmetrical parts and parts where cniy the exterior
part is machined. However, where a desired part is unusua;.in
shape or has internal features, the machining becomes more
difficult and quite often, the part must be divided into

35 segments for production. In many cases, a particular part



The econ{es associ ated with conventional part product ¥ ;3
generally rel ated——dT‘r‘et'fT“ to the quantity of parts to E‘{T&ig mt}
gdesired nateri al gﬁggéﬂk meedf the finished. parts exanpl e,

| ar ge scdl e manuf nd ext rusi on technlques are often cost
effective, but the m thods are general ly unacceptable for _
smal | quantities, nt parts or prototype production. Mny such
conventional part productlon nmet hods reqyire expensive part specific

t ool i ng. Even powder netallurgy requires a die for shaping the powder,
maki ng powder netallurgy unattractive as a nmethod for producing a small

nunber of pgsmwSigyration is not possible because of the limitations

imposed upon the tool placement on the part. Thus, the size.
and configuration of the cutting tool do not permit access of
 the tool to produce the desired configuration.

There are other machining processes which are additive, for
example, plating, cladding, and some welding processes are
additive in that material is added to a starting substrate. 1In
recent years, other additive-type machining methods have been
developed which use a laser beam to coat or deposit material on
a starting article. Examples include U.S. Patent Nos.
4,117,302; 4,474,861: 4,300,474; and 4,323,756. These recent
uses of lasers have been primarily limited to adding'a coating
to a previously machined article. Often such laser coating
methods have been employed to achieve certain metallurgic
properties obtainable only by such coating methods. Typically;'
in such laser coating methods the starting article is rotated
and the laser directed at a fixed location with the coating
material sprayed onto the article so that the laser will melt
the coating onto the article.

U.S. Patents No. 4,944,817, No. 4,863,538, No. 4,938,816,

and PCT publication WO 88/02677 published 21 April 1988, all of

~ which are incorporated herein by this reference, describe a

25 method of producing cdmplex parts directly from a CAD data base

which is not subject to the above-described limitations of the

various subtractive and additive methods; this new method will

be referred to as "selective beam sintering" or “séléctive

laser sintering®". The selective laser sintering process is

30 particularly advantageous in forming prototypes for parts which

may subsequently be mass pfoduced, for example by investment
casting, or by the use of tooling.

It is desirable to_utiiize the selective beam sintefing.
35 process not only to produce prototype models of subsequently
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met hods i nvol ving a subtractive nachini ng nethod are usually used to
produce the desired part. In such subtractive nethods, material is cut
away froma starting block of material to produce a nore conpl ex shape.
Exanpl es of subtractive machine tool nethods include: mlling,

10

15

20

25

30

35

4

mass produced parts, but also to produce parts suitable for
actual- use in a machine. Such usable parts may also be
prototypes, useful for testing the structural design of the
part and the system into which it is to be incorporated; in
addition, it is desirable to produce such parts which are
capable of serving in the end equipment product.

2

rd

The material of parts which are to be actually used must be -
of sufficient strength and integrity to meet the mechanical and '

temperature stress requirements of . its application.
Accordingly, the formation of intermetallic and ceramic

~(including glass) parts by selective beam sintering is

desirable. However, many desirable metallic and ceramic
powders have sintering or melting temperatures which are
sufficiently high that selective sintering or melting by a

directed energy beam, such as a laser, is not easily achievable
at this time.

It is therefore an object of this invention to provide a
method of producing a part by the application energy to
selected portions of a multiple material powder, where the

-propertigs_of the material of the part produced differs from

those of the materials in the powder.

It is a further object of this invention to provide such a
method where the mglting temperature of the produced part is
higher than the temperature to which the directed beam subjects
the powder.

It is a further object of this invention to provide such a
method where the material used is a metal or ceramic.

It is a further object of this invention to provide such a
method where the material of the part is a chemical compound of
the constituents of the powder.
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<2 drilling, grinding, lathe cutting, flane cutting, éTB&fU;EidiécﬁaTQeL.s
machi ne, etc. Wile such conventional machine tool subtractive nmethods are:
.usually effective in producing the desired part, they are deficient in many
v ’ . . . . .
respects. - First, such conventional machine tool subtractive methods
‘produce a | arge anmount of waste material for disposal. Further, such
machi ne tool nethods usually involve a Igrge

It  is a further object of this invention to provide such a
method which includes post-processing to cause the chemical

reaction.
5
Other objects and advantages of the invention will be
apparent to those of ordinary skill in the art having reference
to the following specification, together with the drawings.
10
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initial expense for setting up the proper machining protmyﬂ&@ tlo?/@ggl 3
such, the set-up tinme is not only expensive, but relies a great deal on
hdman judgnent and expertise. These problens are, of course, exacerbated
when only a small nunber of parts are to be produced. Anot her
difficulty associated with such conventional machining techniques involves
tool wear - -which not only involves the cost of replacenent, but also
reduces machining accuracy as the tool Vears. Another linmit on the accuracy
and tol erance of any part produced by conventional nachining techniques is
the tolerance limts inherent in the particular machine tool. For exanple,

in a conventional mlling machine
S of the Invention
// | The problems outlined above are in large measure solved by
7 5 ' the method and apparatus of the present invention. The present

invention includes a directed energy beam - such as a laser -
and is adaptable to produce almost any three dimensional part.
The method of the present invention is an additive process,
with the powder being dispensed into a target area where the

10 laser selectively sinters the powder to -produce a sintered
layer. The invention is a layer-wise process in which the
layers are joined together until the completed part is formed.
The method of the present invention is not 1limited to a
particular type of powder, but rather is adaptable to plastic,

15 metal, polymer, ceramic, wax, semiconductor or amorphous
powders, or composite material powders.

Broadly speaking, the apparatus includes a laser or other
directed energy source which is selectable for emitting a beam

20 in a target area where the part is produced. A powder
dispenser system deposits powder into the target area. A laser
control mechanism operates to move the aim of the laser beam

and modulates the laser to selectively sinter a layer of powder
dispensed into the target area. The control mechanism operates

25 to selcgtively sinter only the powder disposed within defined
boundaries to produce the desired layer of the part. The
control mechanism operates the laser to selectively sinter
sequential layers of powder, producing a completed part
comprising a plurality of layers sintered together. The

30 defined boundaries of each layer correspond to respective
cross-sectional regions of the part._ Preferably, the control
mechanism includes a computer - e.g. a CAD/CAM system - to
determine the defined boundaries for each layer. That is,
given the overall dimensions and configuration of the part, the

35 computer determines the defined boundaries for each layer and
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or lathe, the lead screws and ways are manufactured to a -

tolerance-
which limts the tolerances obtainable in manufacturinga ga ~;th?/’3 él}
méchi ne tool . O course, the tolerances, attainable are re ced with ag

of thejmachi ne tool. The final difficulty associated with such
conventtonal machine tool subtractive processes is the difficulty or

I mpossi bility of making many part configurations. That is, conventional
machi ni ng nmet hods are usually best suited for producing synnetrlcal parts:

and parts where only the exterior part i s 7rachi ned. However, where a

desired part is unusual in shape or has internal features, the machi ni ng

becones nore difficult and quite often, the part nust be d|V|ded I nto
operates the laser control mechanism in accordance with the

defined boundaries. Alternatively, the computer can be
initially programmed with the defined boundaries of each layer.

5 In a preferred form, the laser control mechanism includes
a mechanism for directing the laser beam in the target area and
a mechanism for modulating the laser beam on and off to
selectively sihter the powder in the target area. In one
embodiment, the directing mechanism operates to move the aim of
10 the laser beam in a continuous raster scan of target area. The
modulatihg mechanism turns the laser beam on and off so that
the powder is sintered only when the aim of the laser beam is
within the defined boundaries for the particular layer.
Alternatively, the directing mechanism aims the laser beam only
15 within the defined boundaries for the particular'layer so that
the laser beam can be left on'continuously to sinter the powder
within the defined boundaries for the particular layer.

In a preferred embodiment, the directing mechanism moves

20 the laser beam in a repetitive raster scan of the target area

using a pair of mirrors driven by galvanometers. The first

mirror reflects the laser beam to the second mirror which

reflects the beam into the target area. Shifting movement of

the first mirror by its galvanometer shifts the laser beam

25 generally in one direction in the target area. Similarly,

shifting movement of the second mirror by its galvanometer

shifts the iaser beam in the target area in a second direction.

Preferably, the mirrors are oriented relative to each other so

that the first and second directions are generally

30 perpendicular to each other. Such an arrangement allows for

' many different types of scanning patterns of the laser beam in

the target area, including the raster scan pattern of the
preferred embodiment of the present invention.

35 The method of part production of the present invention

——
[
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includes the steps of depositing a first portion of powder onto
a target surface, scanning the aim of a directed energy beam
(preferabiy a laser) over the target surface, and sintering a
first layer of the first powder portion on the target surface.
The first layer corresponds to a first cross-sectional region
of the part. The powder is sintered by operating the directed
energy source when the aim of the beam is within the boundaries
defining the first layers. A second portion of powder is

~ deposited onto the first sintered layer and the aim of the

laser beam scanned over the first sintered layer. A second
layer of the second powdered portion is sintered by operating
the directed energy source when the aim of the beam is within
the boundaries defining the second layer. Sintering of the
second layer also joins the first and second'layers'into a
cohesive mass. Successive portions of powder are deposited
onto the previously sintered layers, each layer being sintered
in turn. In one embodiment, the powder is deposited
continuously into the target.

In a preferred embodiment, the laser beam is modulated on
and off during the raster scan so that the powder is sintered
when the aim of the beam is directed within the boundaries of
the particular layer. Preferably, the laser is controlled by
a computer. the computer may include a CAD/CAM system, where

the computer is given the overall dimensions and configuration

of the part to be made and the computer determines the
boundaries of each cross-sectional region of the part.  Using
the determined boundaries, the computer controls the sintering

_of each layer corresponding to the cross-sectional regions of

the part. In an alternative'embodiment,.the computer is simply
programmed with the boundaries of each cross-sectional region
of the part. '

Additidnally, another embodiment of the present invention
includes a powder comprising a plurality of materials where the

This Sheet Has Been Reilaced
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i nposed ‘upon the tool placement on the part. Thus, the

, Sizé an
configuration of the cutting tool do not permt access Pé%ﬁﬂg &ﬂl /tgg 31 3

produce the desired configuration. There are ot her mnachi ni ng

processg¢s which are additive, for exanple, plating, cladding, and sone
wel di ng processes are additive in that material is added to a starting :
substrate. In recent years, other additive-type nachi ning methods have been
devel oped which use a | aser beamto coatg or deposit material on a starting
article. Exanples include U S. Patent Nos. 4,117,302; 4,474, 861;

4,300, 474; and 4, 323,756. These recent uses of |asers have been primarily

linmted t(plaxitéllrig:m ot imakdmial pr chdvaisImorechingy agrié clgﬁ.ssoﬁ&ﬁbﬁuch
| aser Coakb%%erature._ In still another embodiment of the present
invention, the powder comprises a plurality of materials where
the plurality of materials have more than one bonding
5 temperature.

As used throughout this document, bonding temperature
includes but is not limited to, melting temperature, softening
_ temperature and bonding temperature.

10 '

In all preferred embodiments of the present invention, the
plurality of materials comprise at least one first material
blended with at least one second material or at least one first
material coated with at least one second material.

15

'As can be appreciated from the above general description;
the method and apparatus of the present invention solves many
of the probiems'associatéd with known part production methods.
First, the present invention is well suited for prototype part

20 production or replacement part production of limited
quantities. Further, the method and apparatus hereof are
'capable of making parts of complex confiQurations unobtainable
by conventional production methods. Further, the present
invention eliminates tool wear and machine design as limiting

25 factors on the tolerances ocbtainable in producing the part.

Finally, with the apparatus of the present invention

incorporated into a CAD/CAM environment, a large'humber of
replacement parts can be programmed into the computer and can
be easily produced with little set-up or human intervention.

30 . ' .

The method accordihg to the invention may also be applied
to produce a part of a material having one or properties
different from those o¢f the constituent materials in the
multiple material powder. The application of thermal energy

35 to selected locations of particular multiple material powders
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met hodﬁve been enployed to achieve certain netall urngTp‘ opert es 3 13

obt ai nabl e only by such coating nethods. Typically, in such |aser coating
get hods the starting article is rotated and the |aser directed at a fixed
|l ocatidn with the coating material sprayed onto the article so that the

| aser will nmelt the coating onto the article. U. S. Patents No.
4,944,817, No. 4,863,538, No. 4,938, 816,1nd PCT publication WO 88/ 02677
publ i shed 21 April 1988 and WD 90/ 03893, describe a et hod of producing
conplex parts directly froma CAD data base which is not subject to the
above- des@napies iaridhdm i Qfeatdiﬁotﬁ,r iamds thebtfmtatiomat alditable or

nethods. th' asﬂgﬂ¥én%ﬂgﬁ£33 céﬁgé&ﬁ&[fsé Eﬂeaiocﬁgkgﬁg'%%l%ﬁﬂnpowder_
' exposed to the energy. The reaction may occur during the
application of the directed energy; alternatively, the directed

5 energy may melt or sinter the materials into a mass at the
selected locations, with subsequent heat treatment causing the

chemical reaction. The compound may have important properties

which are different from the properties of any one of the

powder constituents, such as a much higher melting point. As

10 a result, a part may be formed from a material which is

otherwise not conducive to selective laser or beam sintering.

Sheet Has Been Re laced
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éinteryﬂé" or "sel ective |aser sintering". The selec | r 3[ g’?&-
proces Is particularly advantageous in formng pmq/%ﬁ 1 rop I 513

whi ch ?ay subsequent|y be mass produced, for exanple by investment casting,

or by fhe use of tooling. It is desirable to utilize the selective
bean1s|nter|ng process not only to produce prototype nodels of subsequently
' 11
Brief Descripti of the Drawings

FIGURE 1 is a schematic represéntation of the apparatus of
5 the present invention;

FIGURE 2 is a schematic showing a portion of the layered
build up of a part produced in accordance with the present
invention, and illustrating the raster scan pattern of the

10 laser beam in the target area; '

FIGURE 3 is a block diagram depicting the interface
hardware between the computer, laser and galvanometers of the
present invention; '

15
FIGURE 4 is a perspective view of an example part produced
in accordance with the present invention;

FIGURE 5 is a sectional view with parts broken away and in
20 phantom, of the part illustrated in FIGURE 4;

FIGURE 6 is a flow chart of the data meterlng program in
accordance thh the present invention;

25 FIGURE 7 is a secticnal view taken along line 7-7 of FIGURE

FIGURE 8 illustrates in diagram form the correlation
between a single sweep of the laser across the layer of FIGURE
30 7 and the control signals of the present invention;

FIGURE 9'i11ustrates a blend of materials in a powder;

FIGURE 10 illusttates materials coated in a powder;
35

-
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Z mass produced parts, but also to produce parts SU|taH a
I n a maclfi ne. Such usable parts may al so be prototypes, Wﬁﬁ /d§313
t.testing fhe structural design of the

12

FIGURE 11 illustrates a portion of a sintering cycle on a
blend of materials as presently understood. '

FIGURE 12 illustrates two materials deposited prior to.
S sintering.

FIGURES 13 and 14 are phase diagrams of binary metal
systems usable in an alternative embodiment of the invention.

10
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%Ft and fthe systeminto which it is to be mcorporatedFﬁLESdgllo‘Gg }13:

desirablg to produce such parts which are capable of serving in the end

equi pre product . The material of parts which are to be actually used
must befof sufficient strength and integrity to neet the nechanical and
tenperature stress requirenents  -of its - application. Accordingly,
the forfmation of internmetallic and ceram g¢3(including glass) parts by
sel ecti've beam sintering is desirable. However, many desirable
metallic and ceram c powders have sintering or nelting tenperatures which
are sufficiently high that selective sintering or melting by a directed

ener gy beampiph @F ed Sfifeidd JlrRAPHoE iments

Turning now to the drawings, FIGURE 1 broadly illustrates

5 the apparatus 10 in accordance with the present invention.
Broadly speaking, the apparatus 10 includes a laser 12, powder
‘dispenser 14, and laser control means 16. In more detail, the
powder dispenser 14 includes a hopper 20 for receiving the
powder 22 and having an outlet 24. The outlet 24 is oriented

10 for dispensing the powder to a target area 26, which in FIGURE
1 is generally defined by the confinement structure 28. Of
course, many alternatives exist for dispensing the powder 22.

The components of the laser 12 are shown somewhat
15 schematically in FIGURE 1 and include a laser head 30, a safety
shutter 32, and a front mirror assembly 34. The type of laser
used is dependent upon many factors, and in particular upon the
type of powder 22 that is to be sintered. In the embodiment of
FIGURE 1, a NA:YAG laser (Lasermetrics 9500Q) was used which
20 can operete in a continuous or pulsed mode with a hundred-watt
maximum outlet power in the continuous mode. The laser beam
output of the laser 12 has a wavelength of approximately 1060
nm, which is near infrared. The laser 12 illustrated in FIGURE
1 includes an internal pulse rate generator with a selectable
25 range of about one kiloHertz to forty kiloHertz, and an
approximately six nanosecond pulse duration. In either the
pulsed or continuous mode, the laser 12 can be modulated on or
off to selectively produce a laser beam which travels generally
along the path shown by the arrows in FIGURE 1.
30 .

To focus'the laser beam, a diverging lens 36 and cdnverging
lens 38 are disposed along the path of travel of the laser beam
as shown in FIGURE 1. Using just the converging lens 38, the
location of the true focal point is not easily controlled by

35 varying the distance between the converging lens 38 and the
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at this - It is therefore an object of this mvenu!qwsto prﬁ@@e} 13
a met hod Pt prodUC|ng a part by the application energy to selected portions .

Qf a multfiple naterial powder, where the properties of the material of the

part produced differs fromthose of the materials in the powder.

14

jaser 12. The diverging lens 36 placed between the laser 12
and converging lens 38 creates a virtual focal point between
the diverging lens 36 and the laser 12. Varying the distance
petween the converging lens 38 and the virtual focal point,
allows control of the true focal point along the laser beam
path of travel on the side of the converging lens 38 remote
from the laser 12. In recent years there have been many
advances in the field of optics, and it is recognized that many
alternatives are available to efficiently focus the laser beam
at a known location. ' '

In more detail, the laser control means 16 includes
computer 40 and scanning system 42. In a preferred embodiment,
the computer 40 includes a microprocessor for controlling the
laser 12 and a CAD/CAM system for generating the data. 1In the
embodiment illustrated in FIGURE 1, a personal computer is used
(Commodore 64) whose primary attributes include an accessible
interface port and a flag line which generates a nonmaskable
interrupt. '

As shown in FIGURE 1, the scanning system 42 includes a
prism 44 for redirecting the path of travel of the laser beamn.
Of course, physiéal layout of the apparatus 10 is the primary
consideration in determining whether a prism 44, or a plurality
25 of prisms 44, are needed to manipulate the path of travel of

the laser beam. The scanning system 42 also includes a pair of

‘'mirrors 46, 47 driven by respective galvanometers 48, 49. The

galvanometers 48, 49 coupled to their respective mirrors 46, 47

to selectively orientate the mirrors 46, 47. The galvanometers
30 46, 47 are. mounted perpendicular to each other such that the

mirrors 46, 47 are mounted nominally at a right angle to each
other. A function generator driver 50 controls the movement of
the galvanometer 48 (galvanometer 49 is slaved to the movement
of galvanometer 48) so that the aim of the laser beam (repre-
35 sented by the arrows in FIGURE 1) can be controlled in the

This Sheet Has Been R laced




%f i Fprobl emoutlined above are in large neasure W%Q/ltb(e&gt};dz
of the ' '

resent invention. According to the prese nvention there
is provided a nethod of producing a part, conprising: depositing a first
| ayer c* powder onto a target surface, said powder conprising first and
second materials, directing a | aser beamat a selected portion of said

_first layer of powder to selectively siq%er the powder in a first
cross-sectional region of '

target area 26. The driver 50 is operatively coupled to the
computér 40 as shown in FiGURE 1. It will be appreciated that
alternative scanning methods are available for use as the
‘Scanning system 42, including acusto-optic scanners, rotating
5 polygon mirrors, and resonant mirror scanners. |

Turning to FIGURE 2 of the drawing, a portion of a part 52
is schematically 1llustrated and shows four layers 54-57. The
aim of the laser beam, labeled 64 in FIGURE 2, is directed in

10 a raster scan pattern as at 66. As used herein, "aim" is used
as a neutral term indicating direction, but does not 1mp1y the
modulation state of the laser 12. For convenience, the axis 68
is considered the fast scan axis, while the axis 70 is. referred

to as the slow scan axis. Axis 72 is the direction of part
15 build-up.

Turning to FIGURES 9 and 10, powders, comprising a
plurality of materials by which parts may be made using the
present invention, are illustrated. For simplicity, only two

20 materials are shown in the illustrations. However, as will be
apparent to one skilled in the art, a plurality of materials
may comprise the powder of the present invention.

FIGURE 9 illustrates a blend of first material 901 and

25 second material 902. The materials are combined in a blend

through conventional blending processes. FIGURE 10 illustrates

material 1002 coated with material 1001. Material 1002 is
coated using conventional coating processes. '

30 As will be further apparent to one skilled in the art,
coated materials, as shown in FIGURE 10, may be blended to
produce a desired mix of materials.

Turning to FIGURE 11, a portion of a sintering cycle, as
35 presently understood, is illustrated. FIGURE 1lla illustrates
-
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the part; depositing a second | ayer of said powder onto said_f.Ll | r ?3 -
powder; and directing a | aser beam at a sel ected portion mﬁé&i&c?’r@9 _ 13—
| ayer of powder to selectively sinter the powler in a second cross-

sectiona region of the part; characterised by reacting said first -

and secgnd materials in said first and second cross-sectional regions of

the part to forma chemcal compound of. said first and second
mat eri gl s. Enbodi ments of the inventliéon use a directed | aser beam
whi ch I S - adapt abl e ' '

a blend of materials prior to the application of |
; - energy abl

' produce sintering. Preferably, the materiailg °°mprising °e to
mass 1100 have more than one bonding or disso;i;::?

’/ temperature. FIGURE 11b illustrates powder 1100 duri;;
5 application of energy sufficient to promote sintering. FIGURE

11b illustrates material 1101 having a lower bonding o

dissociation temperature than material 1102. 1In a preferreg

embodiment, the low temperature phase material 1101 infiltrates
powder mass 1100 in the ared_surrounding_each particle of
10 material 1101. Additional powder compoﬁents,could also be
added to the blend to promote infiltration. Similarly a gas
phase can be used to promote infiltration and the sintering
process. The gas phase may be either inert or active,

preferably to either displace an undesired gas or introduce a
15 desired gas. FIGURE 1lc illustrates a potential mechanism

through which effects, including but not 1limited to,

~capillarity effects, allow material 1101 to infiltrate the
powder mass 1100. FIGURE 11d shows the part following
sintering in the present invention. '

20 ' '

Because a material having a bonding or dissociation
temperature higher than the temperature to be obtained during
the sintering process may be selected, the higher bonding or
dissociation temperature material need not sinter but may
25 retain its original structure. In particular, for crystalline

material this enables control of epitaxial growth in the

selective beam sintering process of the present invention. For
example, if the higher bonding or dissociation temperature
material is positioned in a particular structure that may,
30 preferably, result in epitaxial growth from the preceding
layer, only bonding or dissociating the ‘lower bonding or

‘dissociation temperature material enables the higher

temperature material to retain its structure.

35 The choice of materials selected for the powder allows for

-
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to producef al nost any three dinensional part. The nethod is an additiv 1}
process, Wth the powder being dispensed into a target aMrgﬂﬂ;{é&}
[ y sinters the powder to produce a sintered |ay e od is
i se process in which the |ayers are joined together until the
conpletgd part is forned. The nethod is not limted to a particular type of
powder, fbut rather is adaptable to plastic, netal, polyner, ceramc, wax,
sem conduct or or anor phous powders, or corﬁ?osme rraterlal ‘powder s.
Broadl y speaking, the apparatus used in the _
" a broad range of resulting sintered material. For examble, a
conducting material _is preferably coated with an insulating
polymer material to produce a powder. The powder is then
distributed in the target area. The material is preferably
5 sintered and the insulator may be removed later through a .
conventional process, including but not limited to a chemical
method, resulting in a conductive, sintered product.

By way of further illustration, extremely hard materials
10 may be produced using the present invention. For example,
tungSten carbide/cobalt tools which, because of their extreme
hardness are difficult to form or sharpen may be produced by
coating tungsten carbide material with cobalt to produce a
powder or by blending tungsten carbide and cobalt to produce a
15 powder. During sintering, the cobalt preferably melts under .
the applied energy beam causing local infiltration of the
tungsten carbide. The part that is manufactured is ready to be
put into service preferably after a secondary process
including, but not limited to, annealing. |

20 _

By way of further illustration, copper and tin may be
combined in a powder. Tin, having a lower iuelting temperature
than copper, 'will melt and infiltrate the copper during
sintering. o

25 )

Secondary processing may also be applied to parts produced
using the present invention. For example, where tin is allowed
to melt and infiltrate copper during sintering, post process
annealing will dissolve the tin into the copper in the solid

30 state creating bronze with minimal volume change or distortion.

By way of further illustration, metal, including but not
limited to, iron or steel, may be coated with poly(methyl
methacrylate) (PMMA) polymer to form a powder. Sintering

35 enables the PMMA to flow and bind the metal. Post process
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annealing will dissociate the PMMA and sinter the metal thus
producing a final part.

Ceramic materials may be processed in this fashion as well.

For example, a mixture of fluorophosphate glass powders with
alumina powders will result in the glass softening and
infiltrating the alumina during the sintering process. In
another example, aluminum silicate, silica, or other ceramic
powder can be coated with a polymer by a variety of methods,

including spray drying and solvent coating. A surface active
agent may be used to pretreat the ceramic powder prior to
coating.' This agent may be based on organosilane chemistry or
other chemistries known to promote the wetability of the
ceramic by the polymer and the adhesion of ceramic to polymer.

15 Any polymer, either thermoplastic or thermoset, which can be
coated on the ceramic, can be used as a binder. Typical

materials include PMMA, polystyrene, various epoxy
formulations, and phenolics.

20 Any combination of materials, including but not limited to,
metals, ceramics and'polymefs enables production of parts in
accordance with the present invention wherein at least one

‘material in the powder has a low bonding or dissociation -
temperature relative to the other materials in the powder.

25

In another preferred embodiment of the present invention,
the temperature of the powder mass may be increased using
- conventional heating means allowing the energy beam to merely
supply a small increase of energy to produce bonding or

30 dissociation of one of the elémental materials of the powder.

Materials comprising the powder may be chosen for each
material's selective absorption of energy from a laser beam
(represented by the arrows in FIGURES 1lla and 1l1lb). In the

35 preferred embodiment shown in FIGURE 11, material 1101 may be
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source yhich is selectable for emtting a beamin a tarw %rﬂ@&}l‘
part isfproduced. A powder dispenser system deposits powder into’'the targét
ar ea. | aser control mechani smoperates to nove the aimof the |aser beam -
and nodul ates the laser to selectively sinter a |layer of powder di spensed
into the target area. The control nechani smoperates to selectively sinter
only tfhe powder dlsposed wi thin defined boundaries to produce the desired

| ayer fof the part. The control nechani smeperates the |aser to selectively
s:nt | sequential |ayers of powder, producing a conpleted part conprising a
plurality of

chosen_ to absorb the wavelength of the applxed beam energy

represented by the arrows while elemental material 1102 absorbs.
less energy thereby enabling elemental material 1101 to bond or
dissociate prior to the bonding or dissociation of elemental

5 material 1102. This absorption of energy can be achieved by
either material or laser beam wavelength selection, or both, in
a plurality of combinations. |

According to another alternative embodiment of the
10 invention, the application of the direcfed energy beam to
selected portions of the powder can be used to enable a
chemical reaction of the constituent materials within the
powder. In this embodiment, the powder includes multiple
precursors of the compound to be formed, for example a mixture
15 of elemental or alloyed powders. The energy of the directed
energy beam in the selective laser sintering process causes the
formation of a mass at the locations of each powder layer which
are exposed to the directed beam. The part is built up by the
layerwise process of placing powder at the target surface and
20 selective laser sintering or binding selected portions of the
layer, forming a part in layerwise fashion as described
hereinabove. Upon completion of the this process, the portions
of the powder not exposed to the directed energy beam are
removed, as noted hereinabove.
25 ' _
Either during the laser exposure, or in a post-selective
laser sintering anneal, the precursors at the irradiated
locations interdiffuse, resulting in a new phase of the
material based on a chemical reaction. Ihis new phase
30 preferably has significantly different properties than any of
the precursor materials; examples of these different properties
include physical, mechanical, tribological, or electrical
properties. '

35 For 'example; a part which is to be subjected to high
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réd toget her. The defined boundaries of eacMSr_qc; /egpznéli

to respecfive cross-sectional regions of the part. Preferably, the control
i ncludes a conputer - e.g. a CAD/CAM system - to determ ne the
defined/boundaries for each layer. That is, given the overall dinmensions.
and cohfiguration of the part, the conputer determ nes the defined
boungaries for each |ayer and 20 '

temperatures in its intended use preferably is formed of a high
meltiné point material. High melting point powders are not
suitable for use in the selective laser sintering process,
however, since the laser power will generally be insufficient

5 to melt or sinter the powder into a mass. According to this
embodiment of the invention, the high melting point material of
which the part is to be produced is a compound of precursors,
one of which has a relatively low melting point.

10 By way of example, a compound A B, may be selected which has
a high melting point, where elemental constituents A and B can
exist in mixed powder form. It should be noted that this
method is also applicable for systems where some solid
solubility of constituents in the compound exists, in which

15 case m and n are not integers. Certain considerations are
important in selecting the compound A,B,. Firstly, there must
be a significant difference in the melting points of at least
two of the precursor elements A and B such that the power
capability of the laser (or other directed energy beam) is able

20 to melt the material having the lower one of the melting points
while not melting the material with the higher melting point.
It should be noted that the laser need not supply all of the
thermal power required to melt the low melting point powder:
the ambient temperature of the powder may be maintained near

25 the lower melting point, so that the laser power is sufficient
to melt the lower melting point precursor in the irradiated
locations, but not in the non-irradiated locations. Secondli,
a compound AB, of the precursors which has the desired
properties (e.g., high melting point) must exist. Thirdly, in

30 order that the chemical reaction can be performed in a time
efficient manner, it is desirable that the reaction rate-
limiting precursor species have high chemical diffusivity in
the other precursor species and in the compound. Fourthly, it
is desirable that the volume fraction of the low melting point

35 precursor of the total volume be significant, preferably on the
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7 operat #§§ the | aser control mechanismin accordance VPU'I ’U@ deff 6}3&) ]_3
- boundari eg. Alternatively, the .conputer can be |n|t|aIIy pr ogr ammed
wi th the /defined boundaries of each |ayer

21

order of 25 to 75 percent, so that the molten precursor nmay
fully infiltrate the non-melting precursor, resulting in high
density parts.

S Generally, a single phase binary compound A,B, according to
this embodiment of the invention results from the following
reaction:

mA + nB - A,B,

10
Alternatively, an excesé amount of one of the constituent
precursors may be used to producé a two phase product. . For
example, where an excess amount of precursor A is used, the
following reaction occurs:

15 '

(m+0)A + nB - AB, + OA

Where two compounds exist for a system, proper control of the
precursor amounts in the powder can produce a product with two
20 compound phases, according to the following reaction:

(am+fo)A + (an+fp)B = aA,B, + BA.B,

FIGURE 13 is a phase diagram for a first preferred example
25 of a"binary'compound'which can be formed according to this
embodiment of the invention. The phase diagram of FIGURE 13
illustrates the melting points of various mixtures of nickel
and tin. It should be noted that the melting points of
elemental nickel and tin differ quite widely, with the melting
30 point of elemental tin being 231.8°C. It should also be noted
that intermetallic compounds of nickel and tin exist which have
high melting points; for example, the melting point of Nl,Sn2 is

on the order of 1260°C. '

35 According to this embodiment of the inventibn, the powder
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Ted form the |aser control nechani smincludes a nmechani sm for

the |l aser beamin the target area and a mechamsmfor-m) i!
beam on and off to selectively sinter the po e?

area. In one enbodi ment, the directing nechani sm operate to rmve the aim
of the faser beamin a continuous raster scan of target area. The

modul atfi ng mechani smturns the | aser beamon and off so that the powder is
sintered only when the aimof the |aser p2amis within the defined
boundgries for the particular layer. Alternatively, the directing nmechani sm
ainms fhe laser beamonly within the defined boundaries for the particul ar

| ayef so t Whdichhelfad  madergsn seleetiven lasan nednteying sincbudese a

rowit hijkcue @¢f iniekelowndadios hakH R A ittt plePdiably having

approximately 40% nickel and 60% tin (atomic percent). A part

is formed by layerwise selective laser sintering, in the manner

5 described hereinabove. Preferably, a conventional laser, such

as a CO, or YAG laser, having a power on the order of 25 watts

or greater, provides the directed energy bean. During

selective laser sintering, the powder is preferably in a non-

oxidizing atmosphere such as nitrogen; alternatively, oxidation

10 of the powder may be inhibited by coating' the nickel and tin

powder with a flux, for example zinc chloride. Also during

selective laser sintering, the ambient temperature of the

powder is preferably elevated, for example to a temperature on

the order of 190°C. These conditions cause the tin to melt and

15 infiltrate the powder particles of nickel, much as in the

manner shown in FIGURE llc described hereinabove. Upon cooling

of the laYer (beginning with movement of the laser beam away

from the melted portion), the. tin resolidifies, forming a solid

mass of nickel powder particles within the resolidified tin.

20 Successive layers are then similarly processed, until the

desired part is fabricated. It should be noted that the

melting of tin in a later layer serves to connect its part

cross-section to that of the prior layer, so that a cohesive
mass is formed in layerwise fashion.

ina pref
directin
{he | as

25
_After formation of the part, the mass has sufficient
' structural integrity to maintain its shape upon removal of the
non-melted powder. The part is then annealed, for example at
850°C for eight hours, preferably in an inert atmosphere.
30 During this anneal, nickel and tin atoms interdiffuse with one
another, and chemically react to form the intermetallic
compound Ni,;Sn,.  In the early stage of annealing at a
temperature above the melting point of tin, remelting of the '
tin may cause a 'loss in the green strength of the part.
35 Packing the part with a mold, .forme'd of a material such as
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_"'rred enbodi ment, the directing nmechanism rmvm I s}rlaégﬁaji 3

Ive raster scan of the target area using a pair ‘of mrrors driven
oneters. The first mrror reflects the |aser beamto the second
ich reflects the beaminto the target area. Shifting novenent of

directfon in the target area. Simlarl33 shifting novenment of the second
mrroy by its gal vanoneter shifts the |laser beamin the target area in a
second dlrectlon Preferably, the mrrors are orjented rel atlve to each

so t RAEmipAe Wi, allo¥nihesPRER IO 13 H%3 Yhslts sharf fiitdng, such
endi cuhpheh®ifgch GiltErnativadlygn te anyeeEntmay | basdbae s tdidessr ent
ty:! es. of Sggaﬁhﬂqnea&iﬁﬁ@ ﬂ:;w téé?nﬂeq:scﬁ:ru:.%e?@. iér.] , below the melting point
‘ of tin) anneal for sufficient time to begin the intermetallic
s formation, followed by a high temperature anneal to more

- rapidly complete the process.

Referring again to FIGURE 13, the melting point of this
compound is on the order of 1260°C. It should be noted that the
10 high melting point temperature of the. compound Ni;Sn, is
practicably not attainable by irradiation of a laser in the
context of selective laser sintering, much less a 25 watt CO,
laser as used in this method. As a result of this embodiment
of the invention, a low temperature process can form ‘a part of
15 a high melting point material. This method thus broadens the
range of materials with which the selective laser sintering
process may be used, to include refractory compounds such as
the intermetallic compound of Ni,Sn,. Since parts formed of
this material are able to withstand thermal and mechanical
20 conditions far greater than parts formed of polycarbonate,
' plastics, and other low temperature materials, these parts may
be used in such applicétions as testing of the strength or
functionality of an apparatus incorporating the part, and also
as custom manufactured parts installed into actual end

25 equipment.

FIGURE 14 is a phase diagram for another intgrmetalli.-c

system suitable for use with the method according to this .
embodiment of the invention is _ illustrated, namely the binary

30 system of nickel and aluminum. " The desired binary
intermetallic compound in this system is NiAl, which has a
melting point of 1638°C. It should be noted that NiAl is an
attractive material for such applicat;ons as aerospace, due to

its ability to withstand extremely high temperatures while

35 maintaining increased strength and good resistance to oxidation
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the targef area, including the raster scan pattern of th %p Ped /! '
enbodi nepit of the present invention. . The net hod 0158‘ a 6;)Fodu/c\pi 2? 13
Ln one gnbodi nent of the present invention ‘
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and corrosion. For this system, the powder mixture to be
irradiated by the directed enérgy beam is preferably 50%
aluminum and 50% nickel (atomic percent), and the directed
energy beam must heat the powder in the selected regions to a
temperature of at least 660°C to melt the aluminum. As in the
prior examples, upon cooling, the molten aluminum will bind the
solid nickel powder particles into a mass at the desired
locations of the layer; 'subsequent layers are similarly
processed to form the part. Post-processing high temperature
annealing will form the intermetalliq compéund of NiAl, having
a very high melting point. It should be noted that the melting
point of NiAl is higher than that of either of the pfecursor
elements. ' '

The process described hereinabove may also be used to
produce_Ni@AI, which is another attractive aerospace compound
in the nickel-aluminum system; the powder mixture for this
intermetallic would include 25% aluminum and 75% nickel (atomic
percent). In addition, a powder mixture including aluminum in
the range from 25% to 50% can be used to produce a two phase
material upon thermal annealing, namely Ni,Al-NiAlQ For
example, if the powder is a mixture of 35% aluminum and 65%

- nickel (atomic percent), the part produced according to this
. embodiment of the invention will be of the two phase material

Ni,Al-NiAl, if equilibrium conditions prevail.

Other candidate binary systems for forming a high melting
point intermetallic compound, and which are believed to be
suitable for formation by way of lower temperature selective
laser sintering as described hereinabove, include (without
limitation thereto) Al-Nd, Al-Th, Al-Ti, Al-Y, Al-Yb, Al-2Zr,
Bi-La, Bi-Nd, Bi-Y, Bi-2r, Ca-Si, Co-Nb, Co~-W, Fe~-Ti, Gd-Pb,
Gd-Ru, Ge-Hf, In-Pd, In-Pr, Mn-Si, Nb-Sn, Pd-Sn, Pd-Ti, Pd-Tl,
Pd-Zr, Pr-sn, Si-Ti, sn-Zr, Te-2Zn, Th-2Z2n, and Y-Zn. Ceramic
systems which have such characteristics as to be suitable for
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8 includef the steps of depositing a first portion OFKBBMHEF onto-a taldst
surface, gcanning the aimof a directed |aser beam over the target
surface, /and sintering a first layer of the first powder portion on the

t ar get surface. The first layer corresponds to a first cross-sectional
region of the part. The powder is sintered by operating the directed energy
source/ when the aimof the beamis w thirg he boundaries defining the first
layers. A second portion of powder is deposited onto the first sintered

layer and the aimof the |aser beam scanned over the first sintered | ayer.
A second this embodiment of the invention include La;0,-B;0,, Bi,0,-La,0,,

Bi,0,=-Nb,0;, and V,0,-A1,0,. It is contemplated that other binary "
systems, as well as tertiary, gquaternary, and other even mére
’( complex compound systems of metals and ceramics (1nclud1ng
5 glass), will also be useful in the method according to this
embodiment of the invention where a chemical reaction is
" enabled by exposure of precursor materials to the directed
energy bean.

10 In addition, it is contemplated that -the compound may be
formed during the irradiation by the directed energy beam, such
that a part ‘can be formed of a material with different
properties from the precursors without requiring subsequent
annealing of the part. For a chemical reaétion to occur, it is

15 of course necessary that the reaction kinetics be such that
conversion of the precursor powders to the compound can occur
in the time allotted for selective laser sintering. It should
‘'be noted that the time which the directed energy beam can
remain over a particular location of the powder is probably

20 limited by the thermal conduction of the powder, as it is
undesirable for non-irrédiatad portions of the powder adjacent
to the irradiated beam to also undergo melting, sintering, or
other thermal bonding, as such would compromise the resolution

- of the part being produced.

25 '

It should also be noted that, alternatively to the
provision of a directed energy beam, other energy delivery
techniques to selected portions of the powder layer may also be
sufficient to cause the melting or reaction necessary to form

30 the part in the manner described hereinabove. For example, a -
mask may be provided in proximity to the powder, through which
a light source is projected to selected portions of the powder
receive the energy from the light source. Other techniques of
delivering thermal energy to selected portions of the powder

35 surface will also be similarly applicable.
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'l ayer of t second powdered portion is sintered by 9

| aser soufce when the aimof the beamis within the rles d |n|ng¢
the second layer. Sintering of the second |ayer also joins the first and
‘second | ayers into a cohesive mass. Successive portions of powder are
depositéd onto the previously sintered | ayers, each |ayer being sintered in
turn. 7 In one enbodinment, the powdﬁlésn I's deposited continuously into
the target. In a preferred enbodi t, the laser beamis nodul ated on
and of f - during the raster scan so that the pomder Is sintered when the aim
of the beamis directed within the boundaries of the particular |ayer.
Preferably, the Laser is controlled by’

'// Turning to FIGURE 12, in yet another preferred embodiment
a material 1201 is preferably deposited on surface 1200 and

5 second material 1203 is then deposited on material 1201 prior

to sintering. Materials 1201 and 1203 preferably have

different bonding or dissociation temperatures. '

10 QOperation

A fundamental concept of the present invention is the build
up of a part in a layer-by-layer manner. That is, a part is
considered a plurality of discrete cross-sectional i'egions

15 which cumulatively comprise the three~dimensional configuration
of the part. Each discrete cross-sectional region has defined
two-dimensional boundaries - of course, each region may have
unique boundaries.

20 In the method, a first portion of powder 22 is deposited in
the target area 26 and selectively sintered by the laser beam
64 to produce a first sintered layer 54 (FIGURE 2). The first
sintered layer 54 corresponds to a first cross-sectional region
of the desired part. The laser beam selectively sinters only

25 the deposited powder 22 within the confines of the defined
boundaries.

There are, of course, alternative methods of selectively
sintéring the powder 22. One method is for the aim of the beam

30 to be directed in a "vector" fashion - that is, the beam would
‘actually trace the outline and intérior of each cross-sectional
region of the desi:ed'part. Alternatively, the aim of the beam

64 is scanned in a repetitive pattern and the laser 12
modulated. In FIGURE 2, a raster scan pattern 66 is used and

35 1is advantageous over the vector mode primarily in its
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a conputef; the conputer may include a CAD CAM systen\oWﬂﬁ -t he /c‘anbutqerj
is given/the overall dinensions and configuration of the part to bé made
and the fconmputer determ nes the boundaries of each cross-sectional region
.of the part. Using the determ ned boundaries, the conputer controls the
sinteri'ng of each layer corresponding to the cross-sectional regions of the
part. ﬂ|1 an alternative enbodi nent, t conmputer is sinply progranned wth
t he bbundaries of each cross- secti onal region of the part.

Addi fi onal | y, another embodi ment of the present invention includes a powder

conpri S'QQné‘lPéi'Eﬁ' id¢/ QhpTah@nitakiofe’ © Adther possibility is to

combine the vector and raster scan methods so that the desired

boundaries of the layer are traced in a vector mode and the

interior irradiated in a raster scan mode. There are, of

5 course, trade-offs associated with the method chosen. For

‘example, the raster mode has a disadvantage when compared to

the vector mode in that arcs and lines which are not parallel

to the axes 68, 70 of the raster pattern 66 of the laser beam

64 are only approximated. Thus, in some cases resolution of

10 the part can be degraded when produced in the raster pattern

mode. However, the raster mode is advantageous over the vector
mode in the simplicity of implementation.

Turning to FIGURE 1, the aim of the laser beam 64 is

15 scanned in the target area 26 in a continuous raster pattern.

’ Broadly speaking, the driver 50 controls galvanometers 48, 49

to made the raster pattern 66 (see FIGURE 2). shifting

movement of the mirror 46 controls movement of the aim of the

laser beam 64 in the fast scan axis 68 (FIGURE 2), while

20 movement of the mirror 47 controls movement of the aim of the
laser beam 64 in the slow scan access 70.

The present position of the aim of the beam 64 is fed back

through the driver 50 tolthe computer 40 (see FIGURE 3). As

25 described below, in more detail, the computer 40 possesses
information relating to the desired cross-sectional region of

the part then being produced. That is, a portion of loose
powder 22 is dispensed into the target area 26 and the aim of

the laser beam 64 moved in its continuous raster pattern. The

30 computer 40 modulates the laser 12 to selectively produce a
laser beam at desired intervals in the raster pattern 66. 1In
this fashion, the directed beam of the laser 12 selectively
sinters the powder 22 in the target area 26 to produce the
desired sintered layer with the defined boundaries of the

35 desired cross-sectional region. This process is repeated
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layer-by-layer with the individual layérs sintered together to
produce a cohesive part - e.g. part 52 of FIGURE 2.

1
L

In operation, the wavelength of laser 12 may be varied to

produce higher absorptivity of energy by selected materials in
the powder relative to other materials in powder 22. In
operation, blended, coated or other combinations of powders are

preferably selected to produce sintered product with

characteristics including but not limited to, close dimensional

tolerances, structural integrity and tequired mechanical
behavior.

Inte tware

The interface hardware operatively interconnects the
computer 40 with the laser 12 and galvanometers 47, 48. The
output port of the computer 40 (See FIGURES 1 and 3) is
directly connected to the laser 12 to selectively modulate the
laser 12. When operated in the pulsed mode, the laser 12 is
easily controlled by digital inputs to the pulsed gate input of
the laser. Galvanometer 48 is driven by the function generator
driver 50 to drive the beam in the fast scan axis 68
independent of any control signals from the computer 40.
However, a position feedback signal from the galvanometer 48 is
fed to a voltage comparator 74 as shbwn in FIGURE 3. The other
input to the comparator is connected to the digital-to-analog
convertor 76 which is indicative of the least significant six
bits (bits 0-5) of the user port of the computer 40. As shown
in FIGURE 3, the output of the voltagé comparator 74 is
connected to the flag'line on the user port of the computer 40.
When the voltage comparator determines that the feedback signal
from the galvanometer 48 crosses the signal from the digital-
to-analog convertor 76, the flag line goes low causing a
nonmaskable interrupt. As discussed below, the nonmaskable
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‘pluralityy® materials have nore than one dissociation tenp mﬁgffﬂi
still anpther enbodi rent of the present invention, the po Sfﬂlsééq
plurality of materials where the plurality of material s have nore than one

‘bondi ng, t enper at ur e. As used throughout this docunent, bonding
tenperature includes but is not limted to, nelting tenperature; sof t eni ng
t enperature and bondi ng tenperature. In all preferred enbodi nents of

the present invention, the plurality of ggterials conprise at |east one
first materi al

interrupt causes the next byte of data to put out on the user
port of a computer 40.

" Finally, as shown in FIGURE 3, the galvanometer 49 driving
5 the aim of the laser beam 64 in the slow scan axis 70, is
controlled by a second digital to ahalog convertor 78. The
digital-to-analog convertor 78 is driven by a counter 79 which
increments with each sweep of the aim of the beam 64 in the
fast scan axis 68. The eight byte counter is designed to
10 overflow after 256 scans in the fast scan axis 68 to start a

new cycle or raster scan pattern 66.

Preferably, the <control information (i.e.' defined

boundaries of the cross-sectional regions) data for each raster

15 pattern 66 would be determined by a CAD system given the

overall dimensions and configuration of the part to be

produced. Whether programmed or derived, the control

information data for each raster pattefn 66 is stored in the

computér memory as a series of eight bit words. The data

20 format represents a pattern of "on" and "off" regions of the

laser 12, versus distance aldng the raster pattern 66 traveled

by the aim of the beam 64. .The data is stored in a "toggle-

point"” format where the data represents the distance along each

raster scan pattern 66 where the laser is modulated (i.e.

25 turned from on to off or from off to on). Although a "bit map"

' format might be used, the toggle point format has been found
more efficient for the production of high resolution parts.

For each eight bit word, the least significant six bits

30 (bits 0-5) represent the location of the next toggle point -
i.e. the next location for modulation of the laser 12. The
next bit (bit 6) represents whether the laser is on or off
immediately before the toggle point identified in the least
significant six bits. The most significant bit (MSB or bit 7)

35 is used for looping and for controlling the slow scan axis 70
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‘bl ended wi§F at | east one second material or at |east one ,f'ir Ls‘rgt e/@%é 13
coated witfhh at | east one second material. As can be'app ecl at ed

the above/general description, the present nmethod solves many of the
problenséassociated wi th known part production nethods. First, the nethod

is well Buited for prototype part production or replacenent part
production of limted quantities. Further, the nethod

i s capabl e of naking parts of conpl ex corfd gurations .unobtai nabl e by
conventional production nethods. Furt her, the present nethod

el imnates tool wear,and nmachine design as limting factors on the
tol erances 86t &Nfappimi @LHrERCPRIM R4 par tBecause "the Commodore 64 had

limited memory, looping was required - it being understood that
a computer 40 with more memory would not require looping.

5 FIGURE 6 represents the flow chart for the data metering
program. The data metering program is run whenever the
flagline goes low causing a non-maskable interrupt (see FIGURE
3). The interrupt causes the microprocesSor of the computer 40
to retrieve a two byte interrupt vector which points to the

10 location in memory where program control is transferred at
interrupt. As shown in FIGURE 6, the data metering program
first pushes the regiéters onto the stack and then loads the
next byte of data into the accumulator. The data word is also
output to the user port with the sixth bit used to modulate the

15 laser 12 (FIGURE 3). |

As shown in FIGURE 6, the most significant bit (MSB or bit

7) of the data word in the accumulator is examined. If the
value of the most significant bit is one, that means the end of

.20 the loop has not been reached:; therefore the data pointer is
incremented, registers are restored from the stack, and the
data metering program is exited, returning control to the
microprocessor at the location of interrupt. If the most
significant bit in the accumulator is zero, the data word is

25 the last word in the loop. If the data word is the last word
in the loop, the next bit in memory is a loop counter and the
following two bytes are a vector pointing to the top of the
loop. As can be seen from FIGURE 6, if the most significant

bit equals zero (end of the loop) the loop counter (next bit)

30 is decremented and analyzed. If the loop counter is still
greatér than zerd, the data pointer assumes the value from the .
next two memory bytes after the loop counter, registefs are
pulled from the stack and program control returns to the
location of interrupt. On the other hand, if loop counter is

35 zero, the data pointer is incremented by three and the loop

heet Has Been Reﬂlaced -
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'F}nally, BﬁEﬂUﬁhéﬁﬁkwﬂﬁlﬁli5]EE

into a CLS(JmAenvironnent a | arge nunber of replacenent parts can be

programed into the conputer and can be easily produced with little set-up
or humah intervention. The net hod may al so
be applied to produce a part of a material having one or properties

different fromthose of the constituent nmaterials in the nultiple nmaterial

powder . The application of thernmal ene¥lgy to selected |ocations of
particular multiple material powders '

counter is reset to ten before exiting the program. It can be
appreciated that the need for such looping is absolved if the
memory size of the computer 40 is adequate.

5 Example

In FIGURES 4 and 5, an example part 52 is 111ustrated. As
can be seen from the drawing, the example part 52 assumes an
unusual shape in that it is not symmetrical and would be

10 difficult to fabricate using conventional machining methods.
For reference purposes, the part 52 includes an outer base
structure 80 having an interior cavity 82 and a piilar 84
disposed within the cavity 82 (see FIGURE 4). FIGURE 5 shows
the part 52 within the confinement structure 28 defining the

15 target area 26 illustrated in FIGURE 1. As shown in FIGURE 5,
some of the powder 22 is loose, while the remainder of the
powder is selectively sintered to comprise the structure of the
part 52. FIGURE 5 is shown in vertical section with parts
broken away and outlined in phantom to show the sintered

20 cohesive portions of the part 52.

FIGURE 7 shows a horizontal cross-sectional region, taken
along line 7-7 of FIGURE 4. FIGURE 7 represents a discrete
layer 86 associated with the cross-sectional region of the part

25 being produced. As such, the sintered layer 86 of FIGURE 7 is
- a product of a single raster pattern 66 as illustrated in
FIGURE 2.

For reference purposes, a sweep line through the sintered

30 'layér 86 has b§en labeled "L." FIGURE 8 illustrates the
software and hardware ih:erface operation during the sweep L.
The'top graph shows the position of feedback signal from the
fast axis galva 48 and the output'signal of the first digital

to analog convertor 76 (compare FIGURE 3). The voltage

35 comparator 74 generates an output signal to the flag line of
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energy.
ener gy;
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35

,‘es a chemcal reaction, and the formation of
chem cal conpound, at the |ocations of the pqmé é&posyﬁf)g
The reaction may occur during the application of he di-rected

33

alternatively, the directed energy may nelt or sinter the materi al s
Into a mass at the

32

the computer 40 every time the feedback signal and first D/A
output signal cross.

In the top graph of FIGURE 8, these points are labeled T to

represent toggle points. As can be seen from the bottom graph

of FIGURE 8, the flag line generates a nonmaskable interrupt
cofresponding to each toggle point T. The sixth bit of each
data word is analyzed and the current state of the laser 12
will reflect the value. The penultimate graph of FIGURE 8
shows the laser modulation signal for the sweep line L of
FIGURE 7. The second graph of FIGURE 8 shows that a high-going
edge in the most significant bit will be encountered at the end
of each sweep of the aim of the laser beam 64 in the fast scan
axis 68. As shown in FIGURES 3 and 6, the counter 79
increments on a high going edge, and outpufs a signal to the
second digital-analog convertor 78 to drive the slow axis
galvanometer 49.

As can be seen from the example illustrated in the drawing,
parts of complex shape can be produced with relative ease.
Those skilled in the art will appreciate that the part 52
illustrated in FIGURE 4 would be difficult to produce using
conventional machining methods. In particular, machine tool
access would make the fabrication of cavity 82 and pillar 84
difficult, if not impossible; to produce if the part 52 were of
a relatively small size.

In addition to avoiding the access problem, it will be
appreciated that the production accuracy is not dependent upon
machine tool wear and the accuracy of mechanical components
found in conventional machine tools. That is, the accuracy and
tolerances of the parts produced by the method and apparatus of
the present invention are primarily a function of the quality
of the electronics, the optics, and the implementing software.
Of course, heat transfer and material considerations do affect

-—
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reacti on.

* sel ect edFt lons, with subsequent heat treatnment causing the-cheni
e

fromthe/properties of any one of the powder constituents, such as a nuc
nmelting point. As a result, a part nay be forned fron1a mat eri al

* hi gher

conpound may have inportant properties whi ch are dif4

which i s otherwi se not conducive to selective |aser sintering.

10

15

20

25

30

35

33

the tolerances obtainable.

Those skilled in the art will appreciate that conventional
machining techniques require considerable human intervention
and judgment. For example, a conventional machining process,
such as milling, would require creativity to make such
decisions as tool selection, part segmenting, sequence of cuts,
etc. Such decisions would even be more important when
producing a control tape for a tape control milling machine.
Oon the other hand, the apparatus of the present invention only
requires the data relating to each cross-sectional region of
the part being produced. While such data can be sinply
programmed into the computer 40, preferably, the compﬁter 40
includes a CAD/CAM system. That is, the CAD/CAM portion of the

‘computer 40 is given the overall dimensions and configuratiahs

of "the desired part to be produced and the computer 40
determines the boundaries for each discrete cross-sectional
region of the part. Thus, a vast inventory of part information
can be stored and fed to the computer 40 on a selectable basis.
The apparatus 10 produces a selected part without set-up time,
part'specific tooling, or human intervention. Even the complex
and expensive ‘dies associated with powder metallurgy and
conventional casting techniques are avoided.

While large quantity production runs and certain part
material characteristics might be most advantageously made
using conventional fabrication techniques, the method and
apparatus 10 of the present invention is useful in many
contexts. In particular,_prototypé models and casting patterns
are easily and inexpensively produced. For example, casting
patterns are easily made for use in sand casting, lost wax
casting, or other forming techniques. Further, where desired
quantities are very small, such as with obsolete replacement
parts, production of such replacement parts using the apparatus
10 of the preSent invention has many advantages. Finally, the
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The invénﬁn will be described now by way of exanple onl RBarif € 712
reference to the acconpanying drawings. In the d?gvm' ngs: yPCW/UVF?GJgEQiGi 1 3

a schena?ic representation of the apparatus of the present invention;
- 34

use of the apparatus 10 may be useful where size of production
facilities is a major constraint, such as on-ship or in
outerspace.

5 Further modification and alternative embodiments of the
~ apparatus of this invention will be apparent to those skilled
in the art in view of this description. Accordingly this
description is to be construed as illustrative only and is for
the purposé of teaching those skilled in the art the manner of
10 carrying out the invention. It is to be understood that the
forms of the invention herein shown and described are to be
taken as the presently preferred embodiments. Various changes
may be made in the shape, size and arrangement of parts. For
example, elements or materials may be substituted for those
15 1illustrated and described herein, parts may be reversed, and
certain features of the invention may be utilized indépendently
of the use of other features, all as would be apparent to one
skilled in the art after having the benefit of this description

of the invention. '

20 '
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FIGURE 2 @ a schematic showing a portion of the |ayere i p of par
produced §n accordance with the present invention, and ﬂ?éﬂ?U%géLng’Ch

raster scan pattern of the |aser beamin the target area; - FI GURE 33 3
is a block diagram depicting the interface hardware between the
conputery |aser and gal vanoneters of the present inventiom F'””RE 4

Is a perspectlve VIeM/Of an exanpl e part produced in aC?PE§%§?Esﬂ&$H

o IIIIIIIIIIIIIHIII

WE CLAIM:

1. A method of producing a part, comprising:
depositing a powder onto a'target surface, said powder
5 comprising first and second materials;

heating a selected portion of said powder to define a
cross-sectional region of the part; and .

reacting the first and second materials in said cross-
sectional region of the part to form a chemical compound of

10 said first and second materials. '

2. The method of claim 1, wherein said heating step heats
said powder to a temperature between the melting point of said
first material and the melting point of said second material.

15 _ . )

3. The method of claim 2, wherein the melting point of
said chemical compound is higher than the melting point of said
first material.

20 4. The method of claim 3, wherein the melting point of

' said chemical compound is higher than the temperature to which

- the selected portion of the powder is heated in said heating
step. '

25 5. The method of claim 1, further comprising:
depositing a second layer of said powder after said
heating step; and a
heating a selected portion of said second layer of
powder to define a second cross-sectional region of the part.
30 '
6. The method of claim 5, wherein said reacting step
comprises' ) ' |
removing portions of tlie powder not within the defined
crpss-section of the part, after said step of heating said
35 second layer of powder; and

- /
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FI GURE 5 "a sectional view with parts broken away and i n Rl qt’qm of,gtl?_ 1 'l
part illugtrated_in EFIGIRE 4; FIGURE 6 is a flow chart- o ‘4the ~dat -
et ering progran1|n accordance mnth the present i nvention; FI GURE 7 -~ .

ct/i onal “l III"" I&:ﬁl of FI GURE 4;
36

heating the part after said removing step.

7. The method of claim 1, wherein said reacting step is
performed during said heating step.

5
8. The method of claim 1, wherein said heat’ing' step
comprises: '
directing an energy beam at selected portions of said
, powder.
10 _
9. The method of claim 8, wherein the directing step
comprises.
directing a laser beam at selected portions of said
_ . powder.
15

10. The method of claim 1, wherein said first material
comprises tin.

11. ' The method of_claim 10, wherein said second material
20 comprises nickel.

12. The method of claim 1, wherein said second material
comprises nickel.

25 13. The method of claim 12, wherein said first material
comprises aluminum.

'14. The method of claim 1, wherein said first and second
materials are metals. ' |
30 ' _
' 15. The method of claim 1, wherein said first and second
materials are ceramics.

16. The method of claim 1, wherein the chemical compound
35 formed by said reacting step is a stable compound.
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FI GURE %yllustrates in diagram formthe correlatipm" ' g}e! ,
sweep of fhe |aser across the layer of FIGURE 7 and the m; Z]&? f 3
the present __invention,———FIGURE 9 illustrates a bl end of naterials in.

a powder; FIGURE 10 |Ilﬂstrates materi al s coated in a powder;
heet Has Been Replace
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17. The method of claim 1, wherein the chemical compound
formed by said reacting step is a metastable compound.

5 18. A part procduced by the method comprising the steps of:
depositing a powder onto a target surface, said powder
comprising first and second materials:;
heating a selected portion of said powder to define a
cross-sectional region of the part; and
10 ' reacting the first and second matérials in said cross-
sectional region of the part to form a chemical compound of
said first and second materials..

19. The part of claim 18, wherein said heating step heats
15 said powder to a temperature between the melting point of said
first material and the melting point of said second material;
and wherein the melting point of said chemical compound is
higher than the temperature to which the selected portion of
the powder is heated in said heating step.
20. The part of claim 18, wherein the method further
comprises:
depositing a second layer of said powder after said
heating step; and
25 : heating a selected portion of said second layer of
powder to define a second cross-sectional region of the partf
and wherein said reacting step comprises: '
~ removing portions of the powder not within the defined
cross-section of the part, after said step of heating said
30 second layer of powder; and
' heating the part after said removing step.

21. The part of claim 18, wherein said reacting step is
performed during said heating step.
35
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mat eri al s as presently understood. - FIGURE 12 il lustr

e ot

RE 11 illustrates a portion of asinteringc cgl bI ’.:
|

de€posited prior to sintering.

!

10

38

22. The part of claim 18, wherein said first and second
materidls are metals.

23. The part of claim 22, wherein said compound is an
intermetallic compound having a melting point higher than the
melting point of said first material. |

24. The part of claim 18, wherein said first and second
materials are ceramics.

® k k k *
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FIGURES 15 and 14 are phase di agrans of blnary netal systen% %sdbke/l D en

al ternative enbodi nent of the invention.
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Apst;aét of the Disclosure

A method and apparatus for selectively sintering a layer of
powder to produce a part comprising a plurality of sintered
layers. The apparatus includes a'computer controlling a laser
to direct the laser energy onto the powder to produce a
sintered mass. The computer either determines or is programmed
with the boundaries of the desired cross-sectional regions of
the part. For each cross-section, the aim of the laser beam is
scanned over a layer of powder and the beam is switched on to
sinter only the powder within the boundaries of the cross-
section. Powder is applied and successive layers  sintered
until a completed part is formed. Preferably, the powder
comprises a plurality of materials having different
dissociation or bonding temperatures. The powder preferably

:compr'ises blended or coated materials, including precursor

materials which are formed into a mass at the irradiated
locations, and which either react due to the laser thermal
energy or in a later heat treatment to form a compound with
properties different than the precursors. Examples are
disclosed wherein a compound 1is formed which has a
significantly higher melting point than that of one or more of
the precursor powders.
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Det ai | ed !escri ption of the Preferred Enbodi nents ﬁr‘?iﬁ&’ﬁdw A0 &he 3
drawi ngs, FIGURE 1 broadly illustrates the apparatus 10 iT~at¥or dante“w'th -
t he present invention. Broadly speaking, the apparatus 10 includes a | aser -
12, powder dispenser 14, and |l aser contrgol means 16. In nore detail, the
powder di spenser 14 includes a hopper 7Zlor receiving the powder 22 and
havi ng ansgput Lef? 24. The outlet 24 is oriented for dispensing the powder to
a target aref 26, phich. ip Ls.general |y defined by the -confinenent
structureg (P ggur se, many alternati ves exgst foa/d'l'sﬁénsi ng the powder
22. :

<5

s 5¢

12
/&/‘Q .

FIG. 2 =

S5

T d
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- assenbly 34. The type of |aser used is dependent upon many factors, and in
particul ar upon the type of powder 22 that is to be sintered. In the

~enbodi nent of FIGURE 1, a Nd: YAG | aser (Ihg@tnetrics 9500Q was used which
can operate in a nti nuous or pulsed nodé with a hundred-watt maxi num

outl et power in e continuous node. The | aser beam out put of the |aser 12

has a wavel ength Qi _aparoxi mately 1060 nm which is near infrared. The

| aser 12 ilflustral gI44 ; ' e rate generator

with a sel gct abl epmemrgejof about one kiloHertz to forty ki NoHertz, and an

The conponents of the laser 12 are shown somewhat schemat i i n El 1- i
and include a | aser head 30, a safety shutter 32, and a fr éﬁ&rl . 313

USER| BIT\ 6 8175 DATA X 0/A * 1
PORT | DATA | ~
POSITION FEEDLBACK
SIENAL FRIOM
FAST AXIS GALVO
AMODULATION
79 S/IGNAL TO LASER
g 5IT 2/4*2 Ve NPUT S/GNAL
COUNTER | 70 SLOW GALVO
/
78

FIG. 8
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ap'pr_OXi matel y si x nanosecond pul se durati on. In eit her’ﬁﬁl&lg'ﬁiﬁg9‘3‘g

continuous node, the laser 12 can be nodul ated on or off 3

produce a | aser beam which travels generally along the path shown by the
arrows in FlI GURE 1. To focus the | aser beam a diverging |lens 36 and
converging lens 38 are disposed al ong@ ¥ path of travel of the |aser beam
as shown in FIGURE 1. Using just the converging lens 38, the | ocation of

the true foged—potmt—ts—aot—casily controll ed by varying the distance
bet ween t helconverffd | ens B8 and the
REGNTERS
ONTO STACK
LOAD DATA
POINTED TO FIG. 6
8Y DATA PIINTER '
INTO ACCUMULATOR
OU7PYT DATA
0 LWER AORT
4 SNCREMENT .
DATAR POINTER
i
DECREMENT VALUE
IN NEXT MEMORY
LOCATION
(200P counrER)
INCREMENT
Y | 2474 porvrer -
BY3y PYT /O
IN LOOP COUNTER
7 »
LOAD DATA PONTER ' :

FROM TWO HEFORY : o
LOCATIONS SMEDIATELY : v
AFTER L00P t?##f&? Y

REGISTERS
/ROM STACK
e =
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14 laser 12. The diverging | ens 36 placed between the Iaﬁ ﬂ&lg? y
converging lens 38 creates a virtual focal point between t ergl ng 4§n3-3
36 and the laser 12. Varying the distance

4/7

FAST GALVO
POSIT/ION FELDBACK

2/4 "1 oyrPur

L] MIB OF DATA WORD
U LASER MODULATION
' : SIENAL
TTT T 1 FLAG
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bet ween t he converging lens 38 and the vi rtual focal m$g¥%&9ﬁ¥3! '
of the true focal point along the | aser beam path of si de of

t.he converging lens 38 renote fromthe |aser 12. In recent years there
have been many advances in the field of optics, and it is recogni zed that
many alternatives are available to ef§j/ently focus the | aser beamat a
known | ocati on. In nore detail, the laser control nmeans 16 i ncl udes
conput er 40 and scanning system42. In a preferred enbodi mnent, the conputer
40 includes a mcroprocessor for controlling the |laser 12 and a CAD CAM
system for generating the data. In the enbod/o’gept i1 lustr d in FI GQURE 1,

a personal conputer is usedgé:pmmdore 64) who % ria es incl ude

an acce55|ble
od /002
0 O O - o
FIG. 9 FIG. 10

o 000

FIc. 11a FIG. 11b FIG. 11c

FIG. 11d
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interface port and a flag |ine which generates a nonmatskab‘?gT ”Se éq{ q&c

As shown in FIGJURE 1, the scanning system 42 includes a prleRO!
redirecting the path of travel of the |aser beam O coursé, si cal

| ayout of the apparatus 10 is the primary consideration i.n determ ning
whether a prism44, or a plurality of pa/é‘prs 44, are needed to nmanipul ate
‘the path of travel of the laser beam Thée scanning system 42 also includes
a pair of mrrors 46, 47 driven by respective gal vanoneters 48, 49. The
gal vanoneters 48, 49 coupled to their respective mrrors 46, 47 to

sel ectively orientate the mrrors 46, 47. The gal vanonet ers 46 47 are
mount ed per pendi cular to each other such Aha% Bme

10 20 30 40 50 60 70 80 90

. | | i | | | | I
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firrors 46, 47 are nounted nonminally at a right angle to eacRCi/rtB.OAl 1093
function_generator driver 50 controls the novenent of the gal vanoneter 48

(gal vanoWeter 49 is slaved to the novenent of gal vanonet er 48R &hat 2@eFEB‘|
aimof the | aser beam (repre- sented by the arrows in Fl GURE 97@ be
controlled in the 7/7

At. 2 A
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1700 —————————i : —
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1500°C l \\ A
ek T\
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e | 1|\
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15 targ driver 50 is operatively C Qi al J}xﬁ:‘_\kﬁngﬁﬁﬂ‘@Ut ess
40 as sholwn | REEFAGRD SHERTS | | S6e appr eci at ed |t Wh,ag{{ggqagg Y2 SCRNRLAG ae
met hods Reserintiop| :eagat..lus @ pged het. s¢anni ng sy,stip@oﬁ ” 3 | n(; uﬁidn.g_- tu paged 3,
acust o- opfi¥lClaimdsiner:pagedotEat idygagpd).. gQ1 mrrors, ‘vx

scanner s. || Drawing(s) nipagedt. ot FtoGdgea Zof the drawi ng Of;‘ FO P e%z :
is sche Ceistryeti | I: lpsgerdaﬂ‘edto%h@e&h:@..\/\.@ four layers® 5"5& 57 Thgu%% no

| aser be n1A1@hﬂi@Qxﬁﬁan FIGURE 2, is di*ected |n aster scan pat}ern as

R TR L LT LTS yrmwpt TR it
at 66. As Ustoheret 1T, arm—t-s—used . " ..'Z.I RECEIFT 1?[1 .........

PRODUCING PARTS BY COMPOUND FORMATION OF PRECURSOR. POWDERS

* Kk Kk * *

This invention relates to a method and apparatus which uses
a directed energy beam to selectively sinter a powder to
produce a part. In particular, this invention relates to a
computer aided laser apparatus which sequentially sinters a
plurality of powder layers to build the desired part in a
1ayer-by-layer fashion. The present application is
particularly directed towards a powder comprising a plurality
of materials where the powder has more than one bonding or
dissociation temperature.

Background of the Invention

The economies associated with conventional part production
methods are generally related directly to the quantity of parts
to be produced and the desired material characteristics of the
finished parts. For example, large scale manufacture casting
and extrusion techniques are often cost effective, but these
production methods are generally unacceptable for small
quantities, i.e. replacement parts or prototype production.
Many such conventional part production methods require
expensive part specific toolihg. Even powder metallurgy
requires a die for shaping the powder, making powder metallurgy
unattractive as a method for producing a small number of parts.

Where only a small number of parts are desired,
conventional production methods involving a subtractive
machining method are usually used to produce the desired part.
In such subtractive methods, material is cut away from a
starting block of material to produce a more complex shape.
Examples of subtractive machine tool methods include: milling,

is Sheet Has Been RT"““" This is the replacement sheet
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as a neutral termindicating direction, but does not inply the nodul ation
state of the | aser 12. For conveni ence, the axis 68—rs—ccnsrdergd—tthfast
scan axis, while the axis 70 is referred to as the sl $/ ca as IS QXIS 72

is the direction of part build-up. Turning to FI ced
powders, conprising a plurality of materials by which Ikge
using the present invention, are illustrated. For sinp I
materials are shown in the illustrations.2However, as will be apparent to

one skilled in the art, a plurality of materials nmay conprise the powder of

the prese”“dffff?ﬂdfjngrinding, lathe cutting, flame cutting, electric
dischatge machine, etc. While such conventional machine tool
subtractive methods are usually effective in producing the
desired part, they are deficient in many respects.

First, such conventional machine tool subtractive methods
produce a large amount of waste material for disposal.
Further, such machine tool methods usually involve a large
initial expense for setting up the proper machining protocol
and tools. As such, the set-up time is not only expensive, but
relies a great deal on humén judgment and expertise. These
problems are, of course, exacerbated when only a small number
of parts are to be produced.

Another difficulty associated with such conventional
machining techniques involves tool wear - which not only
involves the cost of replacement, but also reduces machining
accuracy as the tool wears. Another limit on the accuracy and
tolerance of any part produced by conventional machining
techniques is the tolerance limits inherent in the particular
machine tool. For example, in a conventional milling machine
or lathe, the lead screws and ways are manufactured to a
certain tolerance, which limits the tolerances obtainable in
manufacturing a part on the machine tool. 0f course, the
tolerances attainable are reduced with age of the machine tool.

The final difficulty associated with such conventional
machine tool subtractive processes is the difficulty or
impossibility of making many part configurations. That is,
conventional machining methods are usually best suited for
producing symmetrical parts and parts where only the exterior
part is machined. However, where a desired part is unusual in
shape or has internal features, the machining becomes more
difficult and quite often, the part must be divided into
segments for production. In many cases, a particular part
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FIGURE 9 illustrates a blend of first material 901 and second mat erial 902.

The materials are conbined in a btend through conventional bl endi ng

processes. Fl GJRETHEQSHeéth-MsSﬁe'é ﬁﬁ' terial 1002 coated with material 1001.
E

Material 1002 is c entional coating processes. As will
be further apparent HW
in FIl GURE 10, may

dinthe art, coated materials, as shown
Turning to FIGURE 11, a portion of a sint®ring cycle, as

roduce a desired m x of materi al s.

configyration is not possible because of the limitations
imposed upon the tool placement on the part. Thus, the size
and configuration of the cutting tool do not permit access of
the tool to produce the desired configuration.

There are other machining processes which are additive, for
example, plating, cladding, and some welding processes are
additive in that material is added to a starting substrate. 1In
recent years, other additive-type machining methods have been
developed which use a laser beam to coat or deposit material on
a starting article. Examples include 'U.s. Patent Nos.
4,117,302; 4,474,861; 4,300,474; and 4,323,756. These recent
uses of lasers have been primarily limited to addind a coating
to a previously machined article. Often such laser coating
methods have been employed to achieve certain metallurgic
properties obtainable only by such coating methods. Typically,
in such laser coating methods the starting article is rotated
and the laser directed at a fixed location with the coating
material sprayed onto the article so that the laser will melt
the coating onto the article.

U.S. Patents No. 4,944,817, No. 4,863,538, No. 4,938,81s,
and PCT publication WO 88/02677 published 21 April 1988, all of
which are incorporated herein by this reference, describe a
method of producing complex parts directly from a CAD data base
which is not subject to the above-described limitations of the
various subtractive and additive methods; this new method will
be referred to as "selective beam sintering" or "selective
laser sintering". The selective laser sintering process is
particularly advantageous in forming prototypes for parts which
may subsequently be mass produced, for example by investment
casting, or by the use of ﬁooling.

It is desirable to utilize the selective beam sintering
process not only to produce prototype models of subsequently
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presently understood, is illustrated. FIGJRE 1l1la illustrates
16

This Sheet Has Been Replaced -

mass produced parts, but also to produce parts suitable for
actual- use in a machine. Such usable parts may also be
prototypes, useful for testing the structural design of the
part and the system into which it is to be incorporated:; in

addition, it is desirable to produce such parts which are
capable of serving in the end equipment product.

The material of parts which are to be actually used must be
of sufficient strength and integrity to meet the mechanical and
temperature stress requirements of . its application.
Accordingly, the formation of intermetallic and ceramic
(including glass) parts by selective beam sintering is
desirable. However, many desirable metallic and ceramic
powders have sintering or melting temperatures which are
sufficiently high that selective sintering or melting by a
directed energy beam, such as a laser, is not easily achievable
at this time.

It is therefore an object of this invention to provide a
method of producing a part by the application energy to
selected portions of a multiple material powder, where the
properties of the material of the part produced differs from
those of the materials in the powder. ‘

It is a further object of this invention to provide such a
method where the melting temperature of the produced part is
higher than the temperature to which the directed beam subjects
the powder. '

It is a further object of this invention to provide such a
method where the material gsed is a metal or ceramic.

It is a further object of this invention to provide such a
method where the material of the part is a chemical compound of
the constituents of the powder.
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a blend of materials prior to the application of produce sintering.
Preferably, the materials conprising powder mass 1100 have nore than

one bonding or dissociation tenperature. FIGURE |1b illustrates
powder 1000 during application of energy sufficient to pronote sintering.
FIGURE I I b illustrates material 1101 having a | ower bondi ng or dissociation
tenperature than material 1102. In a preferred enbodi nent, the | ow

tenperature phase material 1101 infiltrates powder mass 1100 in the area
surroundi ng each particle of material 1101. Additional powder conponents
could al so be added to the blend to pronote infiltration. Simlarly a gas
phase can be used to promote infiltration and the sintering process. The
gas phase nay B& dist merfuritien obyj esdt iofe thisefiavaimtiono tei prev idies gugbeaan

undesired gastHYd | MIOHUGRcAudes post-processing to cause the chemical
reaction.

Other objects and advantages of the invention will be
apparent to those of ordinary skill in the art having reference
to the following specification, together with the drawings.
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desired gas. FIGURE Ilc illustrates a potential nechani smthrough which

effects, including but not I|imted to, capiIIar?TV‘éffec%s-aLLQML_
material 1101 to infiltrate the powder mass 1100. Eﬁgyﬁg}hgld shoms

the part following sintering in the present |nvent|on
mat eri al having a bonding or dissociation tenperature I’M%I,m
tenperature to be obtained during the sintering proces ed

t he hi gher bondi hg or dissociation tenper@ture material need not sinter but
may retain its original structure. In particular, for crystalline materi al
this enables control of epitaxial growth in the selective beamsintering
process of the present invention. For

Summary of the Invention

The problems outlined above are in large measure solved by
the method and apparatus of the present invention. The present
invention includes a directed energy beam - such as a laser -
and is adaptable to produce almost any three dimensional part.
The method of the present invention is an additive process,
with the powder being dispensed into a target area where the
laser selectively sinters the powder to -produce a sintered
layer. The invention is a layer-wise process in which the
layers are joined together until the completed part is formed.
The method of the present invention is not 1limited to a
particular type of powder, but rather is adaptable to plastic,
metal, polymer, ceramic, wax, semiconductor or amorphous
powders, or composite material powders. '

Broadly speaking, the apparatus includes a laser or other
directed energy source which is selectable for emitting a beam
in a target area where the part is produced. A' powder
dispenser system deposits powder into the target area. A laser
control mechanism operates to move the aim of the laser beam
and modulates the laser to selectively sinter a layer of powder
dispensed into the target area. The control mechanism operates
to selectively sinter only the powder disposed within defined
boundaries to produce the desired layer of the part. The
control mechanism operates the laser to selectively sinter
sequential layers of powder, producing a completed part
comprising a plurality of layers sintered together. The
defined boundaries of each layer correspond to respective
cross-sectional regions of the part. Preferably, the control
mechanism includes a computer - e.g. a CAD/CAM system - to
determine the defined boundaries for each layer. That_is,
given the overall dimensions and configuration of the part, the
computer determines the defined boundaries for each layer and
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exanple, if the higher bonding or dissociation tenperature naterial is
Jpositioned in-aparticular—strueture that may, preferably, result in

epitaxial gromh fromthe precedlng | ayer, only bonding or dissociating the

| ower bondi ng ofhi lacedeperature  mterial enables the
hi gher tenperatu retaln Its structure. The choi ce of
materi al s select allows for

operates the laser control mechanism in accordance with the
defined boundaries. Alternatively,  the computer can be
initially programmed with the defined boundaries of each layer.

In a preferred form, the laser contrel mechanism includes
a mechanism for directing the laser beam in the target area and
a mechanism for modulating the laser beam on and off to
selectively sinter the powder in the target area. In one
embodiment, the directing mechanism operates to move the aim of
the laser beam in a continuous raster scan of target area. The
modulating mechanism turns the laser beam on and off so that
the powder is sintered only when the aim of the laser beam is
within the defined boundaries for the particular layer.
Alternatively, the directing mechanism aims the laser beam only
within the defined boundaries for the particular layer so that
the laser beam can be left on continuously to sinter the powder
within the defined boundaries for the particular layer..

In a preferred embodiment, the directing mechanism moves
the laser beam in a repetitive raster scan of the target area
using a pair of mirrors driven by galvanometers. The first
mirror reflects the laser beam to the second mirror which
reflects the beam into the target area. Shifting movement of
the first mirror by its galvanometer shifts the laser beam
generally in one direction in the target area. Similarly,
shifting movement of the second mirror by its galvanometer
shifts the laser beam in the target area in a second direction.
Preferably,'the mirrors are oriented relative to each other so
that the first and second directions are generally
perpendicular to each other. Such an arrangement allows for
many different types of scanning patterns of the laser beanm in
the target area, including the raster scan pattern of the
preferred embodiment of the present invention.

The method of part production of the present invention
This is the replacement sheet
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17 a broad range of resulting sintered material. For exanple, a
conducting nmaterial is preferably coated with an i nsttati-rg—potyrer——

material to produce a powder. The powder is then dlstrlbuted | t e
target area. The material is preferably sintered and a y be
renoved | ater through a conventional process, |nclud|n ed to
a chem cal nethod, resulting in a conductive, S|ntered

8

includes the steps of depositing a first portion of powder onto
a target surface, scanning the aim of a directed energy beam
(preferably a laser) over the target surface, and sintering a
first layer of the first powder portion on the target surface.
The first layer corresponds to a first cross-sectional region
of the part. The powder is sintered by operating the directed
energy source when the aim of the beam is within the boundaries
defining the first layers. A second portion of powder is
deposited onto the first sintered layer and the aim of the
laser beam scanned over the first sinteréd layer. A second
layer of the second powdered portion is sintered by operating
the directed energy source when the aim of the beam is within
the boundaries defining the second layer. Sintering of the
second layer also joins the first and second layers into a
cohesive mass. Successive portions of powder are deposited
onto the previously sintered layers, each layer being sintered
in turn. In one embodiment, the powder 1is deposited
continuously into the target. '

In a preferred embodiment, the laser beam is modulated on
and off during the raster scan so that the powder is sintered
when the aim of the beam is directed within the boundaries of
the particular layer. Preferably, the laser is controlled by
a computer; the computer may include a CAD/CAM system, where
the computer is given the overall dimensions and configuration
of the part to be made and the computer determines the
boundaries of each cross-sectional region of the part. Using
the determined boundaries, the computer controls the sintering
of each layer corresponding to the cross-sectional regions of
the part. In an alternative embodiment, the computer is simply
programmed with the boundaries of each cross-sectional regicn
of the part. '

Additionally, another embodiment of the present invention
includes a powder comprising a plurality of materials where the
This is the replacemaent sheet
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By way of further illustration, extrenely hard materials nmay be produced
using the present invention. For exanple, tungsten carbide/cobalt tools
whi ch, because Tafs Shdaelilds BeokiResiged har dness are difficult to formor sharpen

may be produced gsten carbide material with cobalt to produce
a powder or by b i M]&"HM% carbide and cobalt to produce a powder.
During sintering, referably nelts under the applied energy beam
causing local infiltration of the tungstgn carbide. The part that is

manuf actured is ready to be put into service preferably after a secondary

process including, but not limted to, annealing.
plurality of materials have more than one dissociation

temperature. In still another embodiment of the present
invention, the powder comprises a plurality of materials where
the plurality of materials have more than one bonding
temperature.

As used throughout this document, bonding temperature
includes but is not limited to, melting temperature, softening
temperature and bonding temperature.

In all preferred embodiments of the present invention, the
plurality of materials comprise at least one first material
blended with at least one second material or at least one first -
material coated with at least one second material.

As can be appreciated from the above general description,
the method and apparatus of the present invention solves many
'of the problems associated with known part production methods.
First, the present invention is well suited for prototype part
production or replacement part production of 1limited
quantities. Further, the method and apparatus hereof are
capable of making parts of complex configqurations unobtainable
by conventional production methods. Further, the present
invention eliminates tool wear and machine design as limiting
"factors on the tolerances obtainable in producing the part.
Finally, with the apparatus of the present invention
incorporated into a CAD/CAM environment, a large number df
replacement parts can be programmed into the computer and can
be easily produced with little set-up or human intervention.

The method according to the invention may also be applied
to produce a part of a material having one or properties
different from those of the constituent materials in the
nultiple material powder. The application of thermal energy
to selected locations of particular multiple material powders

This is the replacemant sheet

e, 2 3 SEP 1%



By way of further illustration, copper and tin may be conbined in a powder.
Tin, having a lower nelting tenperature than copper, wll nelt and
infiltrate the copper during sintering. Secondary processing may al so
be applied to parts produced using the present invention. For exanple,
where tinis allowed to nelt and infiltrate copper during sintering, post
process annealing will dissolve the tin i{EC)the copper in the solid state
creating bronze with m nimal vol ume change or distortion.

enables a chemical reaction, and the formation of a stable or
metastable chemical compound, at the locations of the powder
exposed to the energy. The reaction may occur during the
application of the directed energy:; alternatively, the directed
energy may melt or sinter the materials into a mass at the
selected locations, with subsequent heat treatment causing the
chemical reaction. The compound ma& have important properties
which are different from the properties of any one of the
powder constituents, such as a much higher melting point. As
a result, a part may be formed from a material which is
otherwise not conducive to selective laser or beam sintering.
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By way of further illustration, nmetal, including but not limited to, iron

or steel, may be coated with poly(nmethyl nmethacrylate)y  (PMVA) polymer—to
forma powder. Sintering enables the PMVA to flow ang.kind.the nel ﬁJ:e'd

[T
11

Brief bescrigtion of the Drawings

FIGURE 1 is a schematic representation of the apparatus of
the present invention:;

FIGURE 2 is a schematic showing a portion of the layered
build up of a part produced in accordance with the present
invention, and illustrating the raster scan pattern of the
laser .beam in the target area;. )

FIGURE 3 is a block diagram depicting the interface
hardware between the computer, laser and galvanometers of the

present invention;

FIGURE 4 is a perspective view of an example part produced
in accordance with the present invention;

FIGURE 5 is a sectional view with parts broken away and in
phantom, of the part illustrated in FIGURE 4;

FIGURE 6 is a flow chart of the data metering program in -
accordance with the present invention:;

FIGURE 7 is a sectional view taken along line 7-7 of FIGURE
~ FIGURE 8 illustrates in diagram form the correlation
between a single sweep of the laser across the layer of FIGURE
7 and the control signals of the present invention;

FIGURE 9 illustrates a blend of materials in a powder;

FIGURE 10 illustrates materials coated in a powder;

This is the replacement sheet
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annealing will dissociate the PMVA and sinter the netal thus producing a
final part. Ceramic materials may be processed in this fashion as
wel | . For exanple, a mxture of fluorophosphate gl ass powders with al um na
powders will result in the glass softening and infiltrating the alum na
during the sintering process. I n anot her exanple, alum numsilicate,
silica, or other ceram c powder can be coated with a polyner by a variety
of met hods, 12

FIGURE 11 illustrates a portion of a sintering cycle on a
blend ©of materials as presently understood.

FIGURE 12 illustrates two materials deposited prior to
sintering.

FIGURES 13 and 14 are phase diagrams of binary metal
systems usable in an alternative embodiment of the invention.
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i n¢luding spray drying and sol vent coating. A surface active agent may be
used to pretreat the ceram c powder prior to coating. This agent may be
based on organosil ane chem stry or other chem stries known to pronote the
wetability of the ceram c by the pol yner and the adhesion of ceramc to
pol ymer. Any polyner, either thernoplastic or thernoset, which can be

coated on the ceram c, can be used as a 18 nder. Typical materials
i ncl ude PMVA, pol ystyrene, vari ous epoxy formul ati ons, and
phenolics. Any conbi nation of materials, including but not Iimted

to, netals, ceramcs and pol yners enabl es production of parts in accordance

with the ppeegiied NNESLLPBLYERT SENtRE PPEELrPEE Embodiments

Turning now to the drawings, FIGURE 1 broadly illustrates
the apparatus 10 in accordance with the present invention.
Broadly speaking, the apparatus 10 includes a laser 12, powder
dispenser 14, and laser control means 16. In more detail, the
powder dispenser 14 includes a hopper 20 for receiving the
powder 22 and having an outlet 24. The outlet 24 is oriented
for dispensing the powder to a target area 26, which in FIGURE
1 is generally defined by the confinement structure 28. Of
course, many alternatives exist for dispensing the powder 22.

The components of the lasér_ 12 are shown sqmewhat
. schematically in FIGURE 1 and include a laser head 30, a safety
shutter 32, and a front mirror assembly 34. The type of laser
used is dependent upon many factors, and in particular upon the
type of powder 22 that is to be sintered. In the embodiment of
FIGURE 1, a NA:YAG laser (lasermetrics 9500Q) was used which
can operate in a continuous or pulsed mode with a hundred-watt
maximum outlet power in the continuous mode. The laser beam
output of the laser 12 has a wavelength of approximately 1060
nm, which is near infrared. The laser 12 illustrated in FIGURE
1 includes an internal pulse rate generator with a selectable
range of about one kiloHertz to forty kiloHertz, and an
approximately six nanosecond pulse duration. In either the
pulsed or continuous mode, the laser 12 can be modulated on or
off to selectively produce a laser beam which travels generally
along the path shown by the arrows in FIGURE 1.

To focus the laser beam, a diverging lens 36 and converging
lens 38 are disposed along the path of travel of the laser bean
as shown in FIGURE 1. Using just the converging lens 38, the
location of the true focal point is not easily controlled by
varying the distance between the converging lens 38 and the

This Sheet Has Been Reﬂlaced This is th. replacement sm

i w23 SEP 186




material in the powder has a | ow bonding or dissociation tenperature
relative to the other materials in the powder. I n anot her preferred
enbodi ment of the present invention, the tenperature of the powder nass may
be i ncreased using conventional heating nmeans allow ng the energy beamto
merely supply a small increase of energy to produce bonding or dissociation
of one of the elenental materials of the powder. Mat eri al s conpri sing
the powder may be chosen for each materigl's selective absorption of energy
froma | aser beam (represented by the arrows in FIGJURES 1la and 11b). In

t he

laser 12. The diverging lens 36 placed between the laser 12
and converging lens 38 creates a virtual focal point between
the diverging lens 36 and the laser 12. Varying the distance
petween the converging lens 38 and the virtual focal point,
allows control of the true focal point along the laser beam
path of travel on the side of the converging lens 38 remote
"from the laser 12. In recent years there have been many
advances in the field of optics, and it is recognized that many
alternatives are available to efficiently focus the laser beanm
at a known location. )

In more detail, the 1laser control means 16 includes
computer 40 and scanning system 42. In a preferred embodiment,
the computer 40 includes a microprocessor for controlling the
laser 12 and a CAD/CAM system for generating the data. In the
embodiment illustrated in FIGURE 1, a personal computer is used

' (Commodore 64) whose primary attributes include an accessible
interface port and a flag line which generates a nonmaskable
interrupt.

As shown in FIGURE 1, the scanning system 42 includes a
prism 44 for redirecting the path of travel of the laser beam.
Of course, physical layout of the apparatus 10 is the primary
consideration in determining whether a prism 44, or a plurality
of prisms 44, are needed to manipulate the path of travel of.
the laser beam. The scanning system 42 also includes a pair of
mirrors 46, 47 driven by respective galvanometers 48, 49. The
galvanometers 48, 49 coupled to their respective mirrors 46, 47
to selectively orientate the mirrors 46, 47. The galvanometers
46, 47 are mounted perpendicular to each other such that the
mirrors 46, 47 are mounted nominally at a right angle to each
other. A function generator driver 50 controls the movement of
the galvanometer 48 (galvanometer 49 is slaved to the movement
of galvanometer 48) so that the aim of the laser beam (repre-
sented by the arrows in FIGURE 1) can be controlled in the

This is the replacement sheet
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preferred enbodi nent shown in FIGURE 11, material 1101 nay be
.19 chosen to absorb the wavel ength of the applied beam energy

15

target area 26. The driver 50 is operatively coupled to the
computér 40 as shown in FIGURE 1. It will be appreciated that
alternative scanning methods are available for use as the
scanning system 42, including acusto-optic scanners, rotating
polygon mirrors, and resonant mirror scanners.

Turning to FIGURE 2 of the drawing, a portion of a part 52
is schematically illustrated and shows four layers 54-57. The
aim of the laser beam, labeled 64 in FIGURE 2, is directed in
a raster scan pattern as at 66. As used herein, “aim" is used
as a neutral term indicating direction, but does not imply the
modulation state of the laser 12. For convenience, the axis 68
is considered the fast scan axis, while the axis 70 is referred
to as the slow scan axis. Axis 72 is the direction of part
build-up. |

Turning to FIGURES 9 and 10, powders, comprising a
plurality of materials by which parts may be made using the
present invention, are illustrated. For simplicity, only two
materials are shown in the illustrations. However, as will be
apparent to one skilled in the art, a plurality of materials
may comprise the powder of the present invention.

FIGURE 9 illustrates a blend of first material 901 and
second material 902. The materials are combined in a blend
through conventional blending processes. FIGURE 10 illustrates
material 1002 coated with material 1001. Material 1002 is
coated using conventional coating processes.

As will be further apparent to one skilled in the art,
coated materials, as shown in FIGURE 10, may be blended to
produce a desired mix of materials.

Turning to FIGURE 11, a portion of a sintering cycle, as
presently understood, is illustrated. FIGURE 1lla illustrates
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represented by the arrows while el emental material 1102 absorbs |ess energy
t-hereby enabling elenental material 1101 to bond or dissociate prior to the
bondi ng or dissociation of elenental material 1102. This absorption of
energy can be achieved by either material or |aser beam wavel ength
selection, or both, in a plurality of conbi nations. According to
anot her alternative enbodi nent of the invention, the application of the
directed energy beamto selected portiomss of the powder can be used to
enabl e a chem cal reaction of the constituent materials mﬁthinfthﬁ powder .
In this enbadj nent t he powder i,ncludes nultiple precursors of the
conpound t%%%e?%r%d‘}a%ﬁl%g%lﬂﬁ@ra% %P&réppficuion of ener

produce sintering. Preferably, the materialg compris?? able tgo

bel
mass 1100 have more than one bonding oy dissq Powder
. Oociatj
temperature. FIGURE 11b illustrates powder 110 g ton
. ring

application of energy sufficient to promote sintering, FIGURE
11b illustrates material 1101 having a lower bonding o
dissociation temperature than material 1102. In a preferred
embodiment, the low temperature phase material 1101 infiltrates
powder mass 1100 in the area surrounding each particle of
material 1101. Additional powder compohents could also be
added to the blend to promote infiltration. Similarly a gas
phase can be used to promote infiltration and the sintering
process. The gas phase may be either inert or active,
preferably to either displace an undesired gas or introduce a
desired gas. FIGURE 1llc illustrates a potential mechanism
through which effects, including but not 1limited to,
capillarity effects, allow material 1101 to infiltrate the
powder mass 1100. FIGURE 11d shows the part following
sintering in the present invention.

Because a material having a bonding or dissociation
temperature higher than the temperature to be obtained during
the sintering process may be selected, the higher bonding or
dissociation temperature material need not sinter but may
retain its original structure. In particular, for crystalline
material this enables control of epitaxial growth in the
selective beam sintering process of the present invention. For
example, if the higher bonding or dissociation temperature
material is positioned in a particular structure that may,
preferably, result in epitaxial growth from the preceding
layer, only bonding or dissociating the lower bonding or
dissociation temperature' material enables the  Thigher
temperature material to retain its structure.

The choice of materials selected for the powder allows for
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of elenental or alloyed powders. The energy of the directed energy beamin
the selective | aser sintering process causes the formation of a mass at the
| ocations of each powder |ayer which are exposed to the directed beam The
part is built up by the | ayerwi se process of placing powder at the target
surface and selective laser sintering or binding selected portions of the

| ayer, formng a part in layerwse f I on as described herei nabove.
Upon conpl etion of the this process, the Yortions of the powder not exposed
to the directed energy beam are renpoved, as noted herei nabove. Ei t her

during the | aseiae ﬂgﬁ#@%f%egglemasglﬁe&?&& ¥Eeb2eal. ! Bhe 'RdnpiasAl
the precursors at.t
conducting material is preferably coated with an insulating
polymer material to produce a powder. The powder is then
distributed in the target area. The material is preferably
sintered and the insulator may be removed later through a
conventional process, including but not limited to a chemical

method, resulting in a conductive, sintered product.

By way of further illustration, extremely hard materials
may be produced using the present invention. For example,
tungsten carbide/cobalt tools which, because of their extreme
hardness are difficult to form or sharpen may be produced by
coating tungsten carbide material with cobalt to produce a
powder or by blending tungsten carbide and cobalt to produce a
powder. During sintering, the cobalt preferably melts under
the applied energy beam causing local infiltration of the
tungsten carbide. The part that is manufactured is ready to be
put into service preferably after a secondary process
including, but not limited to, annealing.

By way of further illustration, copper and tin may be
combined in a powder. Tin, having a lower melting temperature
than copper, will melt and infiltrate the copper during
sintering.

Secondary processing may also be applied to parts produced
using the present invention. For example, where tin is allowed
to melt and infiltrate copper during sintering, post process
annealing will dissolve the tin into the éopper in the solid
state creating bronze with minimal volume change or distortion.

By way of further illustration, metal, including but not
limited to, iron or steel, may be coated with poly(methyl
methacrylate) (PMMA) polymer to form a powder. Sintering
enables the PMMA to flow and bind the metal. Post process
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| ocations interdiffuse, resulting in a new phase of the material based on
a chem cal reaction. Thi s new phase preferably has significantly
different properties than any of the precursor nmaterials; exanples of these
different properties include physical, mechanical, tribological, or
el ectrical properties. For exanple, a part which is to be subjected
to high

18

annealing will dissociate the PMMA and sinter the metal thus
producing a final part.

Ceramic materials may be processed in this fashion as well.
For example, a mixture of fluorophosphate glass powders with
alumina powders will result in the glass softening and
infiltrating the alumina during the sintering process. In
another example, aluminum silicate, silica, or other ceranmic
powder can be coated with a polymer by a variety of methods,
including spray drying and solvent coating. A surface active
agent may be used to pretreat the ceramic powder prior to
coating. This agent may be based on organosilane chemistry or
other chemistries known to promote the wetability of the
ceramic by the polymer and the adhesion of ceramic to polymer.
Any polymer, either thermoplastic or thermoset, which can be
coated on the ceramic, can be used as a binder. Typical
materials include PMMA, polystyrene, various epoxy
formulations, and phenolics.

Any combination of materials, including but not limited to,

- metals, ceramics and polymefs enables production of parts in

accordance with the present invention wherein at least one

material in the powder has a low bonding or dissociation
temperature relative to the other materials in the powder.

In another preferred embodiment of the present invention,
the temperature of the powder mass may be increased-usiné
conventional heating'means allowing the énergy beam to merely
supply a small increase of energy to produce bonding or
dissociation of one of the elemental materials of the powder.

Materials comprising the powder may be chosen for each
material's selective absorption of energy from a laser beam
(represented by the arrows in FIGURES 1la and 11b). In the
preferred embodiment shown in FIGURE 11, material 1101 may be
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20 tenperatures in its intended use preferably is formed of a high nelting
point material. H gh nelting point powders are not suitable for use in
the selective |laser sintering process, however, since the |aser power will
generally be insufficient to nelt or sinter the powder into a nass.
According to this enbodi nent of the invention, the high nelting point

mat eri al of

19

chosen, to absorb the wavelength of the applied beam energy
represented by the arrows while elemental material 1102 absorbs
less energy thereby enabling elemental material 1101 to bond or
dissociate prior to the bonding or dissociation of elemental
material 1102. This absorption of energy can be achieved by
either material or laser beam wavelength selection, or both, in
a plurality of combinations. '

According to another alternative embodiment of the
invention, the application of the direcfed energy beam to
selected portions of the powder can be used to enable a
chemical reaction of the constituent materials within the
powder. In this embodiment, the powder includes multiple
precursors of the compound to be formed, for example a mixture
of elemental or alloyed powders. The energy of the directed
energy beam in the selective laser sintering process causes the
formation of a mass at the locations of each powder layer which
are exposed to the directed beam. The part is built up by the
layerwise process of placing powder at the target surface and
selective laser sintering or binding selected portions of the
layer, forming a part in layerwise fashion as described
hereinabove. Upon completion of the this process, the portions

of the powder not exposed to the directed energy beam are
removed, as noted hereinabove.

Either during the laser exposure, or in a post-selective
laser sintering anneal, the precursors at the irradiated
locations interdiffuse, resulting in a new phase of the
material based on a chemical reaction. This new phase
preferably has significantly different properties than any of
the precursor materials; examples of these different properties
include physical, mechanical, tribological, or electrical
properties.

For example, a part which is to be subjected to high
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which the part is to be produced is a conpound of precursors, one of which

has a relatively low nelting point. By way of exanple, a conpound
Alerr]Blerr] may be selected which has a high nelting point, where
el emental constituents A and B can exist in m xed powder form It should

be noted that this nmethod is also applicable for systens where sone solid
solubility of constituents in the conpound exists, in which case mand n

are not integers. Certain consideratiod® are inportant in selecting the
conpound Alerr]B[err]. Firstly, there nust be a significant difference in
t he neltin 0|nt of at least, two of the precursor elenents A and B such

that the p PeEa UBpREi LY Eﬁst¥ﬂF?Qﬂﬁﬁ &5 preferalilyedse§oERer 9t rdmoh s

abl e melting point material. High melting point powders are not
suitable for use in the selective laser sintering process,
however, since the laser power will generally be insufficient
to melt or sinter the powder into a mass. According to this
embodiment of the invention, the high melting point material of
which the part is to be produced is a compound of precursors,
one of which has a relatively low melting point. |

By way of example, a compound A,B, may be selected which has
a high melting point, where elemental constituents A and B can
exist in mixed powder form. It should be noted that this
method is also applicable for systems where some solid
solubility of constituents in the compound exists, in which
case m and n are not integers. <Certain considerations are
important in selecting the compound A, B,. Firstly, there must
be a significant difference in the melting points of at least
two of the precursor elements A and B such that the power
capability of the laser (or other directed energy beam) is able
to melt the material having the lower one of the melting points
while not melting the material with the higher melting point.
It should be noted that the laser need not supply all of the
thermal power required to melt the low melting point powder;
the ambient temperature of the powder may be maintained near
the lower melting point, so that the laser power is sufficient
to melt the lower melting point precursor in the irradiated
locations, but not in the non-irradiated locations. Secondly}
a compound A.B, of the precursors which has the desired
properties (e.g., high melting point) must exist. Thirdly, in
order that the chemical reaction can be performed in a time
efficient manner, it is desirable that the reaction rate-
limiting precursor species have high chemical diffusivity in
the other precursor species and in the compound. Fourthly, it
is desirable that the volume fraction of the low melting point
precursor of the total volume be significant, preferably on the
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to helt the material having the | ower one of the nelting points while not
melting the nmaterial with the higher nelting point. It should be noted that
the | aser need not supply all of the thernmal power required to nelt the | ow
mel ti ng point powder; the anbient tenperature of the powder may be

mai nt ai ned near the |lower nelting point, so that the | aser power is
sufficient to nelt the lower nelting p0|ga precursor in the irradi ated

| ocations, but not in the non-irradiated®“ ocations. Secondly, a conpound
Alerr]Blerr] of the precursors which has the desired properties (e.qg.,

hi gh mel ting. cgé}l nb¢ BHSE e>9§ap?gé1éﬁ'gl Ygo! Qh?%d@’hnt hat]ﬁ en ng&?a‘%ﬁem?ﬁ ¢

reaction can performe ime effrci desrr
t he reactlcﬁvkkﬁeﬁnﬂ4#ﬁ#4?g)%h%c@?%nmehbé%geBthneshrghreﬁEhtéag in high
di ffusivityddsitie gdheg, precursor species and in the conpound. Fourthly,

it
Generally, a single phase binary compound A,B, accdrding to
this embodiment of the invention results from the following
reaction:

mA + nB - AB,

Alternatively, an excess amount of one of the constituent
precursors may be used to produce a two phase product. For
example, where an excess amount of precursor A is used, the
following reaction occurs:

(m+o)A + nB -~ A B + OA

Where two compounds exist for a system, proper control of the
precursor amocunts in the powder can produce a product with two
compound phases,. according to the following reaction:

(em+8o)A + (an+fp)B - aAB, + BAB,

FIGURE 13 is a phase diagram for a first preferred example
of a binary compound which can be formed according to this
embodiment of the invention. The phase diagram of FIGURE 13
illustrates the melting points of various mixtures of nickel
and tin. It should be noted that the melting points of
elemental nickel and tin differ quite widely, with the melting
point of elemental tin being 231.8°C. It should also be noted
that intermetallic compounds of nickel and tin exist which have
high melting points; for example, the melting point of Ni,;Sn, is
on the order of 1260°C.

According to this embodiment of the invention, the powder
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i s desirable that the volunme fraction of the | ow nelting point precursor of
the total volune be significant, preferably on the
21
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which is to undergo selective laser sintering includes a
mixture of nickel and tin, with the mixture preferably having
approximately 40% nickel and 60% tin (atomic percent). A part
is formed by layerwise selective laser sintering, in the manner
described hereinabove. Preferably, a conventional laser, such
as a CO, or YAG laser, having a power on the order of 25 watts
or greater, provides the directed energy bean. During
selective laser sintering, the powder is preferably in a non-
oxidizing atmosphere such as nitrogen; alternatively, oxidation
of the powder may be inhibited by coatind the nickel and tin
powder with a flux, for example zinc chloride. Also during
selective laser sintering, the ambient temperature of the
powder is preferably elevated, for example to a temperature on
the order of 190°C. These conditions cause the tin to melt and
infiltrate the powder particles of nickel, much as in the
manner shown in FIGURE 1llc described hereinabove. Upon cooling
of the layer (beginning with movement of the laser beam away
from the melted portion), the tin resolidifies, forming a solid
mass of nickel powder particles within the resolidified tin.
Successive layers are then similarly processed, until the
desired part is fabricated. It should be noted that the
melting of tin in a later layer serves to connect its part
cross-section to that of the prior layer, so that a cohesive
mass is formed in layerwise fashion. '

After formation of the part, the mass has sufficient
structural integrity to maintain its shape upon removal of the
non-melted powder. The part is then annealed, for example at
850°C for eight hours, preferably in an inert atmosphere.
During this anneai, nickel and tin atoms interdiffuse with one
another, and chemically react to form the intermetallic
compound Ni,Sn,. In the early stage of annealing at a
temperature above the melting point of tin, remelting of the
tin may cause a loss in the green strength of the part.
Packing the part with a mold, formed of a material such as
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order of 25 to 75 percent, so that the nolten precursor may fully
Infiltrate the non-nelting precursor, resulting in high density parts.
General ly, a single phase binary conmpound Alerr]B[err] according to this
enbodi nent of the invention results fromthe follow ng reaction:

mMA + nB [err] Alerr]Blerr]

23

alumina, will allow the part to maintain its shape during such
annealing. Alternatively, the anneal may be done in stages,
beginning with a low temperature (i.e., below the melting point
of tin) anneal for sufficient time to begin the intermetallic
formation, followed by a high temperature anneal to more
rapidly complete the process.

Referring again to FIGURE 13, the melting point of this
compound is on the order of 1260°C. It should be noted that the
‘high melting point temperature of the. compound Ni,Sn, is
practicably not attalnable by irradiation of a laser in the
context of selective laser SLnter1ng, much less a 25 watt CO,
"laser as used in this method. As a result of this embodiment
of the invention, a low temperature process can form a part of
a high melting point material. This method thus broadens the
range of materials with which the selective laser sintering
process may be used, to include refractory compounds such as
the intermetallic compound of Ni,;Sn,. Since parts formed of
this material are able to withstand thermal and mechanical
conditions far greater than parts formed of polycarbonate,
plastics, and other low temperature materials, these parts may
be used in such applications as testing of the strength or
functionality of an apparatus incorporating the part, and also
as custom manufactured parfs installed into actual end
equipment.

FIGURE 14 is a phase diagram for another intermetallic

- system suitable for use with the method accordimé to this
embodiment of the invention is illustrated, namely the binary
system of nickel and aluminum. ' The desired binary
intermetallic compound in this system is NiAl, which has a
melting point of 1638°C. It should be noted that NiAl is an
attractive material for such applications as aerospace, due to
its ability to withstand extremely high temperatures while
maintaining increased strength and good resistance to oxidation
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Al ternatively, an excess amount of one of the constituent precursors may be
used to produce a two phase product. For exanple, where an excess anount
of precursor Ais used, the follow ng reaction occurs: (mto) A +
nB- Alerr]B[err] + 0OA \Were two conpounds exist for a system proper
control of the precursor amounts in the powder can produce a product with
two conpound phases, according to the'folggmﬁng reaction:

and corrosion. For this system, the powder mixture to be
irradiated by the directed energy beam is preferably 50%
aluminum and 50% nickel (atomic percent), and the directed
energy beam must heat the powder in the selected regions to a
temperature of at least 660°C to melt the aluminum. As in the
prior examples, upon cooling, the molten aluminum will bind the
solid nickel powder particles into a mass at the desired
locations of the layer; subsequent layers are similarly
processed to form the part. Post-processing high temperature
annealing will form the intermetallic compéund of NiAl, having
a very high melting point. It should be noted that the melting
point of NiAl is higher than that of either of the precursor
elements.

The process described hereinabove may also be used to
produce Nij;Al, which is another attractive aerospace compound
in the nickel-aluminum system; the powder mixture for this
intermetallic would include 25% aluminum and 75% nickel (atomic
percent). In addition, a powder mixture including aluminum in
the range from 25% to 50% can be used to produce a two phase
material upon thermal annealing, namely Ni,Al-NiaAl. For
exanple, if the powder is a mixture of 35% aluminum and 65%
nickel (atomic percent), the part produced according to this
embodiment of the invention will be of the two phase material
Ni,Al-NiAl, if equilibrium conditions prevail.

Other candidate binary systems for forming a high melting
point intermetallic compound, and which are believed to be
suitable for formation by way of lower temperature selective
laser sintering as described hereinabove, include (without
limitation thereto) Al-Nd, Al-Th, Al-Ti, Al-Y, Al-Yb, Al-Zr,
Bi-La, Bi-Nd, Bi-Y, Bi-2Zr, Ca-Si, Co-Nb, Co-W, Fe-Ti, Gd-Pb,
Gd-Ru, Ge-Hf, In-Pd, In-Pr, Mn-Si, Nb-Sn, Pd-Sn, Pd-Ti, Pd-TI1,
Pd-Zr, Pr-Sn, Si-Ti, sn-Zr, Te-Zn, Th-2n, and ¥Y-Zn. Ceranmic
systems which have such characteristics as to be suitable for
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(am-[err]o)A + (an+[err]p)B [err] aAlerr]Blerr] + [err]Alerr]B[err]

FIGURE 13 is a phase diagramfor a first preferred exanple of a binary
conpound whi ch can be forned according to this enbodi ment of the invention.
The phase diagramof FIGURE 13 illustrates the nelting points of various

m xtures of nickel and tin, It should be noted that the nelting points of
el emental nickel and tin differ quite widely, with the nelting point of

el enental tin being 231.8[err]C. It shoupg al so be noted that internetallic
conpounds of nickel and tin exist which have high nelting points; for

exanmple, the nelting point of Niferr]Sn[err] is on the order of 1260C.
this embodiment of the invention include La,0,-B,0,, Bi,0;-La,0,,

. Bi,0,~Nb,0s, and V,0,-A1,0,. It is contemplated that other binary

systems, as well as tertiary, quaternary, and other even more
complex compound systems of metals and ceramics (including
glass), will also be useful in the method according to this
embodiment of the invention where a chemical reaction is
enabled by exposure of precursor materials to the directed
energy beam.

In addition, it is contemplated that .the compound may be
formed during the irradiation by the directed energy beam, such
that a part can be formed of a material with different
properties from the precursors without requiring subsequent
annealing of the part. For a chemical reaction to occur, it is
of course necessary that the reaction kinetics be such that
conversion.of the precursor powders to the compound can occur
in the time allotted for selective laser sintering. It should
be noted that the time which the directed energy beam can
remain over a particular location of the powder is probably
limited by the thermal conduction of the powder, as it is
undesirable for non-irradiated portions of the powder adjacent
to the irradiated beam to also undergo melting, sintering, or
other thermal bonding, as such would compromise the resolution
of the part being produced.

It should also be noted that, alternatively to the
provision of a directed energy beam, other energy delivery
techniques to selected portions of the powder layer may also be
sufficient to cause the melting or reaction necessary to form
the part in the manner described hereinabove. For example, a
mask may be provided in proximity to the powder, through which
a light source is projected to selected portions of the powder
receive the energy from the light source. Other techniques of
delivering thermal energy to selected portions of the powder
surface will also be similarly applicable. '

e
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According to this enmbodi ment of the invention, the powder
22

26

Turning to FIGURE 12, in yet another preferred embodiment
a material 1201 is preferably deposited on surface 1200 and
second material 1203 is then deposited on material 1201 prior
to sintering. Materials 1201 and 1203 preferably have
different bonding or dissociation temperatures.

Operation

A fundamental concept of the present invention is the build
up of a part in a layer-by-layer manner. That is, a part is
considered a plurality of discrete cross-sectional regions
which cumulatively comprise the three-dimensional configuration
of the part. Each discrete cross-sectional region has defined
two-dimensional boundaries - of course, .each region may have
unique boundaries.

In the method, a first portion of powder 22 is deposited in
the target area 26 and selectively sintered by the laser beam
64 to produce a first sintered layer 54 (FIGURE 2). The first
sintered layer 54 corresponds to a first cross-sectional region
of the desired part. The laser beam selectively sinters only
the deposited powder 22 within the confines of the defined
boundaries.

There are, of course, alternative methods of selectively
sintering the powder 22. One method is for the aim of the beanm
to be directed in a "vector" fashion - tﬁat is, the beam would
actually trace the outline and interior of each cross-sectional
region of the desired part.' Alternatively, the aim of the beanm
64 1s scanned in a repetitive pattern and the laser 12
modulated. 1In FIGURE 2, a raster scan pattern 66 is used and |
is advantageous over the vector mode primarily in its
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which is to undergo selective laser sintering includes a m xture of
nickel and tin, with the m xture preferably having approxi mately 40% ni ckel
and 60%tin (atomc percent). A part is formed by |ayerw se sel ective

| aser sintering, in the manner described hereinabove. Preferably, a
conventional |aser, such as a CJerr] or YAG |aser, having a power on the
order of 25 watts or greater, provides the directed energy beam
During selective |aser sintering, the podder is preferably in a non-
oxi di zi ng at nosphere such as nitrogen; alternatively, oxidation of the

powder may Qe inhibited_by,coating the nickel and tin powder with a flux,
for exanpl &FPhdSHYor Pie. 1 TP %’“‘B’gﬁg{fgel ectﬁ‘\?&%e&'sep°§ﬁﬁgéﬂ'ilﬁ'§, tfie to
anbi ent t expambitner €hef veleéor and raster scan methods so that the desired

boundaries of the layer are traced in a vector mode and the
interior irradiated in a raster scan mode. There are, of
course, trade-offs associated with the method chosen. For
example, the raster mode has a disadvantage when compared to
the vector mode in that arcs and lines which are not parallel
to the axes 68, 70 of the raster pattern 66 of the laser beanm
64 are only approximated. Thus, in some cases resolution of
the part can be degraded when produced in the raster pattern
mode. However, the raster mode is advantageous over the vector
mode in the simplicity of implementation.

Turning to FIGURE 1, the aim of the laser beam 64 is
scanned in the target area 26 in a continuous raster pattern.
Broadly speaking, the driver 50 controls galvanometers 48, 49
to made the raster pattern 66 (see FIGURE 2). Shifting
movement of the mirror 46 controls movement of the aim of the
laser beam 64 in the fast scan axis 68 (FIGURE 2), while
movement of the mirror 47 controls movement of the aim of the
laser beam 64 in the slow scan access 70.

The present position of the aim of the beam 64 is fed back
through the driver 50 to the computer 40 (see FIGURE 3). As
described below, in more detail, the computer 40 possesses
information relating to the desired cross-sectional region of
the part then being produced. That is, a portion of loose
powder 22 is dispensed into the target area 26 and the aim of
the laser beam 64 moved in its continuous raster pattern. The
computer 40 modulates the laser 12 to selectively produce a
laser beam at desired intervals in the raster pattern 66. 1In
this fashion, the directed beam of the laser 12 selectively
sinters the powder 22 in the target area 26 to produce the
desired sintered layer with the defined boundaries of the
desired cross-sectional region. This process is repeated
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powder is preferably elevated, for exanple to a tenperature on the order of
A190[err]C. These conditions cause the tin to nelt and infiltrate the powder
particles of nickel, much as in the manner shown in FIGURE 1l1lc descri bed
her ei nabove. Upon cooling of the |ayer (beginning with novenment of the

| aser beam away fromthe nelted portion), the tin resolidifies, formng a
solid mass of nickel powder particles within the resolidified tin.
Successive layers are then simlarly pr&%%ssed, until the desired part is
fabri cat ed. It should be noted that the nelting of tinin a later |ayer

tﬁ;;/ez E:gh n&e Cl; ¥§9¥%&%3‘3}5 {} QiutaQL fﬁg}rﬁr%; stlrr]m?:e%reldo olgae¥%re’r %8

produce a cohesxve part - e.qg. part 52 of FIGURE 2.

In operation, the wavelength of laser 12 may be varied to
produce higher absorptivity of energy by selected materials in
the powder relative to other materials in powder 22, In
operation, blended, coated or other combinations of powders are
preferably selected to produce sintered product with
characteristics including but not limited to, close dimensional

tolerances, structural integrity and required mechanical
behavior.

Interface and Software

The interface hardware operatively interconnects the
computer 40 with the laser 12 and galvanometers 47, 48. The
output port of the computer 40 (see FIGURES 1 and 3) is
directly connected to the laser 12 to selectively modulate the
laser 12. When operated in the pulsed mode, the laser 12 is
easily controlled by digital inputs to the pulsed gate input of
the laser. Galvanometer 48 is driven by the function generator
driver 50 to drive the beam in the fast scan axis 68
independent ©of any control signals from the computer 40.
However, a position feedback signal from the galvanometer 48 is
fed to a voltage comparator 74 as shown in FIGURE 3. The other
input to the comparator is connected to the digital-to-analog
convertor 76 which is indicative of the least significant six
bits (bits 6-5) of the user port of the compﬁter 40. As shown
in FIGURE 3, the output of the voltage comparator 74 is
connected to the flag line on the user port of the computer 40.
When the voltage comparator determines that the feedback signal
from the galvanomeﬁer 48 crosses the signal from the digital-
to-analog convertor 76, the flag line goes low causing a
nonmaskable interrupt. As discussed below, the nonmaskable
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After formation of the part, the mass has sufficient structural integrity

fo maintain its shape upon renoval of the non-nelted powder. The part is

t hen anneal ed, for exanple at 850[err]C for eight hours, preferably in an
i nert atnmosphere. During this anneal, nickel and tin atons interdiffuse

wi th one another, and chemcally react to formthe internmetallic conpound

Ni[err]Sn[err]. In the early stage of annealing at a tenperature above
the nelting point of tin, renelting of tdge tin may cause a loss in the

green strength of the part. Packing the part with a nold, forned of a
material such as

interrupt causes the next byte of data to put out on the user
port of a computer 40.

Finally, as shown in FIGURE 3, the galvanometer 49 driving
the aim of the laser beam 64 in the slow scan axis 70, is
controlled by a second digital to analog convertor 78. The
digital-to-analog convertor 78 is driven by a counter 79 which
increments with each sweep of the aim of the beam 64 in the
fast scan axis 68. The eight byte counter is designed to
overflow after 256 scans in the fast scan axis 68 to start a
new cycle or raster scan pattern 66.

Preferably, the <control information (i.e. defined
boundaries of the cross-sectional regions) data for each raster
pattern 66 would be determined by a CAD system given the
overall dimensions and configuration. of the part to be
produced. Whether programmed or derived, the control
information data for each raster pattern 66 is stored in the
computer memory as a series of eight bit words. The data
format represents a pattern of "on" and "off" regions of the
laser 12, versus distance along the raster pattern 66 traveled
by the aim of the beam 64. The data is stored in a "toggle-
point" format where the data represents the distance along each
raster scan pattern 66 where the laser is modulated (i.e.
turned from on to off or from off to on). Although a "bit map"
format might be used, the toggle point format has been found
more efficient for the production of high resolution parts.

For each eight bit word, the least significant six bits
(bits 0-5) represent the location of the next toggle point -
i.e. the next location for modulation of the laser 12. The
next bit (bit 6) represents whether the laser is on or off
immediately before the toggle point identified in the least
significant six bits. The most significant bit (MSB or bit 7)
is used for looping and for controlling the slow scan axis 70

This is the replacement sheet

am: 23 SEF W%

This Sheet Has Been Replaced




23 alumna, will allow the part to maintain its shape during such
annealing. Alternatively, the anneal nmay be done in stages, beginning with
a low tenperature (i.e., below the nelting point of tin) anneal for .
sufficient tine to begin the internetallic formation, followed by a high
tenperature anneal to nore rapidly conplete the process.

30

of the aim of the beam 64. Because the Commodore 64 had
limited memory, looping was required - it being understood that
a computer 40 with more memory would not require looping.

FIGURE 6 represents the flow chart for the data metering
program. The data metering program is run whenever the
flagline goes low causing a non-maskable interrupt (see FIGURE
3). The interrupt causes the microprocessor of the computer 40
to retrieve a two byte interrupt vector which points to the
location in memory where program control is transferred at
interrupt. As shown in FIGURE 6, the data metering program
first pushes the registers onto the stack and then loads the
next byte of data into the accumulator. The data word is also
output to the user port with the sixth bit used to modulate the
laser 12 (FIGURE 3).

As shown in FIGURE 6, the most significant bit (MSB or bit
7) of the data word in the accumulator is examined. If the
value of the most significant bit is one, that means the end of
the loop has not been reached; therefore the data pointer is
incremented, registers are restored from the stack, and the
data metering program is exited, returning control to the
microprocessor at the location of interrupt. If the most
significant bit in the accumulator is zero, the data word is
the last word in the loop. If the data word is the last word
in the loop, the next bit in memory is a loop counter and the
following two bytes are 'a vector pointing to the top of the
loop. As can be seen from FIGURE 6, if the most significant
bit'equals zero (end of the loop) the loop counter (next bit)
is decremented and analyzed. If the loop counter is still
greater than zero, the data pointer assumes the value from the
next two memory bytes after the loop counter, registers are
pulled from the stack and program control returns to the
location of interrupt. On the other hand, if loop counter is
zero, the data pointer is incremented by three and the loop
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Referring again to FIGURE 13, the nelting point of this conpound is on the
order of 1260[err]C. It should be noted that the high nelting point
tenmperature of the conpound Ni 3Sn2 is practicably not attainable by
irradiation of a laser in the context of selective |laser sintering, nuch

|l ess a 25 watt CJerr] laser as used in this nethod. As a result- of this
enbodi nent of the invention, a | ow tenperature process can forma part of a
high nmelting point material. This nethodithus broadens the range of
materials with which the selective |aser sintering process nmay be used, to
I nclude refractory conmpounds such as the internetallic conpound of

Ni [ err] Sn[ efdinterSiis gt $d demedefonchiexifdingr ithle @reogaime t dtweahsbend

ther mal a“%ﬂB%éEﬂHé&ﬂ that the need for such looping is absolved if the
memory size of the computer 40 is adequate.

Example

In FIGURES 4 and 5, an example part 52 is illustrated. As
can be seen from the drawing, the example part 52 assumes an
unusual shape in that it is not symmetrical and would be
difficult to fabricate using conventional machining methods.
For reference purposes, the part 52 includes an outer base
structure 80 having an interior cavity 82 and a pillar 84
disposed within the cavity 82 (see FIGURE 4). FIGURE 5 shows
the part 52 within the confinement structure 28 defining the
target area 26 illustrated in FIGURE 1. As shown in FIGURE 5,
some of the powder 22 is loose, while the remainder of the
powder is selectively sintered to comprise the structure of the
part 52. FIGURE 5 is shown in vertical section with parts
broken away and outlined in phantom to show the sintered
cohesive portions of the part 52.

FIGURE 7 shows a horizontal cross-sectional region, taken
along line 7-7 of FIGURE 4. FIGURE 7 represents a discrete
layer 86 associated with the cross-sectional region of the part
being produced. As such, the sintered layer 86 of FIGURE 7 is
a product of a single raster pattern 66 as illustrated in
FIGURE 2.

For reference purposes, a sweep line through the sintered
layer 86 has been labeled "L." FIGURE 8 illustrates the
software and hardware interface operation during the sweep L.
The top graph shows. the pésition of feedback signal from the
fast axis galva 48 and the output signal of the first digital
to analog convertor 76 (compare FIGURE 3). The voltage
comparator 74 generates an output signal to the flag line of
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conditions far greater than parts fornmed of polycarbonate, plastics, and
other low tenperature materials, these parts may be used in such
applications as testing of the strength or functionality of an apparatus
i ncorporating the part, and al so as custom manufactured parts installed

into actual end equi pnent. FIGURE 14 is a phase diagram for another
internmetallic systemsuitable for use wwth the nmethod according to this
enbodi nent of the invention is illustratagg, nanely the binary system of

ni ckel and al um num The desired binary internetallic conpound in

this systemis NN A, which has a nelting point of 1638C. It should be
not ed thattNeNcqmpuner 40 every time the feedback signal and first D/A

output signal cross.

In the top graph of FIGURE 8, these points are labeled T to
represent toggle points. As can be seen from the bottom graph
of FIGURE 8, the flag line generates a nonmaskable interrupt
corresponding to each toggle point T. The sixth bit of each
data word is analyzed and the current state of the laser 12
will reflect the value. The penultimate graph of FIGURE 8
shows the laser modulation signal for the sweep line L of
FIGURE 7. The second graph of FIGURE 8 shows that a high-going
edge in the most significant bit will be encountered at the end
of each sweep of the aim of the laser beam 64 in the fast scan
axis 68. As shown in FIGURES 3 and 6, the counter 79
increments on a high going edge, and outputs a signal to the
second digital-analog convertor 78 to drive the slow axis
galvanometer 49.

As can be seen from the example illustrated in the drawing,
parts of complex shape can be produced with relative ease.
Those skilled in the art will appreciate that the part 52
illustrated in FIGURE 4 would be difficult to produce using
conventional machining methods. In particular, machine tool
access would make the fabrication of cavity 82 and pillar 84
difficult, if not impossible, to produce if the part 52 were of
a relatively small size. ' '

In addition to avoiding the access problem, it will be
appreciated that the production accuracy is not dependent upon
machine tool wear and the accuracy of mechanical components
found in conventional machine tools. That is, the accuracy and
tolerances of the parts produced by the method and apparatus of
the present invention are primarily a function of the quality
of the electronics, the optics, and the implementing software.
Of course, heat transfer and material considerations-do affect
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attractive material for such applications as aerospace, due to its ability
to withstand extrenely high tenperatures while nmaintaining increased
strength and good resistance to oxidation

33

the tolerances obtainable.

Those skilled in the art will appreciate that conventional
machining techniques require considerable human intervention
and judgment. For example, a conventional machining process,
such as milling, would require creativity to make such
decisions as tool selection, part segmenting, sequence of cuts,
etc. Such decisions would even be more important when
producing a control tape for a tape control milling machine.
on the other hand, the apparatus of the present inéention only
requires the data relating to each cross-sectional region of
the part being produced. While such data can be simply
programmed into the computer 40, preferably, the computer 40
includes a CAD/CAM system. That is, the CAD/CAM portion of the
computer 40 is given the overall dimensions and configurations
of "the desired part to be produced and the computer 40
determines the boundaries for each discrete cross-sectional
region of the part. Thus, a vast inventory of part information
can be stored and fed to the computer 40 on a selectable basis.
The apparatus 10 produces a selected part without set-up time,
part specific tooling, or human intervention. Even the complex
and expensive dies associated with powder metallurgy and
conventional casting techniques are avoided.

While large quantity production runs and certain part
material characteristics might be most advantageously made
using conventiocnal fabrication techniques, the method and
apparatus 10 of the present invention is useful in many
contexts. In particular, prototype models and casting patterns
are easily and inexpensively produced. For example, casting
patterns are easily made for use in sand casting, lost wax
casting, or other forming techniques. Further, where desired
quantities are very small, such as with obsolete replacement
parts, production of such replacement parts using the apparatus
10 of the present invention has many advantages. Finally, the
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24 and corrosion. For this system the powder m xture to be irradi ated
by the directed energy beamis preferably 50% al um num and 50% ni ckel
(atomc percent), and the directed energy beam nust heat the powder in the
selected regions to a tenperature of at |east 660[err]Cto nelt the
alumnum As in the prior exanples, upon cooling, the nolten alum numw |
bi nd the solid nickel powder particles into a nass at the desired | ocations
of the layer; subsequent layers aresgsimlarly processed to formthe
part. Post-processing high tenperature annealing will formthe
intermetal lic conpound of Ni Al, having a very high nelting point. It should
be noted thale olfetiel kppgratus 10 may be useful where size of production

facilities is a major constraint, such as on-ship or in
outerspace.

Further modification and alternative embodiments of the
apparatus of this invention will be apparent to those skilled
in the art in view of this description. Accordingly this
description is to be construed as illustrative only and is for
the purpose of teaching those skilled in the art the manner of
carrying out the invention. It is to be understood that the
forms of the invention herein shown and described are to be
taken as the presently preferred embodiments. Various changes
may be made in the shape, size and arrangement of parts. For
example, elements or materials may be substituted for those
illustrated and described herein, parts may be reversed, and

- certain features of the invention may be utilized independently
of the useé of other features, all as would be apparent to one
skilled in the art after having the benefit of this description
of the invention.
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poirnt of Ni Al is higher than that of either of the precursor el enents.

The process described herei nabove nmay al so be used to produce N 3Al, which
is another attractive aerospace conpound in the nickel-alum numsystem the
powder m xture for this internetallic woul d i ncl udghi2 Shéesiids BeeaWaplasad 75%

ni ckel (atomc percent). In addition, a powder m xtu | um num
in the range from25%to 50% can be used to produce H teria
upon thernmal annealing, nanmely Ni[err35A-Ni Al. , 1f the
powder is a mxture of 35% al um num and 65% ni ckel (atom c percent), the

part produced according to this enbodi nent of the invention will be of the
two phase WaterAEN:

1. A method of producing a part, comprising:

depositing a powder onto a target surface, said powder
comprising first and second materials:

heating a selected portion of said powder to define a
cross-sectional region of the part; and

reacting the first and second materials in said cross-
sectional region of the part to form a chemical compound of
said first and second materials. )

2. The method of claim 1, wherein said heating step heats
said powder to a temperature between the melting point of said
first material and the melting point of said second material.

3. The method of claim 2, wherein the melting point of
said chemical compound is higher than the melting point of said
first material. '

4. The method of claim 3, wherein the melting point of
said chemical compound is higher than the temperature to which
the selected portion of the powder is heated in said heating
step. '

5. The method of claim 1, further comprising:
depositing a second layer of said powder after said
heating step; and '
heating a selected portion of said second layer of
powder to define a second cross-sectional region of the part.

6. The method of claim 5, wherein said reacting step
comprises:
removing portions of the powder not within the defined
cross-section of the part, after said step of heating said
second layer of powder; and

_._———-——‘————__’_-,— . . { .,
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Ni 3AI - Ni Al ,

i f equilibriumconditions prevail. O her candi date binary

systens for formng a high nelting point internetallic conpound, and which
are believed to be suitable for formation by way of |ower tenperature

sel ective | aserThssrsrB{,eemsrme mﬁ&acrr bed herei nabove, include (w thout

[imtation there
Ca-

Bi-Y, Bi-Zr,

M- Si, Nb- Sn,

A -Ti, Al-Y, A-Yb, Al-Zr, Bi-La, Bi-Nd,
Fe-Ti, Gde &d-Ru, Ge-Hf, In-Pd, I|In-Pr,
T1 Pd- Zr Spr - Sn, Si-Ti, Sn- Zr, Te- Zn,

Pd

Th-Zn, and Y-Zn.. Cerantc systens whi ch have such characteristics as to be

sui tabl e for

heating the part after said removing step.

7. The method of claim 1, wherein said reacting step is

performed during said heating step.

8. The method of claim 1, wherein said heating step

comprises:

directing an energy beam at selected portions of said

powder.
9. The method of claim 8, wherein the directing step
comprises:
directing a laser beam at selected portions of said
powder. '

10. The method of claim 1, wherein said first material

comprises tin.

11. The method of claim 10, wherein said second material

comprises nickel.

12. The method of claim 1, wherein said second material

comprises nickel.

13. The method of claim 12, wherein said first material

comprises aluminum.

14. The method of clatm 1, wherein said first and second

materials are metals.

15. The method of clalm 1, wherein said first and second

materials are ceramics.

16. The method of claim 1, wherein the chemical compound

formed by said reacting step is a stable compound.
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25 this enbodiment of the invention include La[err]err]-Blerr]err],
Bi[err](Jerr]Laferr]Oerr], Bi[err]Jerr]-No[err](Jerr], and
Vlerr]err]-Al[err](err]. It is contenplated that other binary systens,

as well as tertiary, quaternary, and other even nore B gpd
systens of nmetals and ceram cs (including l‘ll'
. 37 _

17. The method of claim 1, wherein the chemical compound
formed by said reacting step is a metastable compound.

18. A part produced by the method comprising the steps of:

depositing a powder onto a target surface, said powder
comprising first and second materials:;

heating a selected portion of said powder to define a
cross-sectional region of the part; and

reacting the first and second matérials in said cross-
sectional region of the part to form a chemical compound of
said first and second materials.

19. The part of claim 18, wherein said heating step heats
said powder to a temperature between the melting point of said
first material and the melting point of said second material;

and wherein the melting point of said chemical compound is
higher than the temperature to which the selected portion of
the powder is heated in said heating step.

20. The part of claim 18, wherein the method further
- comprises:
depositing a second layer of said powder after said
heating step; and _
heating a selected portion of said second layer of
powder to define a second cross-sectional region of the part;
and wherein said reacting step comprises: '
'removing portions of the powder not within the defined
cross-section of the part, after said step of heating said
second layer of powder; and
heating the part after said removing step.

21. The part of claim 18, wherein said reacting step is
performed during said heating step.
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glaés) “will also be useful in the nethod according to this enbodi nent of
the invention where a chentcéT‘Fééction i s enabl ed by exposure of precursor

materials to theTMsmeatﬁghéﬁmg In addition, it is

cont enpl at ed that y be formed during the i rradiation by the
di rected energy b a part can be forned of a material with

di fferent properties recursors_w thout requiring subsequent

anneal ing of the part. For a chentcal red®tion to occur, it is of course
necessary that the reaction kinetics be such that conversion of the

precur sor powd t he cqmpo can cur . in the tine allotted for
sel ecti ve Iaseﬁaéln gﬁlﬁf(ﬁ %;ﬁ)?{ﬁ fg whereln said first and second
materidals are metals.

23. The paft of claim 22, wherein said compound is an
intermetallic compound having a melting point hlgher than the

melting point of said first material.

24. The part of claim 18, wherein said first and second
materials are ceramics.

* % k * %

A
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be noted that the tine which the dlrected energy beam can remain over a
particular |ocation of the powder i's- probably linmted by the thermal ——

conduction of the powder, as it is undesirable for noﬂhmsmadhehaﬂ &é&ons
of the powder adjacent to the irradiated beamto also

sintering, or other thermal bonding, as such woul d co

resolution of the part being produced. It should a t hat,
alternatively to the provision of a direcB8d energy beam other ener gy
delivery techniques to selected portions of the powder |ayer may al so be

sufficient to_cause the nelting or reaction necessary 1o formthe part in
t he manner degE : RES BX P MATION | Ol OR POWDERS

Abstract of the Disclosure

A method and apparatus for selectively sintering a layer of
powder to produce a part comprising a plurality of sintered
layers. The apparatus includes a computer controlling a laser
to direct the laser energy onto the powder to produce a
sintered mass. The computer either determines or is programmed
with the boundaries of the desired cross-sectional regions of
the part. 'For each cross-section, the aim of the laser beanm is
scanned over a layer of powder and the beam is switched on to
sinter only the powder within the boundaries of the cross-
section. Powder is applied and successive layers. sintered
until a completed part is formed. Preferably, the powder
comprises a plurality of mwaterials having different
dissociation or bonding temperatﬁres. The powder preferably
comprises blended or coated materials, including precursor
‘materials which are formed into a mass at the irradiated
locations, and which either react due to the laser thermal
energy or in a later heat treatment to form a compound with
properties different than the precursors. ' Examples are
disclosed wherein a compound is formed which has a
significantly higher melting point than that of one or more of
the precursor powders.

FIGURE 11A
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mask may be provided in proximity to5thé p6mdeLr;LhLngh_m@jch a light
source is projected to sel ected poritions of the powder receive the energy

fromthe |ight source. Qher. techniques of dé&hisSheetiHagBéehRegiREd €NEr gy t O
sel ected portions of the powder surface wll a’l,m m ﬁ"mlrmnl y applicabl e.
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26 Turning to FIGURE 12, in yet another preferred enbodi nent a
material 1201 is preferably deposited on surface 1200 and second materi al

1203 is then depositqqisgﬂkegmgﬁgehileli;lc 1 prior to sintering. Mat eri al s

1201 and 1203  pref erent bondi ng or dissociation
t enper at ur es. e” “III f’nll
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Qper ati on A fundanental concept of the present invention is the build
up of a part in a layer-by-layer manner. That is, a part is considered a
plurality of discrete cross-sectional regions which cunmul atively conprise

t he three-di nensi onal configuration of the part. Each discrete
cross-sectional region has defined two-di nensional boundaries - of course,
each region may have uni que boundari es. In the nethod, a first
portion of powder 22 is deposited in 3
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the target area 26 and selectively sintered by the |l aser beam 64 to produce
a first sintered layer 54 (FIGURE 2). The first sintered |ayer 54
corresponds to a first cross-sectional region of the desired part. The

| aser beam sel ectively sinters only the deposited powder 22 within the
confines of the defined boundari es. There are, of course, alternative
nmet hods of selectively sintering the powder 22. One nethod is for the aim
of the beamto be directed in a "vector" fashion - that is, the beam woul d
actually trace the outline and interior of each cross-sectional region of
the desired part. Alternatively, the aimef the beam64 is scanned in a
repetitive pattern and the | aser 12
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nmodul ated. In FIGURE 2, a raster scan pattern 66 is used and is
advant ageous over the vector node primarily inits
27
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simplicity of inplenentation. Anot her possibility is to conbine the
vector and raster scan nethods so that the desired boundaries of the |ayer
are traced in a vector node and the interior irradiated in a raster scan
node. There are, of course, trade-offs associated with the method chosen.
For exanple, the raster node has a di sagvant age when conpared to the vector
node in that arcs and lines which are ngt parallel to the axes 68, 70 of
the raster pattern 66 of the |aser beam 64 are only approxi mated. Thus, in
some cases resolution of the part can be degraded when produced in the
raster pattern node. However, the raster node is advantageous over the
vector node in the S|an|C|ty of |nplenenA€t70§
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Turning to FIGURE 1, the aimof the |aser beam 64 is scanned in the target
area 26 in a continuous raster pattern. Broadly speaking, the driver 50
controls gal vanoneters 48, 49 to made the raster pattern 66 (see FlIGURE

2) . Shifting novenent of the mrror 46 controls novenent of the aim of
the | aser beam 64 in the fast scan axis~68 (FIGURE 2), while novenent of
the mrror 47 controls novenent of the aimof the | aser beam 64 in the slow

scan access 70. The present p05|t|on of the aimof the beam64 is fed
back through the driver 50 to the conputer 40 (see FIGURE 3). As descri bed
below, in nore detail, the conputer 40 possesses information relating to

the desired cross-sectional region of
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the' part then being produced. Tflat I's, a portion 6‘1{ | oose pomﬂ,g,z,_gzn;,s

di spensed LA gL S and the aimof the | aser beam 64 noved in
its cony 3 E?{’r"‘alsf‘egtﬁ';“é‘ f conput er 40 nodul ates the laser 12 to
sel ectli Vg ﬁg&ucefﬁﬂ‘g’s desired intervals in the raster pattern
66. In t A OR2EF bam of the laser 12 selectively sinters
t he powds LR ¢ Redsda ?7 to ptoduce the desired sintered |ayer
with tihé G‘e?fir?‘réd bBeﬂ?@ar’fqgérégrLdt ffe Pesired cross-sectional region. Thi s
process |s repeated :

DR OF R/ ”“*r...??b.‘.l!? .......

PRODUCING PARTS BY COMPOUND FORMATION OF
PRECURSOR POWDERS

This invention relates to a method pnd-apparatud which uses
a directed energy beam to selectively sinter a powder to
produce a part. In particular, this invention relates to a
computer aided laser apparatus which sequentially sinters a
plurality of powder layers to build the desired part in a
layer-by-layer fashion. The present application is
particularly directed towards a powder comprising a plurality
of materials where the powder has more than one bonding or
dissociation temperature.

Background of the Invention

The economies associated with conventional part production
methods are generally related directly to the quantity of parts
to be produced and the desired material characteristics of the.
finished parts. For example, large scale manufacture cast:.ng

~and extrusion techniques are often cost effective, but these
prodgction ~methods are generally unacceptable for small
quantities, i.e. replacement parts or prototype production.
Many such conventional part. production methods require
expensive part specific tooling. Even powder metallurgy
requires a die for shaping the powder, making powder metallurgy
unattractive as a method for producing a small number of parts.

Where only a small number of parts are desired,
conventional production methods involving a subtractive
machining method are usuaily used to produce the desired part.
In such subtractive methods, material is' cut away from a
starting block of material to produce a more complex shape.
Examples of subtractlve mach:.ne tool methods include: milling,
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28 layer-by-layer with the individual |ayers sintered together to produce
a cohesive part - e.g. part 52 of FlIGURE 2. I n operation, the

wavel ength of laser 12 may be varied to produce higher absorptivity of
energy by selected materials in the powder relative to other materials in
powder 22. I n

drilling, grinding, lathe cutting, flame cutting, electric
discharge machine, etc. While such conventional machine tool
subtractive methods are usually effective in producing the
desired part, they are deficient in many respects.

First, such conventional machine tool subtractive methods
procduce a large amount of waste material for disposal.
Further, such machine tool methods usually involve a large
initial expense for setting up the proper machining protocol
and tools. As such, the set-up time is not only expensive, but
relies a great deal on human judgment and expertise. These
problems are, of course, exacerbated when only a small number
of parts are to be produced.

Another difficulty associated with such conventional
m;chining techniques involves tool wear - which not ‘only
involves the cost of replacement, but also reduces machining
accuracy as the tool wears. Another limit on the accuracy and
tolerance of any part produced by conventional machining
techniques is the tolerance limits inherent in the particular
machine tool. For example, in a conventional milling machine
or lathe, the lead screws and ways are manufactured to a
certain tolerance, which limits the tolerances obtainable in
manufacturing a part on the machine tool. Of course, the
tolerhnces-attainable are reduced with age of the machine tool.

The final difficulty associated with such conventional
machine tool subtractive processes is the difficulty or
impossibility of making many part configurations. That is,
conventiocnal machining methods are usually best suited for
producing symmetrical parts and parts where only the exterior
part is machined. However, where a desired part is unusual in
shape or has internal features, the machining'bécomes more
difficult and quite often, the part must be divided into
segments for production. In many cases, a particular part
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operation, blended, coated or other conbinations of powders are preferably
selected to produce sintered product wth characteristics including
but not linmted to, close dinensional tolerances, structural integrity and
requi red nechani cal behavi or. Interface and Software The interface
har dwar e operatively interconnects the conputer 40 with the laser 12 and

gal vanoneters 47, 48. The output port ok the conputer 40 (see FIGURES 1 and
3) is

+

configuration is not possible because of the limitations
imposed upon the tool placement on the part. Thus, the size
and configuration of the cutting tool do not permit access of
the tool to produce the desired configuration.

There are other machining processes which are additive, for
example, plating, cladding, and some welding processes are
additive in that material is added to a starting substrate. 1In
recent years, other additive-type machining methods have been
developed which use a laser beam to coat or deposit material on
a starting article. Examples include U.S. Patent Nos.
4,117,302; 4,474,861; 4,300,474; and 4,323,756. These recent
uses of lasers have been primarily limited to adding a coating
to a previously machined article. Often such laser coating
methods have been employed to -achieve certain metallurgic
properties obtainable only by such coating methods. Typically,
in such laser coating methods the starting article is rotated
and the laser directed at a fixed location with the coating
material sprayed onto the article so that the laser will melt
the coating onto the article.

U.S. Patents No. 4,944,817, No. 4,863,538, No. 4,93%,816,
and PCT publicationyWO 88/02677 published 21 April 1988
and WO 90/03893, describe a method of producing complex parts
diréctly from'a CAD data base which is not suﬂbjéc_t to the above-'
described limitations of the ‘various subtractive and additive
methods, th:l.s ‘new method will be referred to .as *selective beam
sintering” or "select:.ve laser s1nter1ng"... The" selective laser .
,s:.nter:.ng process is part:.cularly advantageous in forming
’prototypes for parts wh:u.ch may subsequently be mass produced, for
example ‘by lnvestment casting, or by the use of tool:.ng.

It is desirable to utilize the select:.ve beam s:.nter:.ng
process not only to produce prototype models of subsequently
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directly connected to the laser 12 to selectively nodul ate the | aser 12.
When operated in the pul sed node, the laser 12 is easily controlled by
digital inputs to the pulsed gate input of the |aser. Galvanoneter 48 is
driven by the function generator driver 50 to drive the beamin the fast
scan axi s 68 independent of any control signals fromthe conputer 40.
However, a position feedback signal fromthe gal vanoneter 48 is fed to a
vol tage conparator 74 as shown in FIGURE 3. The other input to the
conparator is connected to the digital-to-analog convertor 76 which is

I ndicative of the |least significant six,bits (bits 0-5) of the user port of
the conmputer 40. As shown in Fl GURE 3, fhe out put of the voltage conparator
74 is connected to the flag line on the user port of the computer 40. Wen

the vol t agR sgOH¥atcdd FalkRsT Mt [dPso! b8 A sd¥ suitable for
actual use in a machine. Such usable parts may also be
prototypes, useful for testing the structural design of the
part and the system into which it is to be incorporated; in
addition, it is desirable to produce such parts which are
capable of serving in the end equipment product.

The material of parts which are to be actually used must be
of sufficient strength and integrity to meet the mechanical and
temperature  stress requirements of its application.
Accordingly, the formation of intermetallic and ceramic
(including glass) parts by selective beanm si_ntering is
desirable. However, many desirable metallic and ceramic
powderé have sintering or melting temperaturés which are
sufficiently high that selective sintering or melting by a
directed energy beam, such as a laser, is not easily achievable
at this time.

It ‘is therefore an object of this invention to provide a
method of producing a part by the applicatidn energy to
selected portions of a multiple material powder, where the
properties of the material of the part produced differs from
those of the materials in the inqwder.
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fromthe gal vanoneter 48 crosses the signal fromthe digita!- t o- anal og
convertor 76, the flag |ine goes | ow causing a nonmaskable interrupt. As

di scussed bel ow, the nonmaskabl e 29

S

The problem outlined above are in large measure
solved by the method of the present invention.

According to the present invention there is
provided a method of producing a part, comprising:
depositing a first layer of powder onto a target
surface, said powder comérising first and second
materials, directing a laser beam at a selected

~ portion of said first layer of powder :oselectlvely
sinter the powder 1n a first cross-sectlonal region of .
the part; I - -
depositing a second layer of said powder onto said
first layer of powder; and directing a laser beam
at a selected portion of said second layer of powder
to selectively sinter the -powder in-a second' cross-
sectional region  of the ' part; characterised by
reacting said.first and second materials in said first
and .second cross-sectlonal reglons of the part to form‘
a. chemical compound of said flrst and second
materials.

Embodiments of the invention use a directed
laser _beam - which . is adaptable
to produce almost ény three dimensional part. The
method is an additive process, with the powder being
dispensed into a target area where the laser
selectivély sinters the powder to produce a sintered
layer. The method is a layer-wise process in which -
the layers are joined together until the completed
part is formed. The method is not limited to a
particular type of powder, but rather is adaptable
to plastic, metal, polymer, ceramic, wax,
semiconductor or amorphous powders, or composite
material powders. '

Broadlj speaking, the apparatus used in the

method includes a laser br-other—direeted-enorgy/
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I nterrupt causes the next byte of data to put out on the user port of a
conput er 40. Finally, as shown in FIGURE 3, the gal vanoneter 49
driving the aimof the | aser beam64 in the slow scan axis 70, is
controlled by a second digital to anal og convertor 78. The

digital -to-anal og convertor 78 is driven by a counter 79 which increnents
w th each sweep of the aimof the beaf 64 in the fast scan axis 68. The
ei ght byte counter is designed to overflow after 256 scans in the fast scan
axis 68 to start a new cycle or raster scan pattern 66.

source which is selectable for emitting a beam in a
target area where the part is produced. ‘A powder
dispenser system deposits powder into the target
area. A laser control mechanism operates to move
the aim of the laser beam and modulates the laser to
selectively sinter a layer of powder dispensed into
the target area. The control mechanism operates to
selectively sinter only the powder disposed within
defined boundaries to produce the desired layer of
the part. The control mechanism operates the laser
to selectively sinter sequential layers of powder,
producing a completed part comprising a plurality of
layers sintered together. The defined bqundaries of
each layer correspond to respective cross-sectional
regions of the part. Preferably, the control
mechanism includes a cbmpu;er - e.g. a CAD/CAM
system - to determine the defined boundaries for
each layer. That is, given the overall dimensions
and configuration of the part, the computer
determines the defined boundaries for each layer and
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Preferably, the control I nformation (i.e. defined boundaries of the
cross-sectional regions) data for each raster pattern 66 woul d be
determ ned by a CAD system given the overall dinensions and configuration

of the part to be produced. Whet her programred or derived, the
control information data for each raster pattern 66 is stored in the
conputer nenory as a series of eight bit words. The data format

represents a pattern of "on" and "off" regions of the laser 12; versus

di stance along the raster pattern 66 travel ed by the aimof the beam 64.
The data is stored in a "toggle- point” format where the data represents .

t he di stance al ong each raster scan pattern 66 where the laser is

nmodul at ed dperatdsiurtiesl L1468 Odohtreflll mucHari®Bnfid aocondancé\ whetwgbha "bit

map” formafe i, AN BoukaTieN® 1 OHFLE ARk TERDASARNLL MR e

initially programmed with the defined boundaries of each layer

In a preferred form, the laser control mechanism includes
a mechanism for direétinq the laser beam in the target area and
a mechanism for modulating the laser beam on and off to
selectively sinter the powder in the target area. In one
embodiment, the directing mechanism operates to move the aim of
1 -the laser beam in a continuous raster scan of target area. The
modulating mechanism turns the laser beam on and off so that
the powder .is sintered only when the aim of the laser beam is
within the defined boundaries for the particular layer.
Alternatively, the directing mechanism aims the laser beam only
within the defined boundaries for the particular layer so that
. the laser beam can be left on continuously to sinter the powder .
within the defined boundaries for the particular layer.

In a preferred embodiment, the directing mechanism moves
‘the laser beam in a repetitive raster scan of the target area
using a pair of mirrors driven by galvanometers. The first
mirror reflects the laser beam to the second mirror which
reflects the beam into the target area. Shifting movement of
the first mirror by its galvanometer shifts the laser beam
generally in one direction in the target area. Similarly,
shifting movement of the second mirror by its galvanometer -
shifts the laser beam in the target area in a second direction.
Preferably, the mirrors are oriented relative to each other so
that the first and second directions are generally
perpendicular to each other. Such an arrangement allows for
many different types of scanning patterns of the laser beam in
the target area, including the raster scan pattern of the
preferred embodiment of the present invention.

The method of part production in one embodiment of the present

invention
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more efficient for the production of hi gh resolution parts. For each
eight bit word, the least significant six bits (bits 0-5) represent the
location of the next toggle point - i.e. the next |location for nodul ation
of the laser 12. The next bit (bit 6) represents whether the laser is on
or of f immedi ately before the toggle point identified in the |east
significant six bits. The nost significgit bit (MSB or bit 7) is used for

| oopi ng and for controlling the slow scan axis 70

includes the steps of depositing a first portion of powder onto
a target surface, scanning the aim of a directed \erergy—beam
laser _beam_ over the target surface, and sintering a
first layer of the first powder portion on the target surface.
The first layer corresponds to a first cross-sectional region
of the part. The powder is sintered by operating the directed
energy source when the aim of the beam is within the boundaries
defining the first layers. A second portion of powder is
deposited onto the first sintered layer and the aim of the
laser beam scanned over the first sintered layer. A second
layer of the second powdered portion is sintered by operating
the directed laser . source when the aim of the beam is within
the boundaries defining the second layer. Sintering of the
second layer also joins the first and second layers into a
cohesive mass. Successive portions of powder are. deposited
onto the previous;y sintered layers, each layer being sintered
in turn. In one embodiment, the powder is deposited
continuously into the target. |

In a preferred embodiment, the laser beam is modulated on
and off -during the raster scan so that the powder is sintered
when the aim of the beam is directed within the boundaries of
the particular layer. Preferably, the laser is controlled by
a computer; the computer may include a CAD/CAM system, where
the computer is given the overall dimensions and configuration
of the part to be made and the computer determines <the
boundaries of each cross-sectional region of the part. Using
the determined boundaries, the computer controls the sintering
of each layer corresponding to the cross-sectional regions of
the part. In an alternative embodiment, the computer is simply

programmed with,the boundaries of each cross~sectional region
of the part.

Additionally, another embodiment of the: present invention
includes a powder comprising a plurality of materials where the
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30 ° of the aimof the beam 64. Because the Commodore 64 had |imted

menory, | ooping was required - it being understood that a conputer 40 with
nore menory woul d not require | ooping.

plurality of materials have more than one dissociation
temperature. In still another embodiment of the present
invention, the powder comprises a plurality of materials where

the plurality of materials have more than one bonding
temperature. '

As used throughout this document, bonding temperature
includes but is not limited to, melting temperature, softening
temperature and bonding temperature.

In all preferred embodiments of the present invention, the
plurality of materials comprise at least one first material
'blended with at least one second material or at least one fxrst
material coated with at least one second material.

As can be appreciated from the above general description,
the present method solves many

of the problems associated with known part production methods.

First, the nmethod is well suited for prototype part
production or replacement part production of limited
quantities. Further, the method ' is

capable of making parts of complex configurations unobtainable
by conventional production methods. Further, the present

method -eliminates tool wear and machine design as limiting
factors on the tolerances obtainable in producing the part.
Finally, when

incorporated into a CAD/CAM environment, a large number of
replacement parts can be programmed into the computer and can
be easily produced with little set-up or human intervention.

The method : may also be applied
to produce a 'part of a material 'having' one or properties
different from those of the constituent materials in the
multiple material powder. The application of thermal energy
to selected locations of particular multiple material powders
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FIGURE 6 represents the flow chart for the data nmetering program The
data netering programis run whenever the flagline goes | ow causing a

non- maskabl e interrupt (see FIGURE 3). The interrupt causes the

m croprocessor of the conputer 40 to retrieve a two byte interrupt vector
whi ch points to the location in nmenory where programcontrol is transferred
at interrupt. As shown in FIGURE 6, thg data netering programfirst pushes
the registers onto the stack and then | gds the next byte of data into the
accunul ator. The data word is also output to the user port with the sixth

bi t used drapT¥d! | AlchdmifcaPSebadttith, CdHa Ihe formation of a stable or
metastable chemical compound, at the locations of the powder
exposed to the energy. The reaction may occur during the
application of the directed energy; alternatively, the directed
energy may melt or sinter the materials into a mass at the
selected locations, with subéequent heat treatment causing the
chemical reaction. The compound may have important properties
which are different from the'properties of any one of the
powder constituents, such as a much higher melting point. As

' a result, a part may be formed from a material which is
otherwise not conducive to selective laser brbean sintering.
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As shown in FIGURE 6, the nost significant bit (MSB or bit 7) of the data
word in the accunmul ator is examned. |If the value of the nobst significant
bit is one, that nmeans the end of the | oop has not been reached; therefore
the data pointer is increnmented, registers are restored fromthe stack, and
the data netering programis exited, returning control to the

m croprocessor at the location of intelkupt. If the nost significant bit
in the accunulator is zero, the data word is the last word in the loop. |If
the data word is the last word in the 1oop, the next bit in nmenory is a

| oop counter and the following two bytes are a vector pointing to the top
of the loop. As can be seen fromFIGURE 6, if the nost significant bit
equal s zero (enBhefinventibmoilltbe described inaweby (vayx of Bxakple oddys enent ed

and anal yzggen phiticlifat 3aRer@itd! €& ¢hd sdddmbanying drawings. In the

drawings:

~FIGURE 1 is a schematic representation of the apparatus of
the present invention: '

FIGURE 2 is a schematic showing a portion of the 1ayerea
build up of a. part produced in accordance with the present
invention, and illustrating the raster scan pattern of the
laser beam in the target area:

FIGURE 3 is a block diagram depicting the interface

hardwg:e between the computer, laser and galvanometers of the
present invention:

FIGURE 4 is a perspective view of an example part produced
in accordance with the present invention:

FIGURE 5 is a sectional view with parts broken away and in
phgntom, of the part illustrated in FIGURE 4:

FIGURE 6 is a flow chart of the data metering program in
accordance with the present invention:

FIGURE 7 is a sectional view taken along line 7-7 of FIGURE
4;

FIGURE 8 illustrates: in diagram form the correlation
between a single sweep of the laser across the layer of FIGURE
"7 and the control signals of the present . invention:

FIGURE 9 illustrates a blend of materials in a powder:

FIGURE 10 illustrates materials coated in a powder:
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greater than zero, the data pointer assunes the value fromthe next two
menory bytes after the |oop counter, registers are pulled fromthe stack
and programcontrol returns to the location of interrupt, on the other

hand, if |loop counter is zero, the data pointer is increnented by three
and the | oop

12

FIGURE 11 illustrates a portion of a sintering cycle on a
blend of materials as presently understood.

FIGURE 12 illustrates two materials deposited prior to
sintering.

FIGURES 13 and 14 are phase diagrams of binary metal
systems usable in an alternative embodiment of the invention.
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31 ° counter is reset to ten before exiting the program It can be
appreci ated that the need for such looping is absolved if the nmenory size
of the conmputer 40 is adequate. ' Exanple In FIGURES 4 and 5, an
exanple part 52 is illustrated. As can be seen fromthe draw ng, the

exanpl e part 52 assunmes an unusual shape_in that it is not symretrical and
woul d be 13

£ e t of ¢t d (o] ents

Turning novw to the drawings, FIGURE 1 broadly illustrates
the apparatus 10 in accordance with the present invention.
Broadly speaking, the apparatus 10 includes a laser 12, powder
dispenser 14, and laser control means 16. In more detail, the .
powder dispenser 14 includes.a hopper 20 for receiving the
powder 22 and having an outlet 24. The outlet 24 is oriented
for dispensing the powder to a target area 26, which in FIGURE
1 is generally defined by the confinement structure 28. Of
course, many alternatives exist for dispensing the powder 22.

The components of the 1laser 12 are shown somewhat
schematically in FIGURE 1 and include a laser head 30, a safety
shutter 32, and a front mirror assembly 34. The type of laser
used is dependent upon many factors, and in pérticular upon the
type of powder 22 that is to be sintered. In the embodiment of

" FIGURE 1, a Nd:YAG laser (Lasermetrics 9500Q) was used which
can operate in a continuous or pulsed mode with a hundred-watt
maximum dutlet power in the continuous-mode. The laser beam
output of the laser 12 has a wavelength of apprbximately 1060
nm, which is near infrared. The laser 12 illustrated in FIGURE
1 includes an internal pulse rate generator with a selectable
range of about one kiloHertz to forty kiloHertz, and an
approximately six nanosecond pulse duration. In either the

" pulsed or continuous mode, the laser 12 can be modulated on or
off to selectively produce a laser beam which travels generally
along the path shown by the arrows in FIGURE 1.

To focus the laser beam, a diverging lens 36 and converglng
lens 38 are disposed along the path of travel of the laser beam
as shown in FIGURE 1. Using just the converging lens 38, the
location of the true focal point is not easiiy controlled by
varying the distance between the converging lens 38 and the
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difficult to fabricate using conventional machining nethods. For reference
pur poses, the part 52 includes an outer base structure 80 having an
‘interior cavity 82 and a pillar 84 disposed within the cavity 82 (see
FIGURE 4). FIGURE 5 shows the part 52 within the confinenent structure 28
defining the target area 26 illustrated in FIGURE 1. As shown in Fl GURE 5,
sone of the powder 22 is | oose, while the remai nder of the powder is
selectively sintered to conprise the structure of the part 52. FIGQURE'5 is
shown in vertical section with parts btéken away and outlined in phantomto
show t he sintered cohesive portions of the part 52. FI GURE 7 shows a

hori zontal cross-sectiong) j on,_ taken
1aser 12. The dlver ing lens 36 placed between the laser 12

and converging lens 38 creates a virtual focal point between
the diverging lens 36 and the laser 12, Varying the distance
petween the converging lens 38 and the virtual focal point,
allows control of the true focal point along the laser beam
path of travel on the side of the converging lens 38 remote
from the laser 12. In recent years there have been many
advances in the field of optics,.and it is recognized that many
alternatives are available to efficiently focus the laser beam
at a known location. )

In more detail, the laser control means 16 includes
computer 40 and scanning system 42. In a preferred embodiment,
the computer 40 includes a microprocessor for controlling the '
laser 12 and a CAD/CAM system for generating the data. In the
embodiment illustrated in FIGURE 1, a personal computer is used

' (Commodore 64) whose primary attributes include an accessible
interface port and a flaq line which generates a nonmaskable
interrupt.

As shown in FIGURE 1, the scanning system 42 includes a
prism 44 for redirecting the path of travel of the laser beanm.
Of course, physical layout of the apparatus 10 is the primary
consideration in determining whether a prism 44, or a plurality
of prisms 44, are needed to manipulate the path of travel of
the laser beam. The scanning system 42 also includes a pair of
mirrors 46, 47 driven by respective galvanometers 48, 49. The

' galvanometers 48, 49 coupled to the;r respective mirrors 46, 47
to selectively orientate the mirrors 46, 47. The galvanometers
46, 47 are mounted perpendicular to each other such that the
mirrors 46, 47 are mounted riominally at a right angle to each
other. A function generator driver 50 controls the movement of
the galvanometer 48 (galvanometer 49 is slaved to the movement
of galvanometer 48) so that the'aim of the laser beam (repre-
sented by the arrows in FIGURE 1) can be controlled in the
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along line 7-7 of FIGURE 4. FIGURE 7 represents a discrete |ayer 86
associated wth the cross-sectional region of the part being produced. As

such, the sintered layer 86 of FIGURE 7 is a product of a single raster
pattern 66 as illustrated in Fl GURE 2. For reference purposes, a
sweep line through the sintered | ayer 86 has been |abeled "L." FI GURE 8

illustrates the software and hardware i &#berface operation during the sweep
L. The top graph shows the position of feedback signal fromthe fast axis
gal va 48

and t he outp t SI nal of  the flrst digital ,to analo nvert
(conpar e FAXIRE area L‘l’ a@% ¥@FpaLais ’Ej%%\’ﬁ%gs con &L?%p %b‘h
to the fleomputerodo as shown in FIGURE 1. It will be appreciated that

alternative scanning methods are available for use as the
scanning system 42, including acusto-optic scanners, rotating
polygon mirrors, and resonant mirror scanners.

Turning to FIGURE 2 of the drawing, a portion of a part 52
is schematically illustrated and shows four layers 54-57. The
aim of the laser beam, labeled 64 in FIGURE 2, is directed in
a raster scan pattern as at 66. As used herein, "aim" is used
as a neutral term indicating directioﬁ, but does not imply the
modulation state of the laser 12. For convenience, the axis 68
is considered the fast scan axis, while the axis 70 is referred
to as the slow scan axis. aAxis 72 is the direction of part
build-up. ' '

Turning to < FIGURES 9 and 10, powders, comprising a
plurality of materials by which parts may be made using the
present invention, are illustrated. For simplicity, only two
materials are shown in the illustrations. However, as will be
apparent to one skilled in the art, a plurality of materials
may comprisg the powder of the present invention.

FIGURE 9 illustrates a blend of first material 901 and’
second material 902. The materials are combined in a -blend
‘through conventional blending processes. FIGURE 10 illustrates
material 1002 coated with material 1001. Material 1002 is
coated using conventional coating processes.

As will be further apparent to one skilled in the art, -
coated materials, as shown in FIGURE 10, may be blended to
produce a desired mix of materials.

Turning to FIGURE 11, a portion of a sintering cycle, as
presently unde:stood, is illustrated. FIGURE 1l1la illustrates
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1ls

a blend of materials prior to the application

produce sintering. Preferably, the materialg
mass 1100 have more than one

of enerqgy able tg
comprisinq Powder

bonding of dissociation
temperature. FIGURE 11b illustrates powder 1194 duri
. nq

application of energy sufficient to promote sintering. FIGURE
11b illustrates material 1101 having a lower bonding o

dissociation temperature than material 1102. In a preferred

embodiment, the low temperature phase material 1101 infiltrates
powder mass 1100 in the area surrounding each particle of
material 1101. Additional powder compoﬁents could also be
added to the blend to promote infiltration. Similarly a gas
phase can be used to promote infiltration and the sintering
process. The gas phase may be either inert or active,
preferably to either displace an undesired gas or introduce a
desired gas. FIGURE 1llc illustrates a potential mechanism
through which effects, including but not limited to,'
capillarity effects, allow material 1101 to infiltrate the

powder mass 1100. FIGURE 1l1d shows the part following

sintering in the present invention.

Because a material having a bonding or dissociation
temperature higher than the temperature to be obtained during
the sintering process may be selected, the higher bonding or
dissociation temperature material need not sinter but may
retain its original structure. In particular, for crystalline
material this enables control of epitaxial growth in the
selective beam sintering procéss of the present invention. For
example, if the higher bonding or dissociation Itemperature
material is positioned in a particular structure that may,
preferably, result in epitaxial growth from the preceding
layer, only bonding or dissociating the lower bonding or
dissociation temperature material enables the higher
temperature material to retain its structure.

The choice of materials selected for the powder allows for
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t he conputer 40 every tine the feedback signal and first D/A output signa
Cross. In the top graph of FIGURE 8, these points are labeled T to
represent toggle points. As can be seen fromthe bottom graph of FI GURE 8,
the flag |line generates a nonmaskabl e interrupt corresponding to each
toggle point T. The sixth bit of each data word is analyzed and the current
state of the laser 12 wll reflect the %2l ue. The penul ti mate graph of

FI GURE 8 shows the | aser nodul ation signal for the sweep line L of FIGURE
7. The second graph of FIGURE 8 shows that a high-going edge in the nost

si gni f i cantbnsiad Wwangecofnresulsing mintereddnateriah. swEey exampdesi m of

the | aseodifidtihd mhteriai! fSPreferably coated with an insulating

polymer material to produce a powder. The ' powder is then
distributed in the target area. The material is preferably
sintered and the insulator may be removed later through a
conventional process, including but not limited to a chemical
method, resulting in a conductive, sintered product.

By way of further illustration, extremely hard materials
may be produced using the present invention. For example,
tungsten carbide/cobalt tools which, because of their extreme
hardness are difficult to form or sharpen may be produced by
coating tungsten carbide material with cobalt to produce a
powder or by blending tungsten carbide and cobalt to produce a
powder. During sintering, the cobalt preferably' melts under
the applied energy beam causing local irfiltration.of the
tungsten carbide. The part that is manufactured is ready to be
put into service preferably after' a secondary process
including, but not limited to, annealing.

By way of fl_.xrthei: illustration, copper and tin may be
combined in a powder. Tin, having a lower melting temperature

than copper, will melt and infiltrate the copper during
sintering.

Secondary processing may also be applied to parts produced
using the present invention. For example, where tin is allowed
to melt and infiltrate copper during sintering, post process
annealing will dissolve the tin into the copper in the solid
state creating bronze with minimal volume change or distortion.-

By way of further illustration, metal, including but not
limited to, iron or steel, may be coated with poly(methyl
methacrylate) (PMMA) polymer to form a powder. Sintering
enables the PMMA to flow and bind the metal. Post process
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axi's 68. As shown in FIGURES 3 and 6, the counter 79 increnents on a high
goi ng edge, and outputs a signal to the second digital-anal og convertor 78
to drive the sl ow axis gal vanonet er 49. As can be seen fromthe
exanple illustrated in the drawi ng, parts of conplex shape can be produced
with relative ease. Those skilled in the art wll appreciate that the part
52 illustrated in FIGURE 4 would be difficult to produce using conventional
machi ni ng methods. In particular, nachine tool access would nmake the
fabrication of cavity 82 and pillar 84 ¥ fficult, if not inpossible, to
produce if the part 52 were of a relatively snmall size.

anneal%ng_will dissociate the PMMA and sinter the metal thus
producing a final part.

Ceramic materials may be processed in this fashion as well.
For examplé, a mixture of fluorophosphate glass powders with
alunina powders will result in the glass softening and
infiltrating the alumina during the sintering process. In
another example, aluminum silicate, silica, or other ceramic
powder can be coated with a polymer by a variety of methods,
including spray drying and solvent coating. A surface active
agent may be used to pretreat the ceramic powder prior to
coating. This agent may be based on organosilane chemistry or
other chemistries known to promote the wetability of the
ceramic by the polymer and the adhesion of ceramic to polymer.
Any polymer, either thermoplastic or thermoset, which can be
coated on the ceramic, can be used as a binder. Typical
materials include PMMA, polystyrene, various epoxy
formulations, and phenolics. ' |

Any combination .of materials, including but not limited to,
metals, ceramics and polymefs enables production of parts in
accordance with the present invention wherein at least one
material in the powder has a low bonding or dissociation
temperature relative_td_the other materials in the powder.

In another preferred embodiment of the present invention,
the temperature of the powder mass may be increased. using
conventional heating means allowing the energy beam to merely
supply a small increase of energy to produce bonding or
dissociation of one of the elemental materials of the powder.

Materials comprising the powder may be chosen for ‘each
material's selective absorption of energy from a laser beam
(represented by the arrows in FIGURES 1la and 11b). In the

- preferred émbodiment shown in FIGURE 11, material 1101 may be
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In addition to avoiding the access problem it will be appreciated that the
production accuracy is not dependent upon machi ne tool wear and the
accuracy of nechani cal conponents found in conventional nachine tools. That
i's, the accuracy and tol erances of the parts produced by the method and
apparatus of the present invention are primarily a function of the quality
of the electronics, the optics, and theignpl enenting software. O course,
heat transfer and material considerations do affect .
chosen to absorb the wavelength of the applied beam energy
represented by the arrows while elemental material 1102 absorbs
less energy thereby enabling elemental material 1101 to bond or
dissociate prior to the bonding or dissociation of elemental
material 1102. This absorption of energy can be achieved by
either material or laser beam wavelength selection, or both, in

a plurality of combinations.

According to another alternative embodiment of the
invention, the application of the directed energy beam to
selected portions of the powder can be used to enable a
chemical reaction of the constituent materials within the
powder. In this embodiment, the powder includes multiple
precursors of the compound to be formed, for example a mixture
of elemental or alloyed powders. The energy of the directed
energy beam in the selective laser sintering process causes the
formation of a mass at the locations of each powder layer which
are exposed to the;di:ected beam. The part is built up by the
layerwise process of placing powder at tﬁé target surface and
selective laser sintering or binding selected portions of the
layer, forming a part in layerwise fashion as described
hereinabove. Upon completion of the this process, the portions
" of the powder not exposed to the directed energy beam are
removed, as noted hereinabove.

Either during the laser exposure, or in a post-selective
laser sintering anneal, the precursors at the irradiated
locations interdiffuse, resulting in a new phase of the
material based on a chemical reaction. This new phase
preferably has significantly different properties than any of.
the precursor materials; examples of these different properties
include physical, mechanical, tribolégical, or electrical .
properties.

For example, a part which is to be subjected to high
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33 the tol erances obt ai nabl e. Those skilled in the art w |
appreci ate that conventional nachining techniques require considerable
human i ntervention and judgnent. For exanple, a conventional machining
process, such as mlling, would require creativity to make such

20

temperatures in its intended use preferably is formed of a high
meltiné point material. High melting point powders are not
suitable for use in the selective laser sintering process,
however, since the laser power will generally be insufficient
to melt or sinter the powder'into a mass. According to this
embodiment of the invention, the high melting point material of
which the part is to be produced is a compound of precursors,
one of which has a relatively low melting point.

By way of example, a compound A,B, may be selected which has
a high melting point, where elemental constituents A and B can
exist in mixed powder form. It should be noted that this
method is also applicable for systems where some solid
solubility of constituents in the compound exists, in which
case m and n are not integers. Certain considerations are
important in selecting the compound A,B,. Firstly, there must
be a significant difference in the melting.points of at least
two of the precursor elements A and B such that the power
capability of the laser (or other directed energy beam) is able
to melt the material having the lower one of the melting points
while not melting the material with the higher melting point.
It should be noted that the laser need not supply all of the
thermal power required to melt the low melting point powdet:
the ambient temperature of the powder may be maintained near
the lower melting point, so that the laser power is sufficient
to melt the lower melting point precursor in the irradiated
locations, but not in the non-irradiated locations. Secondli,
a compound A,B, of the precursors which has the desired
properties (e.g., high melting point) must exist. Thirdly, in
order that the chemical reaction can be performed in a time
efficient manner, it is desirable that the reaction rate-
limiting precursor species have high chemical diffusivity in-
the other precursor species and in the compound. Fourthly, it
is desirable that the volume fraction of the low melting 'point
precursor of the total volume be significant, preferably on the
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deci si ons as tool selection, part segnenting, sequence of cuts, etc. Such
decisions would even be nore inportant when producing a control tape

for a tape control mlling machine. On the other hand, the apparatus of the
present invention only requires the data relating to each cross-secti onal
region of the part being produced. Wil e such data can be sinply

programmed into the conputer 40, preferably, the conputer 40 includes a
CAD/ CAM system That is, the CAD/ CAM pol#ion of the conputer. 40 is given
the overall dinmensions and configurations of the desired part to be

produced, and th uter_40 determ nes e, bayndar i for _each discrete
cross-sec?’r'%?i’él °?eé%g&%f;? heeggent, Tﬁ%s?‘nat\/g}eiHVSEFBr PISCHAqr may

i nf or mat i pulTynihfiitoatd theé heh-meXtingoppatarsét ,oreswld g ait chbghi s.
The appargéggiép BéPEE?es a selected part without set-up tine,

Generally, a single phase binary compound A,B, according to
this embodiment of the invention results from the following
reaction:

mA + nB - A,B,

Alternatively, an excess amount of one of the constituent
precursors may be used to produce a two' phase product. For
example',' wvhere an excess amount of precux"sor A is used, the
following reaction occurs: '

'(m-f-c)A + nB -—-A,B,, + OA

Where two compouhds exist for a system, proper control of the
precursor amounts in the powder can produce a product with two
compound phases, according to the following reaction:

(em+fo)A + (an+Bp)B - aA,B, + BA.B,

FIGURE 13 is a phase diagram for a first preferred example
of a binary compound which can be formed according to this
embodiment of the invention. The phase diagram of FIGURE 13
illustrates the melting points of various mixtures of nickel
and tin. It should be noted that the melting points of
elemental nickel and tin differ quite widely, with the melting
point of elemental tin being 231.8°C. It should also be noted
that intermetallic compounds of nickel and tin exist which have
high melting points; for example, the melting point of Ni,Sn, is '
on the order of 1260°C.

According to this embodiment of the invention, the powder
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part specific tooling, or human intervention. Even the conpl ex and
expensi ve di es associated with powder netallurgy and conventional casting
techni ques are avoi ded. - Wil e | arge quantity production runs and
certain part material characteristics mght be nost advantageously nade
usi ng conventional fabrication techniques, the nethod and apparatus 10 of
the present invention 1is useful in many contexts. In particular,
prot ot ype nodel s and casting patterns are easily and inexpensively
produced. For exanple, casting patternd2are easily made for use in sand
casting, lost wax casting, or other form ng techniques. Further, where

desited gHanh '18S &1° uiletau Phe1e2tile® 1 5l Wikering SPndTaHEE" A
mixture of nickel and tin, with the mixture preferably having
approximately 40% nickel and 60% tin (atomic percent). A part
is formed by layerwise selective laser sintering, in the manner
described hereinabove. Preferably, a conventional laser, such
as a CO, or YAG laser, having a power on the order of 25 watts
or dgreater, provides the directed energy beam. During
selective laser sintering, the powder is preferabiy in a non-
oxidizing atmosphere such as nitrogen; alternatively, oxidation
of the powder may be inhibited by coatind the nickel and tin
powder with a flux, for example zinc chloride. Also during
selective laser sintering, the ambient temperature of the
powder is preferably elevated, for example to a temperature on
the order of 190°C. These conditions cause the tin to melt and
infiltrate the powder particles of nickel, much as in the
manner shown in FIGURE 1lc described hereinabove. Upon cooling
of the layer (beginning with movement of the laser beam away
from the melted portion), the tin resolidifies, forming a solid
mass of nickel-powder particles within the resolidified tin.
Successive layers are then similarly processed, until the

"desired part is fabricated. It should be noted that the
melting of tin in a later layer serves to connect its part
cross-section to that of the prior layer, so that a cohesive
mass is formed in layerwise fashion.

After formation of the part, the mass has sufficient
structural integrity to maintain its shape upon removal of the
non-melted powder. The part is then annealed, for example at
850°C for eight hours, pfeferably in an inert atmosphere.
During this anneal, nickel and tin atoms interdiffuse with one
another, and chemically react to form the intermetallic
compound Ni,Sn,. In the early stage of annealing at a
temperature above the melting point of tin, remelting of the
tin may cause a loss in the green strength of the part.
Packing the part with a mold, formed of a material such as
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parts, production of such replacenent parts using the apparatus 10 of the
present invention has many advantages. Finally; the
34

23

alumina, will allow the part to maintain its shape during such
annealing. Alternatively, the anneal may be done in stages,
beginning with a low temperature (i.e., below the melting point
of tin) anneal for sufficient time to begin the intermetallic
formation, followed by a high temperature anneal to more
rapidly complete the process.

Referring again to FIGURE 13, the melting point of this
compound is on the order of 1260°C. It should be noted that the.
high melting point temperature of the compound Ni;Sn, is
practicably not attainable by irradiation of a laser in the

- context of selective laser sintering, much less a 25 watt CO;
laser as used in this method. As a result of this embodiment
of the invention, a low temperature process can form a part of
a high melting point material. This method thus broadens the
range of materials with which the selective laser sintering
process may' be used, to include refractory compounds such as
the intermetallic compound of Ni,Sn,. Since parts formed of
this material are able to withstand thermal and mechanical
conditions far greater than parts formed of polycarbonate,
plastics, and other low temperature materials, these parts may
be used in such applications as testing of the strength or
functionality of an apparatus incorporating the part, and also

as custom manufactured parts installed into actual end
equipment.

FIGURE 14 is a phase diagram for another intermetallic
system suitable for use with the method accord'ing to this
embodiment of the invention is illustrated, namely the binary
system of nickel and aluminum. The desired binary
intermetallic compound in this system is NiAl, which has a
melting point of 1638°C. It should be noted that NiAl is an
attractive material for such applications as aerospace, due to
its ability to withstand extremely high temperatures while
maintaining increased strength and good resistance to oxidation
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use of the apparatus 10 may be useful where size of production facilities
is a major constraint, such as on-ship or in outerspace. Furt her

nodi fication and alternative enbodi nents of the apparatus of this invention
will be apparent to those skilled in the art in view of this description.
Accordingly this description is to be construed as illustrative only and is
for the purpose of teaching those skilled in the art the manner of carrying
out the invention. It is to be understhd that the forms of the invention
herein shown and described are to be

and corrosion. For this system, the powder mixture to be
irradiated by the directed energy beam is preferably 50%
aluminum and 50% nickel (atomic:percent), and the directed
energy beam must heat the powder in the selected regions to a
temperature of at least 660°C to melt the aluminum. As in the
prior examples, upon cooling, the molten aluminum will bind the
solid nickel powder particles into a mass at the desired
locations of the layer; subsequent layers are similarly
processed to form the part. Pdst-procgssing high temperature
annealing will form the intermetallic compéund of NiAl, having
a very high melting point. It should be noted that the melting
point of NiAl is higher than that of either of the precursor
elements.

The process described hereinabove may also be used to
produce Ni,Al, which is another attractive aerospace compound
in the nickel-aluminum system; the powder mixture for this
intermetallic would include 25% aluminum and 75% nickel (atomic
percent). In addition, a powder mixture including aluminum in
the range from 25% to S0% can be used to produce a two phase

~ material upon thermal annealing, namely Ni,Al-Nial. For
example, if the powder is a mixture of 35% aluminum and 65%
nickel (afomic percent), the part produced according to this
embodiment of the invention will be of the two phase material
Ni,Al-NiAl, it equilibrium conditions prevail.

other candidate binary systems for forming a high melting
peint intermetallic compound, arnd which are believed to be
suitable :dr formation by way of lower temperature selective
laser sintering as described hereinabove, include (without
limitation thereto) Al-N4, Al-Th, Al-Ti, Al-Y, Al-Yb, Al-Zr,
Bi-La, Bi-Nd, Bi-¥Y, Bi-2Zr, Ca-Si, Co-Nb, Co-W, Fe-Ti, Gd-Pb,
Gd-Ru, Ge-Hf, In-Pd, In-Pr, Mn-Si, Nb-Sn, pPd-Sn, P4d-Ti, P4-TI1,
Pd-2r, Pr-sn, Si-Ti, sn-Zr, Te-2n, Th-Zn, and ¥-Zn. Ceranmic
systems which have such characteristics as to be suitable for
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taken as the presently preferred enbodi ments. Various changes may be made
in the shape, size and arrangenent of parts. For exanple, elenents or
materials may be substituted for those illustrated and descri bed herein,
parts may be reversed, and certain features of the invention may be
utilized independently of the use of other features, all as would be
apparent to one skilled in the art aft@®5 having the benefit of this
description of the invention.

this embodiment of the invention include La,0,-B,0,, Bi;0,~La,0,,
Bi,0,~Nb,0,, and V,0,-A1,0,. It is contemplated that other binary
systems, as well as tertiary, quaternary, and other even more
complex compound systems of metals and ceramics (including
glass), will also be useful in the method according to this
embodiment of the invgntion' where a chemical reaction is
enabled by exposure of precursor materials to the directed
energy beam. '

In addition, it is contempiated that the compound may be
formed during the irradiation by the directed energy beam, such
that a part can be formed of a - material with different
properties from the precursors without requiring subsequent
annealing of the part. For a chemical reaction to occur, it is
of course necessary that the reaction kinetics be such that
conversion of the precursor powders to the compound can occur
in the time allotted for selective laser sintering. It should
be noted that the time which the directed energy beam can
remain over a particular location of the powder is probably
limited by the thermal conduction of the powder, as it is
undesirable for non-irradiated portions.of the powder adjacent
to the irradiated beam ﬁo also undergo melting, sintering, or
other thermal bonding, as such would compromise the resolution
of the part being produced.

It should also be noted that, alternatively to the
provision of a directed -energy beam, other energy delivery
techniques to selected portions of the powder layer may also be
sufficient to cause the melting or reaction necessary to form
the part in the manner described hereinabove. - For example, a:
mask may be provided in proximity to the ﬁowder, through which
a light source is projected to selected portions of the powder .
receive the energy from the light source. Other techniques of
delivering thermal energy to selected portions of the powder
surface will also be éimilarly applicable.
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35 ° 1. A nethod of producing a part, conprising: depositing a
first layer of powder onto a target surface, said powder conprising first
and second

26

Turning to FIGURE 12, in yet another preferred embodiment
a material 1201 is preferably deposited on surface 1200 and
second material 1203 is then'deposited on material 1201 prior
to sintering. Materials 1201 and 1203 preferably have
different bonding or dissociation temperatures.

Operation

A fundamental concept of the present invention is the build
up of a part in a layer-by-layer manner. That is, a part is
considered a plurality of discrete cross-sectional regions
which cumulatively comprise the three-dimensional configuration
of the part. Each discrete cross-sectional region has defined
two-dimensional boundaries - of course, .each region may have
unique boundaries.

In the method, a first portion of.powder 22 is deposited in
the target area 26 and selectively sintered by the laser beam
64 to produce a first sintered layer 54 (FIGURE 2). The first
sintered layer 54 corresponds to a first cross-sectional region
of the desired part. The laser beam selectively sinters only
the deposited powder 22 within the confines of the defined
boundaries. '

, There are, of course, alternative methods of selectively
sintering the powder 22. One method is for ﬁhe aim of the beanm
to be directed in a "vector" fashion - that is, the beam would
actually trace the outline and interior of each cross-sectional
region of the desired part. Alternatively, the aim of the beam
64 is scanned in a repetitive pattern and the laser 12
modulated. In FIGURE 2, a réster scan pattern 66 is used and '
is advantageous over the vector mode primarily in its
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materials (901, 902), directing a |l aser beam at a sel ected portion of
said first layer of powder to selectively sinter the powder in a first
cross-sectional region of the part; depositing a second | ayer of said
powder onto said first |ayer of powder; and directing a | aser beam
at a selected portion of

27

simplicity of implementation. Another possibility is to
combine the vector and raster scan methods so that the desired
boundaries of the layer are traced in a vector mode and the
interior irradiated in a raster scan mode. There are, of
course, trade-offs associated with the method chosen. - For
example, the raster mode has a disadvantage when compared to
the vector mode in that arcs and lines which are not parallel
to the axes 68, 70 of the raster pattern 66 of the laser beam
64 are only approximated. Thus, in some cases resolution of
the part can be degraded when produced in the raster pattern
mode. However, the raster mode is advantageous over the vector
. mode in the simplicity of implementation.

Turning to FIGURE 1, the aim of the laser beam 64 is
scanned in the target area 26 ih a continuous raster pattern.
Broadly speaking, the driver 50 controls galvanometers 48, 49
to made the raster pattern 66 (see FIGURE 2). Shifting
movement of the mirror 46 controls movement of the aim of the
laser beam 64 in the fast scan axis 68 (FIGURE 2), while
movement of the mirror 47 controls movement of the aim of the-
laser beam 64 in the slow scan access 70.

The present position of the aim of the beam 64 is fed back
through the driver 50 to the computer 40 (see FIGURE 3). As-
described below, in more detail, the computer 40 possesses
information relating to the desired cross-sectional region of
the part then being produced. That is, a portion of loose
powder 22 is 'dispensed into the target area 26 and the aim of
the laser beam 64 moved in its continuous rastei: pattern. The
computer 40 modulates the laser 12 to selectively produce a
laser beam at desired intervals in the raster pattern 66. 1In
this fashion, the directed beam of the laser 12 selectively
sinters the powder 22 in the target area 26 to produce the
desired sintered layer with the defined boundaries of the
desired cross—-sectional region. This process is repeated
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said second | ayer of powder to selectively sinter the powder in a second
cross-sectional region of the part; characterised by reacting said
first and second materials (901, 902) in said first and second _
cross-sectional regions of the part to forma chem cal conpound of said
first and second materials. 2. A nmethod according to claim1l1, wherein
said

28

layer-by-layer with the individual layers sintered together to
produce a cohesive part - e.g. part 52 of FIGURE 2.

In operation, the wavelength of laser 12 may be varied to
produce higher absorptivity of'énergy by selected materials in
the powder relative to other materials in powder 22. In
operation, blended, coated or other combinations of powders are
preferably selected to produce sintered product with
characteristics including but not limited to, close dimensional

tolerances, structural integrity and tequired mechanical
behavior.

Inte ce S ware

The interface hardware operatively interconnects the
computer 40 with the laser 12 and galvanometers 47, 48. The
output port of the computer 40 (see FIGURES 1 and 3) is
directly connected to the laser 12 to selectively modulate the
laser 12. When operated in the pulsed mode, the laser 12 is
easily controlled by digital inputs to the pulsed gate input of
the laser. Galvanometer 48 is driven by the function generator
driver 50 to drive the beam in the fast scan axis 68
independent of any control signals from the computer 40.
However, a position feedback signal from the galvanometer 48 is
fed to a voltage comparator 74 as shown in FIGURE 3.  The other
input to the compa'rator is connected to the digital-to-analog
convertor 76 which is indicative of the least significant six
bits (bits 0-5) of the user port of the computer 40. As shown
in FIGURE 3, the output of the voltage comparator 74 is
connected to the flag line on the user port of the computer 40.
When the voltage comparator determines that the feedback signal
from the galvanometer 48 crosses the signal from the digital-
to-analog convertor 76, the flag line goes low causing a
‘nonmaskable interrupt. As discussed below, the nonmaskable
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directing steps heat said powder to a tenperature between the nelting
point of said first material and the nelting point of said second .
mat eri al . 3. A nethod according to claim?2, wherein the nelting point
of said chem cal conpound is higher than

29

interrupt causes the next byte of data to put out on the user
port of a computer 40.

Finally, as shown in FIGURE 3, the galvanometer 49 driving
the aim of the laser beam 64 in the slow scan axis 70, is
controlled by a second digital to analog convertor 78. The
digital-to-analog convertor 78 is driven by a counter 79 which
increments with each sweep of the aim of the beam 64 in the
fast scan axis 68. The eight byte counter is designed to
overflow after 256 scans .in the fast scan axis 68 to start a
new cycle or rastef scan pattern 66.

Preferably, the control information (i.e. defined
boundaries of the cross-sectional regions) data for each raster
pattern 66 would be determined by a CAD system given the
overall dimensions and configuration of. the part to be
produced. Whether programmed or derived, the control
information data for each raster pattern 66 is stored in the
computer memory as a series of eight bit words. The data
format represents a pattern of "on" and "off".regions of thé
laser 12; versus distance along the raster pattern 66 traveled
by the aim of the beam 64. The data is stored in a "toggle-
point" format where the data répresents the distance along each
raster. scan pattern 66 where the laser is modulated (i.e.
turned from on to off or from off to on). Although a "bit map"
‘format migﬁt'be used, the toggle point format has been found
more efficient for the production of high resolution parts.

For each eight bit word, the least significant six bits
(bits 0-5) represent the location of the next toggle point -
i.e. the next location for.modulation of the laser 12. The
next bit (bit 6) represents whether the lasgr'is on or off -
immediately before the toggle point identified in the least
significant six bits. The most significant bit (MSB or bit 7)
is used for looping and for controlling the slow scan axis 70
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36 the nelting point of said first material. 4. A nethod according to
claim 3, wherein the

30

of the aim of the beam 64. Because the Commcodore 64 had
limited memory, looping was required - it being understood that
a computer 40 with more memory would not require looping.

FIGURE 6 represents the flow chart for the data metering
program. The data metering program is run whenever the
flagline goes low causing a non-maskable interrupt (see FIGURE
3). The interrupt causes the microprocessor of the computer 40
to retrieve a two byte interrupt vector which points to the
location in memory where program control is transferred at
interrupt. . As shown in FIGURE 6, the data metering program
first pushes the registers onto the stack and then loads the
next byte of data into the accumulator. The data word is also
output to the user port'with the sixth bit used to modulate the
laser 12 (FIGURE 3).

As shown in FIGURE 6, the most significant bit (MSB or bit
7) of the data word in the accumulator is examined. If the
value of the most significant bit is one, that means the end of
the loop has not been reached; therefore the data bointer is
increnmented, reqistérs are restored from the stack, and the
data metering program is exited, returning control to the
microprocessor at the location of interrupt. If the most
signifiéant bit in the accumulator is zero, the data word is
the last word in the loop. If the data word is the last word
in the loop, the next bit in memory is a loop counter and the
following two bytes are a vector pointing to the top of the
loop. As can be seen from FIGURE 6, if the most significant
bit equals zero (end of the loop) the loop counter (next bit)
is decremented and analyzed. If the loop counter is still
greater than zero, the data pointer assumes the value from the
next two memory bytes after the loop counter, registefs are
pulled from the stack and program control returns to the
location of interrupt. On the other hand, if loop counter is
zero, the data pointer is incremented by three and the loop
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melting point of said chem cal conpound is higher than the tenperature to
which the selected portions of the powder are heated in said directing

st ep. 5. A nethod according to any preceding claim wherein said
reacting step conprises: renoving portions of the powder not within
sai d

kb

counter is reset to ten before exiting the program. It can be
appreciated that the need for such looping is absolved if the
memory size of the computer 40 is adequate.

Example

‘In FIGURES 4 and 5, an example part 52 is illustrated. As
can be seen from the drawing, the example part 52 assumes an
unusual shape in that it 'is .not symmetrical and would be
difficult to fabricate using conventional machining methods.
For reference purposes, the part 52 includes an outer base
structure 80 having an interior cavity 82 and a pillar 84
disposed within the cavity 82 (see FIGURE 4). .FIGURE S5 shows
the part 52 within the confinement structure 28 defining the
target area 26 illustrated in FIGURE 1. As shown in FIGURE 5,
some of the powder 22 is loose, while the remainder of the
powder is selectively sintered to comprise the structure of the
part 52. FIGURE 5 is shown in vertical section with parts
broken away and outlined in phantom to show the sintered
cohesive portions of the part 52.

FIGURE 7 shows a hofizontal cross—-sectional region, taken
along line .7-7 of FIGURE 4. FIGURE 7 represents a discrete
layer 86 associated with the cross-sectional region of the part
being produced. As such, the sintered layer 86 of FIGURE 7 is
a product of a single raster pattern 66 as illustrated in
FIGURE 2.

For reference purposes, a sweep line through the sintered
layer 86 has been labeled "L." FIGURE 8 illustrates the
software and hardware interface operation during the sweep L.
The top graph shows the position of feedback signal from the
fast axis galva 48 and the output signal of the first digital
to analog convertor 76 (compare FIGURE 3). The voltage
comparator 74 generates an output signal to the flag line of
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first and second cross-sectional regions of the part, after said directing
steps; and heating the part after said renoving step. 6. A nethod
according to claim1l, wherein said reacting step is performed during said
directing steps.

32

the computer 40 every time the feedback signal and first D/A
output signal cross.

In the top graph of FIGURE 8, these points are labeled T to
represent toggle points. As can be seen from the bottom graph
of FIGURE 8, the flag line generates a nonmaskable interrupt
corresponding to each toggle point T. The sixth bit of each
data word is analyzed and the current state of the laser 12
will reflect the value. The penultimate graph of FIGURE 8
shows the laser modulation signal for the sweep line L of
FIGURE 7. The second graph of FIGURE 8 shows that a high-going
edge in the most significant bit will be encountered at the end
of each sweep of the aim of the laser beam 64 in the fast scan
axis 68. As shown in FIGURES 3 and 6, the counter 79
increments on a high going edge, and outputs a signal to the
second digital-analog convertor 78 to drive the slow axis
galvanometer 49.

As can be_seen from the example illustrated in the draﬁiné,
parts of complex shape can be produced with relative ease.
Those skilled in the art will appreciate that the part 52
illustrated in FIGURE 4 would be difficult to produce using

. conventional ma;hining methods. In particular, machine tool -
access would make the fabrication of cavity 82 and pillar 84
difficult, if not impossible, to produce if the part 52 were of
a relatively small size. ]

In addition to avoiding the access problem, it will be
appreciated that the production accuracy is not dependent upon
machine tool wear and the accuracy of mechanical components
found in conventional machine tools. That is, the accuracy and
tolerances of the parts produced by the method and apparatus of
the present invention are primarily a function of the quality
of the electronics, the optics, and the implementing software.
Of course, heat transfer and material considerations-do affect
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7. A nmethod according to claim1, wherein said first material conprises
tin. 8. A nethod according to claim7, wherein said second nmateri al
conpri ses nickel . 9. ‘A method according to claim1, wherein said second
mat eri al conprises nickel.

33

the tolerances obtainable.

Those skilled in the art will appreciate that conventional
machining techniques require considerable human intervention
and judgment. For example, a conventional machining process,
such as milling, would require creativity to make such
decisions as tool selection, part segmenting, sequence of cuts,
etc. Such decisions would even be more important when
producing a control tape for a tape control milling machine.
On the other hand, the apparatus of the present invention only
requires the data relating to each cross-sectional region of
the part being produced. While such data can be simply
programmed into the computer 40, preferably, the computer 40
includes a CAD/CAM system. That is, the CAD/CAM bortion of the
computer 40 is given the overall -dimensions. and configurations
of the desired part to be produced and the computer 40
determines the boundaries for each discrete cross-sectional
region of the part. Thus, a vast inventory of part information
can be stored and fed to the computer 40 on a selectable basis.
The apparatus 10 produces a selected part without set-up .time,
part specific tooling, or human intervention. Even the complex
and expensive dies associated with powder metallurgy and
conventional casting techniques are avoided.

While large quantity production runs and certain part
material characteristics might be most advantageously made
using conventional fabrication techniques, the method and-
apparatus . 10 of the present invention is useful in . many
contexts. In particular, prototype models and casting patterns
are easily and inexpensively produced. For example, casting
patterns are easily made for use in sand ~casting, lost wax
casting, or other forming techniques. Further, where desired
quantities are very small, such as with obsolete replacement
parts, production of such replacement parts using the apparatus
10 of the present invention has many advantages. Finally, the
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37 10. A method according to claim9, wherein said first materi al
conprises al um num

34

use of the apparatus 10 may be useful where size of production
facilities is a major constraint, such as on-ship or in
outerspace.

Further modification and alternative embodiments of the
apparatus of this invention will be apparent to those skilled
in the art in view of this description. Accordingly this
description is to be construed as illustrative only and is for
the purpose of teaching those skilled in the art the manner of
carrying out the invention. It is to be understood that the
forms of the invention herein shown and described are to be
taken as the presently preferred embodiments. Various changes
may be made in the shape, size and arrangement of parts. For
example, elements or materials may be substituted for those
illustrated and described herein, parts may be reversed, and
certain features of the invention may be utilized independently
of the use of other features, all as would be apparent to one
skilled in the art'after having the benefit of this description
of the invehtioh, |
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11. A nmethod according to claim1l1, wherein said first and second materials

are metals.  12. A nmethod according to claim1, wherein said first and
Sﬁcond materials are ceram cs. 13. A method according to claim1, wherein
the
s
QLAIHSi
1. A method of producing a part, comprising:

depositing a first layer of powder onto a target
surface, said powder comprising first and second
materials (901, %02),

directing a laéer beam at a selected pprtion of

said first layer of powder to selectively :sinter the

powder in a first cross-sectional region of the part;-
_ 3 s _ ,

| depositing a second layer of said powder onto
said first layer of powder; and
directing a laser beam at a selected portion of

said second layer of powder to Selectively sinter the
powder in a second cross-sectional region of the part;
characterised by

reacting said first and second materials (901,

902) in said first. and second cross-sectional regions
of the part to form a chemical compound of said first

and second materials.

2. A method according to claim 1, wherein said
directing steps heat said powder to a temperature
between the melting point of said first material and

the meltiﬁg point of sa;d second material.

3. A method according to claim 2, wherein the

meiting point of said chemical compound is higher than
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cheni cal compound forned by said reacting step is a stable conpound. 14.
A nmethod according to claim1l, wherein the <chem cal conpound forned by
said reacting step is a netastable conpound. .

36

the melting point of said first material.

4. A method according to claim 3, wherein the
melting point of said chemical compound is higher than
the temperature to which the selected portions of the

.powder are heated in said directing step.

5. A method according to any preceding claim,
wherein said reacting step comprises:

removing portions of the powder not within said
first and second cross-sectional regions of the part,
after said directing steps; and

heating the part after said removing step.

6. A metho& according to claim 1, wherein said
reacting step is performed during said directing

steps.'

7. A method according to claim 1, wherein said first

material comprises tin.

8. A method according to claim 7, wherein said

second material comprises nickel.

9. A method according to claim 1, wherein said

second material comprises nickel.

This is the replacement sheet

* - C L ] S *

Daw: 2 7 NDV 997"



37
10. A method according to claim 9, wherein said first

material comprises aluminum.

11. A method according to claim 1, wherein said first

and second materials are metals.

12. A method according to claim 1, wherein said first

and second materials are ceramics.

13.. A method according to claim 1, wherein the
chemical compound formed by said reacting step is a

stable compound.

14. A method according to claim 1, wherein the
chemical compound formed by said reacting step is a

metastable compound.
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PRODUCING PARTS BY COMPOUND FORMATION OF PRECURSOR POWDERS

Abstract of the Disclosure

A method and apparatus for selectively sintering a layer of
powder to produce a part comprising a plurality of sintered
layers. The apparatus includes a computer controlling a laser
to direct the laser energy onto the powder to produce a
sintered mass. The computer either determines or is programmed
with the boundaries of the desired cross-sectional regions of
the part. 'For each cross-section, the aim of the laser beanm is
scanned 'o\‘rer a layer of powder and the beam is switched on to
sinter only the powder within the boundaries of the cross-
section. Powder is applied and successive layers. sintered
until a completed part is formed. Preferably, the powder
comprises a plurality of mg.;terials having different
dissociation or bonding temperatures. The powder preferably
comprises blended or coated materials, including precursor
'materials which are formed into a mass at the irradiated
locations, and which either react due to the laser thermal
energy or in a later heat treatment to form a compound with
properties different than the precursors. Examples are
disclosed wherein a compound is formed which has a
significantly higher melting point than that of one or more of
the precursor powders. '

FIGURE 11A
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