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This invention is in the field of radiant heating, and
is more particularly directed to radiant heating in
selective laser sintering.

10 Background of the Invention

Selective laser sintering is a relatively new method

for producing parts and other freeform solid articles in

a layer-by-layer fashion. This method forms such articles

15 by the mechanism of sintering, which refers to any process
by which particulates are made to form a solid mass through

the application of external energy. According to selective
laser sintering, the external energy is focused and
controlled by controlling a laser to sinter selected

20 locations of a heat-fusible powder. By performing.this
process in layer—bylléyer fashion, complex parts and
freeform solid articles which cannot be fabricated easily

(1f at all) by subtractive methods such as machining can

h _ be quickly and accurately fabricated. Accordingly, this

25 method is particularly beneficial in the production of
—] : prototype parts, and is particularly useful in the
customized manufacture of such parts and articles directly
from computer-aided—-design data bases.

30 Selective laser sintering is performed by depositing

a layer of a héat-fusible powder onto a target surface;

examples of the types of powders include metal powders,

polymer powderé such as wax that can be subsequently used

‘ in investment casting, ceramic powders; and plastics such
% 35 as ABS plastic, polyvinyl chloride (PVC), polycarbonate,
‘ and other polymers. Portions of the layer of powder
corresponéing to a cross~sectional layer of the part to
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controlled energy beam, such as generated by a laser having
its direction controlled by mirrors, under the control of
a computer. The portioﬁs of the powder exposed to the
5 laser energy are sintered into a solid mass in the manner
described hereinabove. After the selected portions of the
layer have been so sintered or bonded, another layer of
powder is placed over the layer previously selectively
sintered, and the energy beam is directed to sinter
10 portions of the new layer according to the next cross-
sectional layer of the part to be produced. The sintering
of each layer not only forms a solid mass within the layer, é
but also sinters each layer to previously sintered powder

underlying the newly sintered portion. In this manner, the ;
15 selective laser sintering method builds a part in layer-

wise fashion, with flexibility, accuracy, and speed of

fabrication superior to conventional machining methods.

h—a

The selective laser sintering process, and apparatus

20 for performing the process, is described in further detail
in U.s. Patent No. 4,863,538, issued September 5, 1989,
U.S. Patent No. 4,938,816, issued July 3, 1990, U.S. Patent

No. 4,944,817, issued July 31, 1990, and PCT Publication )

. WO 88/02677, published April 21, 1988, all of which are ;
25 incorporated herein by this reference. b

A problem faced by those in the selective laser

sintering field is the warpage and shrinkage of the part
due to thermal effects. Such warpage may manifest as the
30 curling of a sintered layer in such a manner that it does
not bond to the previously sintered layer directiy
therebelow; another manifestation of this warpage occurs
even though the layers of the part bond together, but where
the part itself warps, for example wﬁere a bottom flat
35 surface curls up at the edges to become a curved surface,
concave up. It is believed that a significant cause of
this warpage is the thermal shrinkage of the sintered layer
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crogs-sectionglohayes tdmgdi@titdd during sintering to its post-sintering
temperature, an extreme case of which causes the individual
layers to not bond to one another. In addition, uneven
cooling of the part during its layer-wise manufacture, for

5 example where top layers of the part are cooled more
quickly than bottom 1ayérs, has been observed to cause
warpage and curling.

It has been observed that control of the temperature
10 of the article being produced is an important factor in
reducing such warpage. An apparatus for controllihg the
* " part temperature is described in the above-~referenced PCT
Publication WO 88/02677, which provides a draft of
temperature-~controlled air through the target area (i.e.,
15 through the powder and the part being produced). Such
control by this draft is believed to reduce the temperature
differential that the part is exposed to during and after

the sintering process, reducing shrinkage from cooling, and .

to maintain the temperature of previously sintered layers
20 at high enough temperature to allow relaxation.

Another significant problem faced by those in the
field of selective laser sintering is undesired growth of
the parf being produced beyond the volume defined. by the

25 energy beam.' As is well known, the spot size of a laser-
beam can be made quite small, so that according to the
selective laser sintéring method which defines the. volume
of the part by the laser scan, the resolution of the part

. being produced can theoretically be quite high. However,

30 conduction of heat resulting from the sintering can cause
particles of the powder outside the laser scan to sinter
to the directly sintered portion. This causes the cross-
sectional layer to be larger than that defined by the laser
scan. In addition, growth can occur from layer to layer,

35 for example where sufficient heat from sintering remains
in the sintered portion of the layer at the time that the
next layer of powder is disposed thereover, so that the
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described hereinabove was found to provide transfer of bulk
heat from the layer being sintered, reducing the extent of
5 such interlayer growth.

However, the use of convection temperature control is
limited in its accuracy in uniformly controlling the
temperature of the layer being produced. This is due to

10 the undefined and non-uniform path that the air draft
necessarily must follow as it passes through the part being
produced (the definition of the pa'ft controlling the path ‘
of the draft). Accordingly, another technique that has
been used in attempts to control the temperature of the

et A e

15 part being produced has been radiant heaters placed near

the target surface. Such radiént'heaters have included

- floodlamps, quartz rods, and conventional flat radiant
panels.

20 Referring to Figure 1, a prior apparatus including
flat radiant panels in providing radiant heat to the
selective laser. sintering target surface will now be
described. The abparatus shown in Figure 1 is a schematic
. representation of tl'_1é SLS Model 125 DeskTop Manufacturing

25 system manufactured and sold by DTM Corporation. The
apparatué of' Figure 1 includes a chamber 2 (front doors and
the top of chamber 2 are not shown in Figure 1, for
purposes of clarity), within which the selective sintering
process takes place'. Target surface 4, for purposes of the

30 description herein, refers to the top surface of heat-
fusible powder (including portions previously sintered, if
present) disposed on part piston 6. The vertical motion
of part piston 6 is controlled by motor 8. Laser 10
provides a beam which is reflected by galvanometer-

35 controlled mirrors 12 (only one of which is shown for
clarity), in the manner described in the U.S. Patents
referred to hereinabove. Powder piston 14 is also provided
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in this apparatus, by motor 16. As described
in the above-referenced PCT Publication 88/02677, counter-
rotating roller 18 is provided to transfer the powder to

the target surface 4 in a uniform and level fashion.

In operation, the apparatus of Figure 1 supplies
powder to chamber 2 via powder cylinder 14; powder is
placed into chamber 2 by the upward partial motion of
powder cylinder 14 provided by motor 16. Roller 18
(preferably provided with a scraper to prevent buildup,
said scraper not shown in Figure 1 for clarity) spreads
the 'powder within the chamber by translation from powder
cylinder 14 toward and across target surface 4 at the
surface of the powder on top of part piston 6, in the
manner described in said PCT Publication 88/02677. At the
time that roller 18 is providing. powder from powder piston
14, target surface 4 (whether a prior layer is disposed
thereat or not) is preferably below the floor of chamber
2 by a. small amount, for example 5 mils, to define the
thickness of the powder layer to be processed. It is
preferable, for smooth and thorough distribution of the
powder, that the amount of powder provided by powder
cylinder 14 be cjreater than that which can be accepted by
part cylinder 6, so that some excess powder, will. result
frbm the motion of roller 18 across target surface 4; this
may be accomplished by the upward motion of powder piston
14 by a greater amount than the distance below the floor
of chamber 2 that target surface 4 is set at (e.g., 10 mils
versus 5 mils). It is also preferable to slave the
counter-rotation of roller 18 to the translation of roller
18 -within chamber 2, so that the ratio of rotational speed
to translation speed is constant.

Further in operation, after the transfer of powder to
target surface 4, and the return of roller 18 to its
original position near powder piston 14, 1laser 10
selectively sinters portions of the powder at target
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of the part to be produced, in the manner described in the
above-referenced U.S. Patents and PCT Publication. After
completion of the selective sintering for the particular .
layer of powder, part piston 6 moves downward by an amount
corresponding to the thickness of the next layer, awaiting
the deposition of the next layer of powder thereupon from
roller 18.

Radiant heat panels 20 are provided in this prior
apparatus of Figure 1, suspended from the roof of chamber
2 (in a manner not shown).’ Radlant heat panels 20 in this
prior arrangement are eonventlonal flat rectangular heat
panels, each of which emit energy per unit area
substantially uniformly across _its surface. In this
arrangement, radiant heat panels 20 are separated from one
another to allow the beam from laser 10 to pass
therebetween, and are disposed at an angle relative to
target. surface 4, to heat target surface 4 so that the
surface temperature can be controlled to reduce growth and
curling, as described-hereinabove.

Tenperature 'hon-uniformity at target surface 4 has
been observed in use of the arrangement of Figure 1. Such
non-uniformity in- target surface temperature can allow
growth at one portion of the part being produced (i.e., at
the hottest location) simultaneously with curling or other
warpage at another portion of the part (i.e,. at the
coolest location). Accordingly, for +the apparatus of
Figure 1, this non-uniformity makes it difficult to
optimize the temperature at the surface target 4 in order

to keep either of these deleterious effects from occurring.

It should also be noted that uniform radiant heating
of a surface may theoretically be accomplished by providing
a flat radiant heating element placed parallel to the
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to provide such a large heater, as excessively large
chambers reduce the ability to control the ambient
temperature therein, and are not preferred for commercial
applications due to the associated cost of requiring a
large "footprint". It should also be noted that such a
flat heater is necessarily not compatible with selective
1aser sintering, as no opening for the laser is provided
therethrough.

It is therefore an object of this invention to provide
a radiant heater which delivers energy to a substantially
planar surface distanced therefrom in such a manner that
the total energy per unit area incident upon the planar
surface is substantially uniform.

It .is a further object of this invention to provide
such a heater which results in uniform temperature at a
planar surface distanced therefrom.

It is a further object of this invention to provide
such a radiant heater having an opening in its center.

It is a further object of this invention to provide
such a radiant heater which is particularly adapted for use
in an apparatus for selective laser sintering.

It is a further object of this invention to provide an
apparatus for selective laser sintering having such a
radiant heater.

It is a further object of this invention to provide
35 such a radiant heater having controllable segments therein,
to allow for adjustment of the surface temperature.
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sSumma of the Invention

The invention may be incorporated into a ring-shaped
5 element for transferring radiant energy to or from a pianar
surface parallel thereto. The center opening of the ring
allows for a laser beam to pass therethrough, as is useful,
for example, in selective laser sintering. The dimensions
of the element, such as the inner and outer radius, are
10 selected relative to the distance that the heated or cooled
surface is to be located from the element. A frusto-
conical ring-shaped heater or dooling element allows for
the placement of the element closer to the target surface
while still maintaining uniformity, improving ﬁhe
15 efficiency of heat transfer to or from the target surface.
In the case of a radiant heater, zoning may be incorporated
therein, either with separately controlled zones or,
alternatively, permanently installed non-uniformity in
energy- emission per unit area, to compensate for non-

20 uniform external thermal disturbances.
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Brief Description of the Drawings

Figure 1 is an isometric and schematic illustration of
5 an apparatus for selective laser sintering according to the
prior art.

Figure 2 is a plan view of a radiant heater according
to a first preferred embodiment of the invention.
10
Figure 3 is an elevation of the radiant heater of
Figure 2 shown in relation to the surface to be heated.

Figures 4 and 5 are plots of transferred energy rate
15 per unit area for a conventional radiant heater and the
heater according to Figures 2 and 3, respectively.

Figures 6, 7 and 8 are plots illustrating the

dependence of the transferred energy rate per unit area on

20 particular dimensidns of the radiant heater according to
the first embodiment.

Figure 9 is an isometric view of an apparatus for

selective laser sintering incorporating the radiant heater
25 according to the embodiment of Figures 2 and 3.

Figure 10 is an isometric view of a radiant heater
according to a second preferred embodiment of the
invention.

30

Figure 11 is a schematic diagram of a radiant heater

acéording to a third preferred embodiment of the invention.

35
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'”Qétailed Description of the Preferred Embodiments

;wy Referring now to Figures 2 and 3, a first preferred
embodiment of the invention will now be described in

detail. Radiant heater 30 in this first pfeferred
embodiment of the invention is an electrical resistance
heater having connections 32, such as pads to which wires

k5
e
pl
k-

may be soldered, at a face thereof. Heater 30 generates

10 heat resulting from a current passing therethrough between
pads 32. The resistive material within heater 30 may be
resiséive filaments conventional in radiant heaters, such
as etched foil or nickel chromium wire. '

15 Alternatively, the materiayfof the ring itself may
.gserve as the resistive and heat-generating material; in
this case, it is preferable that heater 30 include a gap
or dielectric barrier between pads 32 (i.e., the short
direction of travel), so that the current is forced to

20 travel around heater 30, improving its efficiency.
Alternatively, pads 32 may be spaced diametrically opposite
one another oh the face of heater 30, so that the current
will travel in equal portions along the sides of heater 30.
This is most likely less efficient, however,. as heater 30

25 would in that case be effectively two resistors in
parallel, so that lower resistance results, in turn
reducing the I’R power dissipation and heat generation of
heater 30.

30 It is contemplated that other configurations and
locations of pads 32 on heater 30 will now be apparent to
those of ordinary skill in the art having reference to this
description.

35 It should be noted that experiments using a radiant
heater 30 according to this embodiment of the invention
have been performed, as will be described hereinbelow,
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using a conventional ring—shaped conduction heater as
radiant heater 30. This conventional element used as
heater 30 is an 1800 Watt ring-shaped strip heater, sold
as Chromalux model A~903/240. The Chromalux strip heater

$ 1is manufactured and sold as a conduction heater for heating
vats and other containers for liquids and the like.

It is believed that the dimensions of a ring-shaped
radiant heater 30 according to this embodiment of the
10 invention, relative to the distance between heater 30 and
the surface to be heated, are quite important in providing
a high degree of uniformity of temperature at the surface
to be heated. Modeling of the heat transfer of such a
radiant heater may be used to determine these dimensions,
15 as will now be described in detail.
According to fundamental heat transfer theory, the
rate g of -energy transfer between a source body (body 1)
and a target body (body 2) by means of radiation can be
20 expressed as follows:

q.= Fg Fg 0 A, (T1k - Tzk)

where F; is. an emissivity factor dependent upon the
25 emissivities of the two bodies, F; is a geometric "“view

factor" as described hereinbelow, o is the Stefan-Boltzmann

constant, A, is the area of the source body, and T, and T,

are the temperatures of the source and target bodies,

respectively. See, for example, Holman, Heat Transf r,.2d
30 Ed. (McGraw-Hill, 1963).

Where the source body is a diffuse surface, as in the
example applicable to radiant heater 30, radiant energy is
emitted in'isotropic fashion. Accordingly, only a fraction

35 of the emitted energy emitted from the source body actually
reaches the target body, dependent of course upon the
geonetries of the source and target bodies. The geometric
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5 ¢ as a function of the geometry of the source body, and as

a function of the location of the target body of interest,
can be determined. Preferably, a computer modeling program
can be used to perform the calculations necessary in this
determination.

10

It should be noted that calculation of the view factor

Fs'can be_quite complicated, even for simple geometries.
Well-known references in thé heat transfer field have
published view factors and algebraic principles by which

15 the view factors can be determined for particular noh-
tabulated geometries. See, for example, Howell, Radiation
Confiquration Factors (McGraw-Hill). For example, it is
well-known that the view factors between parallel coaxial
disks may be expressed as follows:

20 ) . _

Fi.p = 1/2 {X = [X* - 4(Ry/R))*1V%)

where Fl..,: is the view factor for the source disk to the
target disk, where R, and R, are the radii of the-source

- 25 and target  disks, respectively, each divided by the
distance between the disks (shown as distance a in Figure
3), and where

X =1+ (1+ R /R?
30
For a ring-shaped source disk such as radiant heater 30,
and for a circular target surface, algebraic view factor
principles have been used to derive the view factor F., by
first calculating two view factors F,,,, and F,.,;, according
35 to the above relationships; these view factors correspond
to those from a disk source 1 to two concentric disk
targets 2a and 2b, where the radius of disk 2a is larger
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I ncl udes a chanber 2 (front doors and theg4gtop of chanber 2 are not shomnl;
Figure 1, for purposes of clarity), within which the selective sintering#
than that of disk 2b. The view factor F,., from a ring =

source having an outer radius R, the same as disk target 2a

and an inner radius R, the same as disk target 2b can then

be calculated from the view factors F,.,, and F,, as
5 follows: |

Figez = (Fraza = Fra) A/ (A, = Ayp)

Referring to Figure 2, radiant heater 30 is shown as having
10 an outer radius R, and an inner radius R,, corresponding to
the convention used in the above expression.

In order to determine the uniformity of the energy
distribution across the target surface, it is necessary to
15 consider the above-derived view factor not for the target
surface (i.e., body 2) as a whole, but for small portions
thereof; uniformity can of course be then measured by
comparison of the energy transfer rate g for the various
portions of the target surface. Since the source body in
20 this analysis is ring-shaped, and is parallel and coaxial
with the target surfaée, it can be assumed that the view
factor (and acco:dingly the energy transfer rate) will be
equal for all portions of the target surface which are the
same radial distance from the center of the target.
25 Accordingly, the view factor from the ring-shaped source
body to a differential ring-shaped element of the target
body can be easily derived from algebraic view factor
principles, as follows:

30 Fipezr = Firezlrvar = Fapezl:

This calculates the view factor to.- a differential ring-
shaped portion of the target body or surface, having an
inner radius of r and an outer radius of r+ar. Comparison
35 of the energy transfer rate q for each of the ring-shaped
portions of the target surface can thus be done by
calculating the vwview factor Fy.,z for the differential
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calculated view factors by the area of the differential
target element, to arrive at the energy transfer rate
densiﬁy (i.e., the rate g per unit area).

5
Referring now to Figures 4 and 5, a comparison of the
uniformity of energy transfer from a disk-shaped flat
radiant heater, as may be conventionally used, to that from
the ring-shaped radiant heater 30 according to the first
10 embodiment of the invention, will now be described. The

plots of Figures 4 and 5 were derived using the heat

transfer model described hereinabove.

Referring'to Figures 2 and 3, as illustrative of the

15 dimensions of the system modeled, the radius of the disk-

shap-.:d heater modeled relative ‘to Figure 4 was 21.8 cn,

equal to the outer radius R, of the ring-shaped heater

modeled relative to Figure 5. The inner radius R, of the

modeled radiant heater 30 was 15.25 cm. For both Figure

20 4 and Figure 5, the distance a between the modeled heaters

and target surface 4 fsee Figure 3) in the model was 22 cm,

the radius R, .of target surface 4 was 15 cm, and the
incremental distance ar was 0.25 cm.

25 - Figure 4 illustrates the results of the modeling for
a conventional disk-shaped heater, normalized relative to
t+he mean energy transfer density (i.e., g/unit area) over
target surface 4. Tt can be concluded from the results of
Figure 4 that use of such a conventional disk-shaped heater

30 would result in the temperature at the center of target
surface 4 being higher than that at the perimeter. Figure
5, illustrating the results of the modeling for a ring-
shaped radiant heater 30 according to this embodiment of
the inv -tion, shows significantly impréveduuniformity over

35 that o. the disk-shaped heater modeled as resulting in
Figure 4.
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.provided to transfe othetarget surface 4 in a uniform ang
| evel fashion. In o apparat us of Figure 1 supplies powder

chanber 2 via powder cyI i nder 14; powder is placed into chanber 2 by
upward partial notion of 16 :

In a similar fashion, modeling of a ring heater
matching the dimensions of the Chromalux conduction heater
noted hereinabove, and experimental measurements for the
Chromalux heater itself, were performed to verify the

5 model. The dimensions of the modeled and actual Chromalux
heater included an outer radius R, of 13.93 cm, and an
inner radius R, of 10.79 cm. The numerical results of this
modeling predicted that the maximum deviation (i.e.,
difference between minimum and maximum) in perceht energy

10 transferred per unit area for the radiant heater 30
according to the dimensions of the Chromalux heater would
be approximately 24.5%.

Measurements were made for an 1800 watt Chromalux

15 conduction heater placed in an apparatus as shown in Figure

1, controlled to raise the temperature of target surface

4 from an ambient temperature of 23° Celsius to

approximately 70° Celsius. The total measured deviation in

temperature of target surface 4 (measured by way of

20 thermocouples), calculated in percent deviation from the

ambient temperature, _v;ras approximately 19.4%, closely

matching the maodeled energy transfer deviation result

discussed hereinabove. It is therefore believed that the

model described hereinabove is quite accurate in predicting

25 the uniformity of energy transfer from a radiant heater

such as radiant heater 30 to a parallel surface distanced
therefrom.

It should be noted that while the Chromalux conduction
30 heater example will provide improved results over a
similarly sized disk heater, the dimensions of the example
of radiant heater 30 modeled relative to Figure 5 are
believed to be preferable to those of the Chromalux
conduction heater. -
35
Accordingly, as shown in Figure 5, radiant heater 30
according to this embodiment of the invention thus provides



,Ilnder 14 provi ded by notor Roller 18 (preferably provided
- g2aQ856 6toTlp$%1eeHa>$namR d sai d scraper not shown PEIAASAI/E8338¢ or

spreads t n the chanber by translation from powder
¥ nder 14 tomard get surface 4 at the surface of the powder
B op of part plston 6 |n t e manner described in said PCT Publication
ER02677. At the time that roller 18 is yroviding powder from powder piston
B t arget surface 4 (whether a prior layer is disposed thereat or not) is
B cr abl y beigwi fbeafht obmppévehenbsr in the temperature uniformity of

a parallel target surface, compared to prior radiant heater

configurations.

5 It has alsoc been observed from modeling and
experimentation that variation of certain dimensions in
radiant heater 30, such as the distance a between radiant
heater 30 and target surface 4 for a given size of radiant
heater 30, and such as the width of the ring (i.e., the

" 10 difference between the outer and inner radii R, and R,),
can significantly affect the uniformity at which energy is
délivered.to'targét surface 4.

Referring to Figures 6 and 7, the effects of varying
15 the distance a between radiant heater 30 and target surface
4 are shown, as the result of- heat transfer modeling
performed in the manner described hereinabove. The
dimensions of radiant heater 30 which are modeled for
purposes of Figures 6 and 7 are the same as modeled for

20 Figure 5. .
Figure 6 illustrates the modeled normalized radiant
energy distribution of a ring-shaped radiant heater 30 as
a function of distance a from target surface 4. As shown
25 in Figure 6, when radiant heater 30 is close to target
| surface 4, the perimeter of target surface 4 receives
energy at a disproportionately high rate relative to the
center, while with radiant heater 30 sufficiently distant
from target surface 4, the balance changes so that the
30 center of target surfaée 4 receives energy at a higher rate
per unit area than the perimeter. Referring to Figqure 7,
the percent deviation (calculated from the results used to
generate Figure 6) is plotted versus dlstance a between
radiant heater 30 and target surface 4, together with the
. 35 percent of total energy emitted by radiant heater 30 which
is delivered to target surface 4. It can be seen that the
deviation is at its minimum at a distance a of 22 cm; it



smal | amounts—for—exanpte 5 mls, to deflnethenﬁf{ﬁgﬁ ‘
povvdé?’09§{}@56?o bem@@ﬁ)eet g4, elzlcg%ls preferable, for zquﬁ@r
.distribution of th e amount of powder provided by poﬁ
cylinder 14 be gre(a} |“1 whi ch can be accepted by part cylind§
so that sonme excess esult fromthe notion of roller 18 &g
target surface 4; this may be acconplisieed by the upward notion of pois
piston 14 by a greater ampunt than the distance bel ow the floor of chd
2 that targednaksade sean Jdratatthee ef ficli@nny ©f energy delivery to 7§
target surface 4 decreases with increasing distance a, ag 3B
would be expected. Accordingly, the distance a between 3

radiant heater 30 and target surface 4 is a significant

5 factor not only in the amount of radiant energy delivered
to target surface 4, but also in the uniforniity of such
delivery.

Referring now to Figure 8, the effects of varying the
10 width of the ring (i.e., varying the inner.radius R, of
Figure 2) on the uniformity of energy delivery to the
target surface will now be described. The conditions
modeled in arriving at the results of Figure 8 include a
fixed outer radius R, of radiant. heater 30, and a fixed
15 distance a between radiant heater 30 and target surface 4.
It can be seen that as the inner radius R, increases
(resulting in a narrower ring), the perimeter of target
surface 4 receives energy at a higher rate per unit area
than the center; conversely, as the inner. radius R,
20 decreases (resulting in a wider ring, more closely
approximating a disk-shaped heater as described
hereinabove), the ceni:er of target surface 4 receives
energy at a higher rate per unit area than the perimeter
thereof.
25 ' _ . |
It is contemplated that the relationships described
hereinabove for modeling the dimensions of the ring-shaped .
radiant heater 30, relative to the distance between radiant
heater 30 and target surface 4, can now be utilized by one
30 of ordinary skill in the art to design radiant heater 30,
for a particular application, in such a manner as to
achieve the benefits of uniform energy transfer rate per
unit area as described hereinabove.

35 It should be noted that the theory, shape, and
geometric characteristics described hereinabove for radiant
heater 30 are believed to be equally applicable where,

[T S G S5
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instead of a heater, the ring-shaped element serves to cool
the planar surface parallel thereto. Such a cooling
element may be constructed as a similarly shaped body as
radiant heater 30, and with conduits therein through which
5 a cooling medium may be circulated. For example, an
aluminum body with conduits may be provided, due to the
high thermal conductivity of aluminum, through which a
~chilled fluid such as liquid nitrogen, a fluorocarbon or
water, is circulated. It is thus contemplated that
10 placement of the ring-shaped cooling element near a surface
to be cooled will result, according to the theory and
relationship described hereinabove for the radiant heater,
in substantially uniform transfer of radiant heat from the
surface to be cooled to the ring~shaped cooling element.
15

For the particular application of selective laser
sintering, radiant heater '30 according to this embodiment
of the . invention is especially beneficial. This is not
20 only due to the improved uniformity with which it delivers
energy per unit area, but also due to its construction
which allows its placement coaxial with the target surface,
while allowing the energy beam to pass therethrough to
target surface 4. Referring now to Figure 9, a preferred
25 embodimeﬁt of an apparatus for selective laser sintering
including radiant heater 30 according to this embodiment
of the invention will now be described. It should be noted
that the same elements of this apparatus as are included
in the prior apparatus of Figure 1 are referred to by the

30 same reference numerals.

Ring-shaped radiant  heater 30, as described
hereinabove, is used in the embodiment of Figure 9 to
uniformly heat target surface 4, in tﬁe manner described

35 hereinabove. Attachment of radiant heater 30 may be
accomplished by its suspension over target surface from the
top of chamber 2 (such top not shown), either by chains,



-6— surface 4 corresponding to the cross-section of the layer of the pay

0 b&ixessssd. ﬂ'hl Silsetrﬂmh in the above-ref PCEAIS1/08338 3
~Patents and PCT Pu corrpl etion of the selective sinteri
for the particul ar part piston 6 noves downward by an
anount correspondi ng to t IC ness of the next layer, awaiting the

deposition of the next | ayer of povvderzéhereupon fromroller 18.

wire, a fixed bracket, or other appropriate mounting
apparatus. As shown in Figure 9, the opening through
radiant heater 30 allows the beam from laser 10, controlled
by mirrors 12, to pass therethrough and impact target

5 surface 4, while still allowing radiant heater 30 to be
coaxial with circular target surface 4. This allows for
temperature uniformity of target surface over the area
which can be reached by the beam of laser 10. Such uniform
temperature control allows the temperature of target

10 surface 4 to be opfimized so that growth and curling of the
part produced by the selective laser sintering process
noted hereinabove is minimized.

#
£

It should be noted that radiant heater 30 may be
15 incorporated into a selective laser 'sintering apparatus in
such a manner that the temperaturé can be set at target
surface 4 prior to initiation of selective laser sintering
(measured, for example, by thermocouples or thermometers
placed .at target surface 4), with no further control of
20 temperature performed during the process. Due to the
generation of heat during selective 1laser sintering,
however, the temperature of target surface 4 will likely
change from its .:i.nit;ial condition prior to the process.
For particular materials such as wax, .it has been observed
25 that close control of the temperature throughout the
process 1is necessary to avoid the problems of growth,
curling, and other warpage and distortion of the part being
produced. Accordingly, it is preferred that some type of
measurement, feedback and control is included in the
30 selective laser sintering apparatus.

Prior methods for control of the temperature of target
surface 4, where radiant: heéters such as panels 20 in
Figure .1 ‘were used, incorporated thermocouples at or near

35 target surface 4, for example located near the top of part
piston 6. It is preferred in this embodiment, however,
that the temperature measurement of the target surface 4,
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| Lhe péugéymhlsﬁ8sé&akﬂé¥éon py roller 18, and the part :
peing produced in the powder by the selective laser

sintering method, be made by non-contact techniques.

accordingly, the preferred embodiment of the apparatus of
g Figure 9 includes an infrared temperature sensor 34,

directed at the appropriate portion of target surface 4,

jncluding the powder and part produced thereat. The output

of sensor 34 can be monitored by conventional ecquipment

(not shown) , for controlling the current or'other enerqy
10 applied to radiant heater 32.

certain of the materials used in- selective laser

sintering must be kept at relatively low temperatures in

order to remain in powder form. For example, it has been

15 found that selective laser sintering is especially

" bpeneficial in producing parts from wax powder, with the wax

parts subsequently used in the manufacture of molds for

investment casting according to the "lost wax" technique.

Selectiye jaser sintering of wax powder is subject to

20 growth and curling problems as described hereinabove,

' necessitating temperaéure control of tzrgét surface 4.

However, the ambient temperature of chamber 2 must be kept

relatively low, for example on the order of less than 50°

C.; so that the portions of the wax powder which do not

26 receive energy ffom the lasér 'do not melt or stick

together. accordingly, the temperature to be sensed by
sensor 34 may be relatively low.

In the sensing of such low temperature, however, the

30 amount of infrared wavelength energy from radiant heater
30 which is reflected off of the powder at target surface

4, réaching sensor 34, can be significant relative to the
infrared energy radiated from the powder itself at such low
temperatures. Accordingly, it has beeh observed that the

35 temperature sensed by infrared sensor 34 differs from the
temperature sensed by a thermocouple located at target

surface 4.
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& nt of Figure 1. Such non-unifor ms

Accordingly, for the apparatus of Figure 1, this

In the apparatus of Figure 9, the accuracy of the

temperature measurement is improved by the provision of af‘;,
second infrared sensor 36 directed at radiant heater 32 to TR
measure its radlatlon. The output of sensor 36 jg
similarly monitored as the output of sensor 34. Infrareq 3

sensor 36 thus proviaes direct measurement of the radiation
emitted by radiant heater 30. This allows compensation of
the sensed radiation from target surface 4 by sensor 34 for
the reflected radiation from heater 30, so that the correct
temperature of the powder and part at target surface 4 may
be derived. The amount of compensation necessary will
depend upon various factors, such as the geometric
relationship between the heater, powder bed, and sensors,
the reflectivity of the powder, and the temperature of the
powder. It is contemplated that ‘time-zero characterization
of chamber 2 and radiant heater 30, using thermocouples or
other contact measurement in such characterization, may be
done for particular powders over temperature to provide a
compensation curve or equation for correcting the output
signal from sensor 34:to arrive at the correct temperature.

Alternatively to the use of ring-shaped radiant heater
30 in the selective laser sintering apparatus of Figure 9,
a similarly shaped element may be used as a cooling
element. As noted hereinabove, the theory and
characteristics of radiant heater 30 are similarly
applicable to the case where the ring-shaped element is
cooler than the target surface. For example, a chilled
fluid such as liquid nitrogen, a fluorocarbon or water, may
be circulated through conduits in a. ring-shaped aluminum
body. Provision of such a radiant cooling apparatus may
be preferred for materials which may be.useful in selective
laser sintering but where the material, at the time of the
sintering, must be kept below room temperature in order to
remain in powder form. In addition, since cooling of

3
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P8t ant heat ce may theoretically be acconplished by
Il Elenent placed parallel to the -7-
tlvely infinite size

1g a flat rad
target surface 4 in selective laser sintering is also known

e bei ng heat ed,

to be beneficial in controlling growth and curling, even
where the temperature of target surface 4 is heated by
radiant heating, an alternative embodiment of the selective

5 laser sintering apparatus of Figure 8 may include both a
radiant heater 30 and a similarly ring-shaped cooling
element, with the heater and cooling element dJdisposed
coaxially with one another. It is contemplated that other
alternatives and modifications incorporating a radiant

10 cooling element will now be apparent to those of ordinary
skill in the art.

Referring now to Figure 10, an isometric view of an
alternative embodiment of the radiant heater according to
15 the invention is 1illustrated. . As noted hereinabove
relative to Figure 9, the fraction of the total energy
radiated by radiant heater 30 which reaches target surface
4 is less than 50%, especially at the distance a at which
uniformity is optimized. Radiant heater 40 of Figure 10
20 is a ring-shaped radiant heater constructed to have a
frusto-conical shape, rather than the flat shape pf heater
20. Radiant heater 40 is preferably mounted so that its
inner edge is further away from the surface to be heated
than its outer edge.
25 | | |
This construction allows the distance a at which
uniformity is maximized for radiant heater 40 to be less
than that for flat radiant heater 30. This can be seen
from Figure 6, which indicates that, for a flat radiant
30 heater 30, placement of the heater closer to target surface
4 than the optimal distance results in the center of target
surface 4 receiving 1less energy than the perimeter.
Radiant heater 40 of Figure 10, due to its shape, directs
more of its energy toward the center 6f target surface 4
35 than toward the perimeter of, and outside the bounds of,
target surface 4. By providing more energy toward the
center, radiant heater 40 compensates for the effects
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indicated in Figure 7, this closer proximity of heater E;
to target surface 4 will increase the fraction of the tgta‘
emitted energy which reaches target surface 4, 1mpr0vlnq‘
the efficiency of radiant heater 40. 3

It should be noted that, while the shape of radian
heater 40 is frusto-conical, having straight sides betweep
the outer and inner radius, alternative geometries may be
utilized for radiant heater 40. For example, the sides of
radiant heater may be parabolic -rather than linear if
desired, for alternative distribution of energy from
radiant heater 40 to target surface 4. It is contemplated 3§
that other useful shapes of radiant heater 40 will now be 3
apparent to those of ordinary skill in the art having
reference to this description and the drawings.

PO Tt W .. WO ©

In addition, it should be noted that the shape of
radiant heater 40 is also applicable to a similarly shaped §
cooling element, to achieve improved transfer of radiant . 3

heat from the target surface to the element, as discussed - fi.
hereinabove. _ , ' B
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Relative to the selective laser s§ntering apparatus of
Figure 9, due to the provision of the opening in the center
of radiant heater 40, the beam from laser 10 will still be
allowed to impinge upon powder at target surface 4.
Radiant heater 40 thus provides the further advantages

described hereinabove in its applicétion for selective
laser sintering.
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Referring now to Figure 11, radiant heater 50
according to another embodiment of the invention will now .



' therefore an object of thisTTrvention to provide a radiant heater for
- dgw()gyggar A HSSHU HGd BASRI LGS energy to substanti al pgrliseizes3ssr f ace
tan herefrom er that the total energy per unit area
i dent upon the p}mmuww s substantially uniform According to the
sent invention t d an apparatus for sintering a powder,

rising an energy source for providin quda focused energy beamto a pl anar
get surface; nmeans for placing powderé=at sai d pl anar

be described in detail. In some applications for which
uniform radiant heating is desirable, as described
hereinabove, conduction and convection of heat may be
uneven for points at the surface being heated. For
5 example, in the application of selective laser sintering,
chamber 2 includes a door with a window at the front
thereof, to provide visibility of the process from external
to the chamber. In addition, it has been found that
convection cooling of the target surface is useful,
10 together with radiant heat as described hereinabove, in
order to minimize growth within the layer being selectively
sintered (i.e., growth of the pé.rt from the portion
receiving the laser energy via ‘conduction of the laser-
generated heat to powder particles which were not exposed
15 to the beam). Such cooling is preferably done by directing
air flow in a direction parallel to target surface 4 across
the face of the powder and part being produced. In
addition, as described in PCT Publication WO 88/02677 cited
hereinabove, it may be useful to provide downdraft gas or
20 air flow through the. powder, in a direction normal to
target surface 4. '

However, sueh air and gas flow may provide uneven
‘temperature distribution at target surface 4, even if

25 radiant heater 30 or 40 is transferring radiant energy to
target surface .4 at a rate per unit area which is highly
uniform across target surface 4. In addition, while
radiant heaters 30 and 40 hereinabove are’ intended to
provide such uniform radiant energy transfer,— some amount

30 of deviation will likely still be present. In addition,
as described hereinabove, the efficiency of radiant energy
transfer increases with the proximity. of the radiant heater

to target surface 4, especially as the radiant heater is
closer to target surface 4 than the distance a at which its

35 uniformity is maximized. Furthermore, non-uniformity in
radiant energy transfer is a significant problem with
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for example in the apparatus of Figure 1.

Referring now to Figure 11, zoned radiant heater 5g

5 will now be described in detail, in conjunction with such
a heater 50 in a ring-shaped configuration. It is
contemplated that the zoning described hereinbelow will

k|
£ ]
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also be useful in conventiocnal radiant heaters, such as
radiant heat panels 20 of Figure 1, and in such cases may
10 serve to alleviate the non-uniformity of radiant energy

. SRR L A TN

transfer to target surface 4. 3 IQ

et

Radiant heater 50, according to this embodiment,
generates radiant energy from resistive elements 52, 54 and
15 56 disposed at a surface thereof. Resistive elements 52,

54 and 56 are conventional resistive elements as are used 15

o0 e Ls Y ATANGEAR

in conventional heaters, for example filaments of nickel
chromium or the like, having a connecting pad 32 at each

end to which electrical connection may be made by soldering

20 a wire thereto or the like. In this embodiment, the
density of the length of resistive elements 52, 54 and 56 2}

per unit area of heater 50 varies radially. Figure 11
shows the resisti@e elements 52, 54, and 56 with very large
spacing, for the purpose of clarity. In practice, elements

25 52, 54 and 56 are preferably formed to have a higher

density. Furthermore, in practice, the connection pads 32

..._..‘u'..N..;\...

are preferably sized and placed in a manner which does not
adversely affect the desired temperature ‘distribution

-

across the face of heater 50. Resistive elements 52a, 52b,
30 and 52c are disposed near the outer perimeter of heater 50,

are electrically isolated from one another, and present
approximately the same density of resistance per unit area
as one another. Resistive elementg 54a and 54b are _
disposed closer to the center of heater 50 from elements k| 1
35 52, and each present a higher density of resistive length :

per unit area than elements 52 (although the density of
resistive length per unit area of elements 54a and 54b are p |
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ns may have controll abl e
approximately equal). Resistive element 56 is disposed

closer to the center of heater 50 than elements 54, and in
this embodiment has the lowest density of resistive length
per unit area than elements 52 and 54. In this preferred
5 embodiment of radiant heater 50, a hole is provided in the
center thereof, for example so that a beam from laser 10
may pass therethrough when heater 50 is installed in an
apparatus for selective laser sintering, such as in the

example'of Figure 9. '

10 _

Zoned 1radiant heater 50 provides significant _
flexibility in providing radiant heat to target surface 4, :
especially as useful in a selective sintering apparatus. i

For example, application of equal currents to each of
15 elements 52, 54 and 56 would result in the emission of
radiant energy per unit area which varies radially from the
center of heater 50, with the lowest emission near the

center, the next highest emission near the outer perimeter,
and the highest emission therebetween. In addition, the
20 currents through elements 52, 54 and 56 may be varied
relative to one another to provide different emission
densities from .that inéorpOrated in heater 50 merely due
to the varying densities of resistive element length per
unit area; varying of the currents relative to one another

25 could, for: example, exactly compensate for the vérying
resistive length densities, so that radiant energy may be
emitted at a uniform rate per unit area across the entirety
of heater 50. Of course, other radial emission density
distributio‘ns. could be implemented by otherwise varying the

30 current through elements 52, 54 and 56 relative to one
another.

In addition, the provision of separate elements 52a,

52b and S52c, as well as separate elehents 54a and 54b,

35 provide the ability to angularly vary the radiant energy
emission rate per unit area. For example, if a portion of
target surface 4 underlying resistive element 52a were
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cooler than the portions underlying resistive elements 52b
and 52c¢, the current applied to element 52a could be
increased relative to that through elements 52b and 52c,
resulting in increased radiant energy emitted from the
portion of heater 50 containing element 52a. Such control
of the individual elements 52 and 54 thus can allow
compensation for non-uniform temperatures over target
surface 4, such as may result from conduction or convection
within chamber 2 in the selective laser sintering apparatus
of Figure 9. In addition, non-uniform temperatures at
target surface 4 may also result from the selective laser
sintering itself. For example, if the portion of the
powder at target surface 4 underlying elements 52b and 52c
were sintered to a greater extent than the portions
underlying element 52, an increaee in the current through
element 52a would compensate for the lesser degree of
sintering heat thereunder, improving the uniformity of the
target surface 4 and the powder and part disposed thereat.

It should be noted- that while zoned heater 50 in this
embodiment is ring-shaped, alternatively conventional
rectangular or circular radiant heat panels may be
similarly zoned, in order to provide uniform temperature
at the target surface 4, and the powder and part thereat,
in an apparatus for selective laser sintering. Further in
the alternative, while zoned heater 50 in this embodiment
is a flat ring, similar to the non-zoned heater 30
described hereinabove, the zoning approach used in zoned
heater 50 is equally applicable to and may be used in the
frusto-conical heater 40 also described hereinabove.

It should be noted that radiant heater 50, having
numerous pads 32 for each element 52, 54 and 56, both in
the radial and angular sense, is especially adapted for
real-time control of the temperature during the selective
laser sintering process, and during characterization of a
particular chamber prior to initiation of the selective
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CenpOln24085661e  eTidsiShadt Hed ReseReplacedt he tar get surface whi | RCBAUSN/08338

I ntai ni ng uni form the efficiency of heat transfer to or
omthe target suri{m“ul“"wmu Lse of a radi ant heater, zoning may be
corporated therein, erther w separately controll ed zones or,

afternatively, permanently installed nonyguniformty in energy em ssion per
ugit area, to conpensate for non-uniformexternal thermal disturbances.

laser sintering process for a particular powder material

and process conditions (such as ambient temperature, air
flow, laser power, and the like). Accordingly, it is
contemplated that monitoring apparatus such as
5 thermocouples, or non-contact sensors such as infrared
sensor 34 described hereinabove, together with conventional
monitoring, feedback and control equipment, may be
implemented together with the 2zoned heater 50 of this
embodiment of the invention by one of ordinarxy skill in the
10 art having reference to this specification.

Further in the alternative to -controllable =zoned

heater 50, a fixed zoned heater may also be used in a
manner as to benefit from the invention. It is

15 contemplated that, for a particular design of chamber 2 in
a selective laser sintering apparatus, the radiant energy
emission density pattern, both in the radial and in the
angular sense, may be derived by use of a controllable

zoned heater 50 as described hereinabove, and that the

20 emission density pattern may not significantly change for
the particular chamber design, regardless of changes in the
powder material, ambient temperature, laser power, and
other parameters'. Accordingly, in such a case, a radiant
heater 50 including a single resistive element of varying

25 densities so as to emit radiant energy in a non-uniform
pai:tern from the heater, but which results in ‘uniform
temperature at the target surface in compensation for
convection or other factors, may be used. Such a heater
would have, for exampl'e, only two pads 32, one at each end

30 of the resistive element, simplifying the implementation
of the heater, and its control.




-9% The invention wi [T be described now by way of exanple only, mﬁtx
par t Waybamsseee! er ahis SheetlHis B RedhicGPPANYI NG drawi ngs. | nPOTEUSY o8

Figure 1 is an iso natlc il lustration of an apparatdgﬁf
sel ective | aser si u ng to the prior art. Figure 2 is a pL_,
vi ew of a radiant b

30

While the invention has been described herein relative

to its preferred embodiments, it is of course contemplateg

that modifications of, and alternatives to, these

embodiments, such modifications and alternatives obtaining
the advantages and benefits of this invention, will be
apparent to those of ordinary skill in the art having
reference to this specification and its drawings. It is

contemplated that such modifications and alternatives are

T

within the scope of this invention as subsequently claimed
10 herein.
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,be used in 5|nter|ng appar teg according to an enbodi nent _of th

NV enyOOR/0886Gur ernd Shest on of the radiant heater Gftﬁ9dm8é3§ shown
relation to the heated. Figures 4 and 5 are plots of
ansferred energy area for a conventional radiant heater and
e heater according to Figures 2 and 3, respectively. Figures 6, 7 and 8

e plots illustrating the dependence ofy the transferred energy rate per

it area on particul ar dinensions of the radiant heater according

WE CLAIM:

l. A ring-shaped element for the transfer of radiant

5 energy relative to a target surface at a'substantially-
uniform rate per unit area, said element having a circular
outer edge which is substantially parallel with the plane

of said target surface, and having a circular inner edge
substantially concentric with said outer edge.

10
_ 2. The element of claim 1, wherein the element is a
j' cooiing element, for transferring radiant energy from the
’ target surface to the element at a substantially uniform
rate per unit area.
15

3. The element of claim 1, wherein the element is a
radiant heater.

4.. The element of claim 1, wherein said inner edge is
20 substantially coplanar with said outer edge.

5. The element of claim 1, wherein said inner edge is
not coplanar with said outer edge, so that said element may
be disposed with said inner edge further away from said

r. 25 target surface than said outer edgé.

6. The element of claim 5, wherein said element has
a frusto-conical shape.

30 7. The heater of claim 3, wherein said heater
comprises:
a electrically resistive element for generating
radiant heat; and
connecting pads for making eiectrical connection
35 to said resistive element.
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to"the first enbodi nent.

10

15
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35

8. The heater of claim 7, wherein the density of saiq
resistive element per unit area of said heater varies
radially between said inner and outer edges.

9. The heater of claim 7, wherein the density of saigq

resistive element per unit area of said heater varies

angularly.

10. The heater of claim 3, wherein said heater

comprises: '

first and second electrically resistive elements
for generating radiant heat; and

a plurality of connections, for providing current
to said first and second resistive elements independently
from one another. ;

11. The heater of claim 10, wherein said first and
second resistive elements have the same density of
resistive element per unit area.

12. The heater of claim 10, wherein said first and
second resistive elements have different densities of

resistive element per unit area.

i3. The heater of claim 10, wherein said first and
second resistive elements are disposed in said heater at
approximately the same radial distance.

14. The heater of claim 10, wherein said first
resistive element is disposed in said heater between said
second resistive element and said inner edge.

1S. An apparatus for sintering a powder, comprising:
an energy source for providing a focused energy
beam to a target surface;

means for placing powder at said target surface;

and;*--~__‘ﬁ‘~___~_

0 gy M

Figure 9 is an isonetric view of an appara y

- 10 - selectlve'T‘E‘T‘srﬂ%e++ng_Ln_orporat|ng t he radi ant hﬁ§$ accn’
to t WO &9

Hres. 2 and 3. Figure 10 is an i E6IE
r adi ant heater acco, iﬁ, ”ﬁ'iﬁb@ud preferred enbodi nent of the
12 _

g )
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}wfion Fi gure 11 i s a schenmatit diagramof a radiant heater according

- é) Shopsed er dle%ER& fy the invention. Det ai REIUS2$408B38 | on
v referred E rring nowto Figures 2 and 3, a first
geferred enbodi ne Ftlon wi |l now be described in

ring-shaped means for transferring radiant energy
relative to said target surface at a substantially uniform
rate per unit area, said transferring means having a
circular outer edge which is substantially parallel with
5 the plane of said target surface, and having a circular
inner edge substantially concentric with said outer edge;
wherein said transferring means is disposed in such a
manner that said energy beam passes through the opening
therein defined by said inner edge.
10
16. The apparatus of claim 15, wherein said
transferrihg means is a cooling'elemenﬁ.- '

17. The apparatus of claim 15, wherein said
15 transferring means is a radiant heater.
is. The apparatus of claim 15, wherein said inner
edge of said transferring means is substantially coplanar
with said outer edge.
20

19. The apparatus of claim 15, wherein said inner

edge of said transferring means is not coplanar with said
outer edge; '

and wherein said transferring means is disposed in
: 1 25 such a manner that said inner edge‘is.further away from
said target surface than said outer'edge.

20. The apparatus of claim 19, wherein said
transferring means has a frusto-conical shape.

30
21. The apparatus of claim 17, wherein said heater
comprises:
' a electrically resistive element for generating
radiant heat; and
35 ' connecting pads for making electrical connection
to said resistive element.
—_—
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detail .
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Radi armsSheh ter 301 %n this first preferred enbodi nent

t he j nventi S 2€esi st ance heater having gepRes1ieHisg32, =
such sagg%%gto wzﬁ @i. be sol dered, at a face tﬁereof. Heater 3
generates heat r [

32. The resistive material within heater 30 may be resistive filanents
conventional in radiant heaters, such as etched foil or nickel chrom um

wire. Alternatively, the material of th ring itself may serve as the ]
resistive and heat-%pnerating material; . in
22. h t

w0

current passing therethrough between pad§

e apparatus of claim 21, wherein the density of
said resistive element per unit area of said heater varies

radially between said inner and outer edges.

~ 23. The apparatus of claim 21, wherein the density of
said resistive element per unit area of said heater varies
angularly.

24. The apparatus of claim 17, wherein said heater
comprises:
first and second electrically resistive elements
for generating radiant heat; and "
a plurality of connections, for providing current
to said first and second resistive elements independently
from one another.

25. The apparatus of claim 24, wherein said first and
second resistive elements have the same density of

resistive element per unit area.

26. The apparatus of claim 24, wherein said first and
second resistive elements have different densities of
resistive element per unit area.

27. The apparatus of claim 24, wherein said first and
second resistive elements are disposed in said heater at
approximately the same radial distance.

28. The apparatus of claim 24, wherein said first
resistive element is disposed in said heater between said
second resistive element and said inner edge.

29. An apparatus for sintering a powder,.comprising:
an energy source for providiﬁg a focused energy

beam to a target surface; .
means for placing powder at said target surface;

and _—

LT




.é case, it Is me Jlieet 1 ter 30 include a gap U@ d?ric
rriéfOB%/ID(%@n padaﬂﬂ X Yi, short direction of tra e‘f"% gglc A& the
rrent is forced t heater 30, inproving its efficiency.
fternatively, pads 32 may be spaced dianetrically opposite one another on
the face of heater 30, so that the current will travel in equal portions
al ong the sides of heater 30. This is n3st likely |ess efficient, however,

és heater 30 would in that case be effectively two resistors in parallel
$0 that |ower resi st amcraddenlitt heater ufer providing energy to said

target surface, said radiant heater having zones thereof

iy

N

for emitting radiant energy at different rates per unit

3
3
4
.E.

area.
;; - 30. The apparatus of claim 29, wherein said heater
: comprises:
a electrically resistive element for generating
radiant heat; and ]
10 connecting pads for making electrical connection
to said resistive element;
and wherein the density of said resistive element per
unit area of said heater varies radially between said inner
and outer edges.
15
31. The apparatus of claim+*29, wherein said heater
comprises:
a electrically resistive element for generating
radiant heat; and
20 connecting pads for making electrical connection
to said resistive element;
and wheréin.the density of said resistive element per
unit area of said heater varies angularly.
25 32. The apparatus of claim 29, wherein said heater

comprises:
first and second electrically resistive elements
for generating radiant heat; and
a plufality of connections, for providing current
30 to said first and second resistive elements independently
from one another.

33. The apparatus of claim 32, wherein said first and
second resistive elements have the same density of
35 resistive element per unit area.

—
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reducing the [err]
is coWQ:=4P8f6éd tfﬁﬁmﬁ&tﬁHB

reference to this
radi ant heater 30
per fornmed,

10

15

20

as Wil |l be described hereinbggow,

34. The apparatus of claim 32, wherein said first and
second resistive elements have different densities of
resistive element per unit area.’

35. The apparatus of claim 32, wherein said first and
second resistive elements are disposed in said heater at
approx1mately the same radial distance.

36. The apparatus of claim 32, wherein said first
resistive element is disposed in said heater between said
second resistive element and said inner edge.

37. The apparatus of claim 29, further comprising:
means for monitoring the temperature of the
target surface.

38. The apparatus of «claim 37, wherein saiad
monitoring means comprises an infrared sensor.

* % % % *

A

power d|55|pat|on and heat generation of heater 30.
rations and | ocations 0?@&&5.9161_33581

heater 30 will now those of ordinary skill in the art havi
shoul d be noted that experinents using &
|ng to this enbodi rent of the invention have been




- _wb%s%GConmmﬂo&@B&ﬁﬁ@aggaped conduction heater ﬁ%;%gﬁm”geater
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v onventi 1 sed as heater 30 is an 18
rg€ng- shaped strip h% u ﬂ%ll [
Erip heater is man

Chr omal ux nmodel A-903/240. The Chromal ux
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di ant heater 30 according to this enbodinent of the in ' tive
0 the)dhmkasre between heater 30 and the surface to be x)ggl{ggf}wgﬂga

are quite
nportant in providing a high degree of uniformty of tenperature at the
gjurface to be heated.——Mbdel ing of the heat transfer of such a radiant
reat er mayp e, lsed Lo dqterm’ ne these dinensions, as will now be described
Jgn detail. N danent al transfer theory, the rate q of
“g¢nergy tran , W source bo ody 1) and a target body (body 2)
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NORMALIZED RADIANT ENERGY
DISTRIBUTION AS A FUNCTION

: %ogl i cabl e t
it ropYV Z{98366n. Accordingly,

o radiant heater 30, radiant energy is emtted in

tries of the source and target bodi es.

only a fraction of the enitPEH S Qp338

tted fromthe source body actually reaches the target body, dependent of

The geonetric

err] I's thus used in the above relationship to
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sget ermined. Preferab
“t'he cal cul pis Shess
I¢dl cul ation
sgeonetri es.

Hol di ng al |
rate q as a function of the geonetry of the source body,

10

vide the fraction of the energy emtted by the source aetyyusbiogissgaches
t ¥YQaL/083eR, .

rgy transfer

ot her factors equal, the dependency of the

i nterest, can be

as a function ef—-thetocation of the target body of
ng program can be used to perform

I onput er ngy
e(c\li nthis d eSm' nation. It should be noted that
even for sinple

FG can be quite conpli cated,
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Wéflfkﬁown references in the heat transfer field have published vi¥f-t 3w

fact or "%J{agﬁ% ac
determ

s
mell-kno

expressed as folloms.

Q{InCIp|eS by which the view facto
non- tabul ated geonetries. See,
iguration Factors (MG awHill).

rs can be
for example,
For exanple, it is

ew factors between parallel coaxial disks may be

[err] where [err] is-the view fact

or for the source

disk to the target disk, where [err] and [grr] are the radii of the source

ABSTRACT
SELECTIVE LASER SINTERING

APPARATUS WITH RADIANT HEATING

A radiant heater (30), and an apparatus for
performing selective laser sintering using the same, are
The radiant heater (30) is ring-shaped with
its dimensions and distance from the target surface
preferably defined to provide radiant energy to a target
surface (4), with the rate of energy received per unit

disclosed.

‘area of the target surface (4) being substantially

uniform. A frusto-conical ring-shaped radiant heater
(40) is also disclosed, which may be disposed closer to
the surface (4) to provide improved efficiency of heat
transfer in a uniform fashion. A cooling element
similarly shaped is also disclosed, which operates in the
same manner to uniformly transfer radiant heat from the
target surface f4). Zoning of the ring-shaped radiant
heaters (30), to allow for non-uniform radiant energy
emission to the target surface, is also disclosed.
Monitoring of the temperature of the target surface (4)
is done by way of infrared sensors (30). For monitoring
of cool temperatures, a second infrared sensor (36) is
directed at the radiant heater, so that compensation for
reflection of the radiant heat from the surface (4) may
be accomplished.
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and_target disks;—+respectively, each divided by the distance between the
di sks (shown as distance a in: Figure 3), and where [err] For a ring-shaped

- sour & a R adi ant heater [err] and for a circular target surface,
al geb H Er principles have been used to derive the view factor
[err] - ikBul ati ng two view factors [err] and [err] according to

t he above rel ationshi ps; these view facters correspond to those froma disk
source 1 to two concentric disk
SELECTIVE LASER SINTERING APPARATUS

WITH RADIANT HEATING

k k % % %

This invention is in the field of radiant heating, and
is more particularly directed to radiant heating in
selective laser sintering.

Backaground of the Invention

Selective laser sintering is a relatively new method
for producing parts and other freeform solid articles in
a layer-by-layer fashion. This method forms such érticles
by the mechanism of sintering, which refers to any process
by which particulates are made to form a solid mass through
the application of external energy. According to selegtive
laser sintering, the external energy is focused " and
controlled by controlling a laser to sinter selected
locations of a heat-fusible powder. = By performing this
process in layer-byllayer fashion, complex parts and
freeform solid articles which cannot be fabricated easily
(if at all) by subtractive methods such as machining can
be quickly and accurately fabricated. Accordingly, this

"method is particularly beneficial in the production of
prototype parts, and is particularly useful in the
customized manufacture of such parts and articles directly
from computer-aided-design data bases.

Selective laser sintering is performed by depositing
a layer of a héatéfusible powder onto a target surface:;
examples of the types ofrpowders include metal powders,
polymer poﬁderé such as an~ﬁhat'caq be”subsequently used
in investment casting, pergmic.gowders;.and plastics such
as ABS plastié, polyvinyl chiofide (BVC), polycarbonate,
and other polymers. Portions of the layer of powder

corresponéing to a cross-sectional layer of the part to

This is the replacament sheet

' Date: 4 1 0CT 1996



‘targets2a-and-2bh, where the radius of disk 2a is |arger - 14 - than
t hat is sk 2b The view factor [err] froma ring source having an outer

radi us «dS disk target 2a and an inner radius Rb the sane as
di sk t en be calculated fromthe view factors [err] and
[err]

' 2

be produced are exposed to a focused and directionally
- controlled energy beam, such as generated by a laser having
its direction controlled by mirrors, under the control of
a computer. The portions of the powder exposed to the
laser energy are sintered into a solid mass in the manner
described hereinabove. After the selected portions of the
layer have been so sintered or bonded, another layer of
powder is placed over the layer previously selectively
sintered, and the energy beam is directed to sinter
portions of the new layer according to the next cross-
sectional layer of the part to be produced. The sintering
of each layer not only forms a solid mass within the layer,
but also sinters each 1éyer to previously sintered powder
underlying the newly sintered portion. 1In this manner, the
selective laser sintering method builds a part in layer-
wise fashion, with flexibility, accuracy, and speed of
fabrication superior to conventional machining methods.

The selective laser sintering process, and apparatus
for performing the process, is described in further detail
in U.S. Patent No. 4-863,538, issued September 5, 1989,
U.S. Patent No. 4,938,816, issued July 3, 1990, U.S. Patent
No. 4,944,817, issued July 31, 1990, and PCT Publication
WO 88/02677, published April 21, 1988, all of which are
incorporated hereih by this reference.

A problem faced by those in the selectivé laser
sintering field is the warpage and shrinkage of the part
due to thermal effects. Such warpage may manifest as the
curling of a sintered'layer in such a manner that it does
not bond to the previously sintered layer directly
therebelow; another manifestation of this warpage occurs
even though the layers of the part bond together, but where
the part itself warps, for example where a bottom flat
surface curls up at the edges to become a curved surface,
concave up. It is believed that a significant cause of
this warpage is the thermal shrinkage of the sintered layer

This is the replacement sheet
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[err] Referr| n Lgure 2, radiant heater 30 is shown as having an outer-
r adi udhi nner radius Rb, corresponding to the convention used
in the | on. In order to determne the uniformty of the energy
di strl he target surface, it is necessary to consider the
above-derived view factor not for the target surface (i.e., body 2) as a

whol e, but for small portions thereof; ugiformty can of course be then
measured by conparison of the energy transfer rate q for the various

from its temperature during sintering to its post-sintering

temperature, an extreme case of which causes the individual
layers to not bond to one another. 1In addition, uneven
cooling of the part during its layer-wise manufacture, for
example where top iayers of the part are cooled more
quickly than bottom layers, has been observed to cause
warpage and curling.

It has been observed that control of the temperature
of the article being produced is an important factor in
reducing such warpage. An apparatus for controllihg the

" part temperature is described in the above-referenced PCT
Publication WO 88702677, which provides a draft of.
temperature-controlled air through the target area (i.e.,
through the powder and the part being produced). Such
control by this draft is believed to reduce the temperature
differential that the part is exposed- to during and after
the sintering process, reducing shrinkage from cooling, and '
to maintain the temperature of previously sintered layers
at high enough temperature to allow relaxation.

Another significant ?roblem faced by those in the
field of selective laser sintering is undesired growth of
the parf being produced beyond the volume defined. by the
energy beam." As is well known, the spot size of a laser
beam can be made quite small, so that according to the
selective laser sintéring method which defines the volume
of the part by the laser scan, the resolution of the part
being produced can theoretically be quite high. However,
conduction of heat resulting from the sintering can cause
particles of the powder outside the laser scan to sinter
to the directly sintered portion. This causes the cross-
sectional layer to be larger than that defined by the laser
scan. In addition, growth can occur from layer to layer,
for example where sufficient heat from sintering remains
in the sintered portion of the layer at the time that the
next layer of powder is disposed thereover, so that the

This is the replacement sheet

Date: - 1 1'0["1 19%



porti6ﬁs of the target surface. Since the-source body in this analysis is
ring-s esﬂeetlaﬂtkeelﬂ{ laced| | el and coaxial with the target surface, it can be
assumed factor (and accordingly the energy transfer rate)
will be B ‘lﬂ portlons of the target surface which are the sane
radi al di romthe center of the target. Accordingly, the view factor
fromthe ring-shaped source body to a differential ring-shaped el enent of
the target body can be easily derived from al gebraic view factor

principles, @scd ObbQWer layer sinters to the prior layer without
exposure to the laser beam. The downdraft apparatus

described hereinabove was found to provide transfer of bulk
heat from the layer being sintered, reducing the extent of
such interlayer growth.

However, the use of convection temperature control is
limited in its accuracy in uniformly controlling the
temperature of the layer being produced. This is due to
the undefined and non-uniform path that the air draft
necessarily must follow as it passes through the part being
produced (the definition of the part controlling the path
of the draft). Accordingly, énother technique that has
been used in attempts to control the temperature of the
part being produced has been radiant heaters placed near
the target surface. Such radiént'heaters have included
floodlamps, quartz rods, and conventional flat radiant .
panels.

Referring to Figure 1, a prior apparatus including
flat radiant panels in providing radiant heat to the
selective laser sintering target surface will now be
described. The apparatus shown in Figure 1 is a schematic

~representation of the SIS Model,lzs DeskTop Manufacturing
system manufactured and sold by DTM Corporation. The
apparatus of Figure 1 includes a chamber 2 (front doors and
the top of chamber 2 are not shown in Figure 1, for
purposes of clarity), within which the selective sintering
process takes place. Target surface 4, for purposes of the
description herein, refers to the top surface of heat-
fusible powder (including portions previously sintered, if
present) disposed on part piston 6. The vertical motion
of part piston 6 is controlled by motor 8. Laser 10
provides a beam which is reflected by galvahometer-
controlled mirrors 12 (only one of which is shown for
clarity), in the manner described in the U.S. Patents
referred to hereinabove. Powder piston 14 is also provided
This is the replacement sheet
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[err]mkmh&tg@IBg&I‘Etijesdthe view factor to a differential ring- shaped

portio *?body or surface, having an inner radius of r and an
out er ]. Comparison of the energy transfer rate q for each of
the ring- ions of the target surface can thus be done by
calculating the view factor [err] for the differential

5

jn this apparatus, controlled by motor 16. As described
in the above-referenced PCT Publication 88/02677, counter-
rotating roller 18 is provided to transfer the powder to
the target surface 4 in a uniform and level fashion.

In operation, the apparatus of Figure 1 supplies
powder to chamber 2 via poﬁder cylinder 14; powder is
placed into chamber 2 by the upward partial motion of
powder cylinder 14 provided by motor 16. Roller 18
(preferably provided with a scraper to prevent buildup,
said scraper not shown in Figure 1 for clarity) spreads
the bowder within the chamber by translation from powder
cylinder 14 toward and across target surface 4 at the
surface of the powder on top of part piston 6, in the
manner described in said PCT Publication 88/02677. At the
time that roller 18 is providing.powder from powder piston
14, target surface 4 (whether a prior layer is disposed
thereat or not) is preferably below the floor of chamber
2 by a. small amount, for example 5 mils, to define the
thickness of the powder layer to be processed. It is
preferable, for smooth and thorough distribution of the
powder, that the amount of powder provided by powder
cylinder 14 be greater than that which can be accepted by
part cylinder 6, so that some excess powder will. result
from the motion of roller 18 across target surface 4; this
may be accomplished by the upward motion of powder piston
14 by a greater amount than the distance below the floor
of chamber 2 that target surface 4 is set at (e.g., 10 mils
versus 5 mnils). It is also preferable to slave the
counter-rotation of roller 18 to the translation of roller
18 within chamber 2, so that the ratio of rotational speed
to translation speed is constant.

Further in operation, after the transfer of powder to
target surface 4, and the return of roller 18 to its
original position near powder piston 14, laser 10
selectively sinters portions of the powder at target
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- 15 ==etenents—of—the target surface, and dividing each of the cal cul ated
V|em/fqﬁ g&gﬂgg ﬁqﬁk of the differential target elenent, to arrive at

t he ener e density (i.e., the rate g per unit area).

Ref erri n es 4 and 5, a conparison of the uniformty of energy
transfer haped flat radiant heater, as may be conventionally
used, to that frontthe ri ng- shaped radi ant heater 30 according to the first
enbodi nent of the invention, will now be descri bed. The

surface 4 corresponding to the cross-section of the layer
of the part to be produced, in the manner described in the
above-referenced U.S. Patents and PCT Publication. After
completion of the selective sintering for the particular
layer of powder, part piston 6 moves downward by an amount
corresponding to the thickness of the next layer, awaiting
the deposition of the next layer of powder thereupon from
roller 18.

Radiant heat panels 20 are provided in this prior
apparatus of Figure 1, suspended from the roof of chamber
2 (in a manner not shown). Radiant heat panels 20 in this
prior arrangement are conventional flat rectangular heat
panels, each of which emit energy per unit area
substantially uniformly across its surface. . In this
arrangement, radiant heat panels 20 are separated from one
another to allow the beam from laser 10 to pass
therebetween, and are disposed at an angle relative to
target. surface 4, to heét target surface 4 so that the
surface temperature can be controlled to reduce growth and
curling, as described" hereinabove.

Tenperature non-uniformity at target surface 4 has
been observed in use of the arrangement of Figure 1. Such
non-uniformity in target surface temperature can allow
growth at one portion of the part being produced (i.e., at
the hottest location) simultaneously with curling or other
warpage at another portion of the part (i.e,. at the
coolest location). Accordingly, for the apparatus of
Figure 1, this non-uniformity makes it difficult to
optimize the temperature at the surface target 4 in order

to keep either of these deleterious effects from occurring.

It should also be noted that uniform radiant heating
of a surface may theoretically be accomplished by providing
a flat radiant heating element placed parallel to the
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pl ot s—ef Figures—4and™ 5 were derived using the heat transfer nodel

descri

d_herej
di mensi'§ hect
nodel ed 1
of the rlil

ap

A¥cedieferring to Figures 2 and 3, as illustrative of the

em nodel ed, the radius of the disk- shaped heater
ﬂl gure 4 was 21.8 cm equal to the outer radius [err]

ter nodeled relative to Figure 5. The inner radius

[err] of the nodel ed radi ant heater 30 was 15.25 cm For both Figure 4 and
Figure 5, the distance a between the nodel ed heaters and target surface 4

(see Figure 3) in the nodel was 22 cm

surface being heated, and of effectively infinite size
relative to the target surface. In the use of .such a
heater in a closed chamber, however, it is not practicable
to provide such a large heater, as excessively large
champbers reduce the ability to control the ambient
temperature therein, and are not preferred for commercial
applications due to the associated cost of requiring a
jarge "footprint". It should also be noted that such a
flat heater is necessarily not compatible with selective
laser sintering, as no opening for the laser is provided
therethrough.

It is therefore an object of this invention to provide
a radiant heater which delivers energy to a substantially
planar surface distanced therefrom in such a manner that
the total energy per'unit area incident upon the planar
surface is substantially uniform.

It .is a further object of this invention to provide
such a heater which results in uniform temperature at a
planar surface distanced therefrom.

It is a further object of this invention to provide
such a radiant heater having an opening in its center.

It is a further object of this invention to provide
such a radiant heater which is particularly adapted for use
in an apparatus for selective laser sintering.

It is a further object of this invention to provide an
apparatus for selective laser sintering having such a
radiant heater.

It is a further object of this invention to provide
such a radiant heater having controllable segments therein,
to allow for adjustment of the surface temperature.:
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t he radius- [erp+~e#—%a%get surface 4 was 15 cm and the increnental

di stance e .25 cm Figure 4 illustrates the results of the
nodel i righs sebnal di sk-shaped heater, normalized relative to the
mean ene enS|ty (i.e., g/unit area) over target surface 4. It
can be c the results of Figure 4 that use of such a

conventi onal d| sk-shaped heater would result in the tenperature at the
center of target surface 4 being higher {han that at the perineter. Figure
5, illustrating the results of the nodeling for a ring-

other objects of this invention will be apparént to
those of ordinary skill in the art having reference to the
following specification, together with the drawings.
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shaped radi ant heater—30 according to this enbodi mrent of the invention,

shows ﬁﬁﬁﬁﬁéihs I |nproved uniformty over that of the disk-shaped heater
nDdeIed el Figure 4. - 16 - In a simlar fashion, nodeling
of a r| h|ng t he di nensi ons of the Chronel ux conduction heat er

summary of the Invention

The invention may be incorporated into a ring-shaped
element for transferring radiant energy to or from a planar
surface parallel thereto. The center opening of the ring
allows for a laser beam to pass therethrough, as is useful,
for example, in selective laser sintering. The dimensions
of the element, such as the inner and outer radius, are
selected relative to the distance that the heated or cooled
surface is to be located from the element. A frusto-
conical ring-shaped heater or cooling element allows for
the placement of the element closer to the target surface
while still maintaining uniformity, improving the
efficiency of heat transfer to or from the target surface.
In the case of a radiant heater, zoning may be incorporated
therein, either with separately controlled zones or,
alternatively, permanently installed non-uniformity in
energy. emission per unit area, to compensate for non-
uniform external thermal disturbances.

This is the replacement sheet

pate: '3 1 OCT 1996



noted-hereinabove, and experinental neasurenents for the Chromal ux heater

Itself, mere perforned to verify the nodel. The dinensions of the nodel ed
and lmxdheater i ncluded an outer radius [err] of 13.93 cm and
an in II of 10.79 cm The nunerical results of this nodeling
pr edi nBX|nun1deV|at|on (i.e., difference between m ni nrum and

maxi mun) in percent energy transferred per unit area for the radi ant heater
30 according to the dinmensions of the Chronalux heater woul d be -
approxi mately 24.5% '

Brief Description of the Drawings

Figure 1 is an isometric and schematic illustration of
an apparatus for selective laser sintering according to the
prior art.

Figure 2 is a plan view of a radiant heater according
to a first preferred embodiment of the invention.

Figure 3 is an elevation of the radiant heater of
Figure 2 shown in relation to the surface to be heated.

Figurés 4 and 5 are plots of transferred energy rate
per unit area for a conventional radiant heater and the
heater according to Figures 2 and 3, respectively.

‘Figures 6, 7 and 8 are plots illustrating the
dependence of the transferred energy rate per unit area on
particular dimensions of the radiant heater according to
the first embodiment.

Figure 9 is an isometric view of an apparatus for
selective laser sintering incorporating the radiant heater
according to the embodiment of Figures 2 and 3.

Figure 10 is an isometric view of a radiant heater
according to a second preferred embodiment_ of the
invention.

Figure 11 is a schematic diagram of a radiant heater
according to a third preferred embodiment of the invention.
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Measurenents were made for an 1800 watt Chronmal ux conduction heater placed

in an ratus as shown in Figure 1, controlled to raise the tenperature
of tar l¢mmn1 an anbient tenperature of 23 Celsius to
appr oxi us The total neasured deviation in tenperature of
t ar get rreasured by way of thernocouples), calculated in

per cent deV| ation fromthe anbient tenperature, was approxinmately
19.4% closely matchi ng the nodel ed eneklyy transfer deviation result
di scussed hereinabove. It is therefore believed that the

'tai ed Description of the Preferred Embodiments

Referring now to Figures 2 and 3, a first preferred
empodiment of the invention will now be described in
detail. Radiant heater 30 in this first preferred
embodiment of the invention is an electrical resistance
heater having connections 32, such as pads to which wires
may be soldered, at a face thereof. Heater 30 generates
heat resulting from a current passing therethrough between
pads 32. Thé resistive material within heater 30 may be
resisfive filaments conventional in radiant heaters, such
as etched foil or nickel chromium wire.

Alternatively, the material of the ring itself may
serve as the resistive and heat-generating material; in
this case, it is preferable that heater 30 include a gap
or dielectric barrier between pads 32 (i.e., the short
direction of travel), so that the current is forced to
travel around heater 30, improving its efficiency.
Alternatively, pads 32 may be spaced diametrically oppoéite
one another on the face of heater 30, so that the current
will travel in equal portions along the sides of heater 30.
This is most likely less efficient, however,. as heater 30
would in that case be effectively two resistors in
parallel, so that lower resistance results( in turn
reducing the IR power dissipation and heat generation of
heater 30.

It is contemplated that other configurations and
locations of pads 32 on heater 30 will now be apparent to
those of ordinary skill in the art having reference to this
description.

It should be noted that experiments using a radiant
heater 30 according to this embodiment of the invention

have been performed,'as will be described hereinbelow,
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nodel described-hereirtabove is quite accurate in predicting the uniformty
of energy transfer frama radi ant heater such as radiant heater 30 to a

par al Téd She “Anced therefrom It should be noted that while the
Chr omal heater exanple will provide inproved results over
a siml k heater, the dinmensions of the exanple of radiant

heater 30 nodeled relative to Figure 5 are believed to be preferable to

t hose of the Chronal ux conduction heaterl2
using a conventional ring-shaped conduction heater as
radiant heater 30. This conventional element used as
heater 30 is an 1800 Watt ring-shaped strip heater, sold
as Chromalux model A-903/240. The Chromalux strip heater
is manufactured and sold as a conduction heater for heating
vats and other containers for liquids and the like.

It is believed that the dimensions of a ring-shaped
radiant heater 30 according to this embodiment of the
invention, relative to the distance between heater 30 and
the surface to be heated, are quite important in providing
a high degree of uniformity of temperature at the surface
to be heated. Modeling of the heat transfer of such a
radiant heater may be used to determine these dimensions,
as will now be described in detail.

According to fundamental heat transfer theory, the
rate g of -energy transfer between a source body (body 1)
and a target body (body 2) by means of radiation can be
expressed as follows:

q.= Fy Fg 0 A, ('-1'-'1i - Tzh)

where F; is. an emissivity factor dependent upon the
emissivities of the two bodies, F; is a geometric "view
factor" as described hereinbelow, ¢ is the Stefan-Boltzmann
constant, A, is the area of the source body, and T, and T,
are the temperatures of the source and target bodies,
respectively. See, for example, Holman, Heat Transfer, 2d
Ed. (McGraw-Hill, 1963).

Where the source body is a diffuse surface, as in the
example applicable to radiant heater 30, radiant energy is
emitted in isotropic fashion. Accordingly, only a fraction
of the emitted energy emitted from the source body actually
reaches the target body, dependent of course upon the
geometries of the source and target bodies. The geometrié
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Accordlngly,'§§‘sheﬂﬂ—|n Figure 5, radiant heater 30 according to this

enb tH@tké, |nvent|on t hus provi des - 17 - significant
I mpr enperature uniformty of a parallel target surface,
conp adiant heater configurations. It has also been
observed eling and

13

view factor F; is thus used in the above relationship to
pfovide the fraction of the enérgy emitted by the source
body which reaches the target body. Holding all other
factors equal, the dependency of the energy transfer rate
g as a function of the geometry of the source body, and as
a function of the location of the target body of interest,
can be determined. Preferably, a computer modeling program
can be used to perform the calculations necessary in this
determination.

It should be noted that calculation of the view factor
Fs'can_be,quite'complicated, even for simple geometries.
Well-known references in the heat transfer field have
published view factors and algebraic principles by which
the view factors can be determined for particular non-
tabulated geometriés. See, for example, Howell, Radiation
Configquration Factors (McGraw-Hill). For example, it is
well-known that the view factors between parallel coaxial
disks may be expressed as follows:

Fi.p = 1/2 (X - [X* - 4(Ry/R))*1"?)

where Fhé is the view factor for the source disk to the
target disk, where R, and R, are the radii of the:source
and target disks, respectively, each divided by the
distance between the disks (shown as distance a in Figure
3), and where |

X =1 + (1 + RA/R?

For a ring-shaped source disk such as radiant heater 30,
and for a circular target'surface, algebraic view factor
principles have been used to derive the view factor Fipez bY
first calculating two view factors F,.,, and F,.,, according
to the above relationships; these view factors correspond
to those from a disk source 1 to two concentric disk
targets 2a and 2b, where the radius of disk 2a is larger
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I

expertnentation that variation of certain dinmensions in radiant heater 30,
ShRefieedd bet ween radi ant heater 30 and target surface 4 for a
ﬁm t heater 30, and such as the width of the ring (i.e.,

S!'ICh 1SSI£CQ?‘I :

gi ve

t he dl\‘mm\a\ en the outer and inner radii [err] and [err], can
si gni fl

the uniformty at which energy is delivered to target
surface 4. Referring to Figures 6 and 7, the effects of varying the
di stance a between radi ant heater 30 ard target surface 4 are shown, as the

result of heal transfel MAY NI the view factor Fu., from a ring
source having an outer radius R, the same as disk target 2a
and an inner radius R, the same as disk target 2b can then
be calculated from the view factors F,,,, and F,., as
follows:

Fipez = (Fiza = Fram) A/ (Az, — Ay)

Referring to Figure 2, radiant heater 30 is shown as having
an outer radius R, and an inner radius R,, corresponding to
the convention used in the above expression.

In order to determine the uniformity of the energy
distribution across the target surface, it is necessary to
consider the above-derived view factor not for the target
surface (i.e., body 2) as a whole, but for small portions
thereof; uniformity can of course be then measured by
comparison of the energy transfer rate q for the various
portions of the target surface. Since the source body in
this analysis is ring-shaped, and is parallel and coaxial
with the target surface, it can be assumed that the view
factor (and accogdingly the energy transfer rate) will be
equal for all portions of the target surface which are the
same radial distance from the center of the target.
Accordingly, the view factor from the ringfshaped source
body to a differential ring-shaped element of the target
body can be easily derived from algebraic view factor

principles, as follows:

Fip-2r = Fm-zlna: - F].R"zlr

This calculates the view factor to-a differential ring-
shapéd portion of the target body or surface, having an
inner radius of r and an outer radius of r+Ar. Comparison
of the energy transfer rate d for each of the ring-shaped
portions of the target . surface can thus be done by
calculating the view factor Fy.,;x for the differential
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perfornmed in the nmanner- described hereinabove. The di nensi ons of

radi ant heater 30 which are nodel ed for purposes of Figures 6 and 7 are the

sanme as Twis@ e 5. Figure 6 illustrates the nodel ed normalized
radi ant e tion of a ring-shaped radiant heater 30 as a
function romtarget surface 4. As shown in Figure 6, when

radi ant heater 30 is close to target surface 4, the perineter of target
surface 4 receives energy at a dispropO{éionater high rate relative to the

eleménts of the target surface, and dividing each of the
calculated view factors by the area of the differential
target' element, to arrive at the energy transfer rate
density (i.e., the rate q per unit area).

Referring now to Figures 4 and S5, a comparison of the
uniformity of energy transfer from a disk-shaped flat
radiant heater, as may be conventionally used, to that from
the ring-shaped radiant heater 30 according to the first
embodiment of the invention, will now be described. The
plots of Figures 4 and 5 were derived using the heat
transfer model described  hereinabove.

Referring to Figures 2 and 3, as illustrative of the
dimensions of the system modeled, the radius of the disk-
shaped heater modeled relative ‘to Figure 4 was 21.8 cm,
equal to the outer radius R, of the ring-shaped heater
modeled relative to Figure 5. The inner radius R, of the

- modeled radiant heater 30 was 15.25 cm. For both Figure
4 and Figure 5, the distance a between the modeled heaters
and target surface 4 (see Figure 3) in the model was 22 cm,
the radius R, of target surface 4 was 15 cm, and the
incremental distance ar was 0.25 cm.

Figure 4 illustrates the results of the modeling for
a conventional disk-shaped heater, normalized relative to
the mean energy transfer density (i.e., g/unit area) over
target surface 4. It can be concluded from the results of
Figure 4 that use of such a conventional disk-shaped heater
would result in the temperature at the center of target
surface 4 being higher than that at the perimeter. Figure
5, illustrating the results sf the modeling for:a ring-
shaped radiant heater 30 according to this embodiment of
the inv tion, shows significantly imprbved uniformity over
that o. the disk-shaped heater modeled as resulting in
Figure 4.
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center, while with—radiant heater 30 sufficiently distant fromtarget
surface 4, the balrgn changes so that the center of target surface 4
I gher rate per unit area than the perineter.

recei Vfgs sheeeH \5\1\ _

Ref erri t he percent deviation (calculated fromthe results
used tol&“ﬁ e 6) is plotted versus distance a between radi ant
heat er and target surface 4, together with the percent of total energy
emitted by radiant heater 30 which is dkfivered to target surface 4. It can

be seen that the deviatjon is at its mninumat a distance a of 22 c it
_ In a simi&ar fashion, modefﬁng of a ring heategn

matching the dimensions of the Chromalux conduction heater
noted hereinabove, and experimental measurements for the
Chromalux heater itself, were performed to verify the
model. The dimensions of the modeled and actual Chromalux
heater included an outer radius R, of 13.93 cm, and an
inner radius R, of 10.79 cm. The numerical results of this
modeling predicted that the maximum deviation (i.e.,
difference between minimum and maximum) in percent energy
transferred per unit area for the radiant heater 30
according to the dimensions of the Chromalux heater would
be approximately 24.5%.

Measurements were made for an 1800 watt Chromalux
conduction heater placed in an apparatus as shown in Figure
1, controlled to raise the temperature of target surface
4 from an ambient temperature of 23° Celsius to
approximately 70° Celsius. The total measured deviation in
temperature of target surface 4 (measured by way of
thermocouples), calculated in percent deviation from the
ambient temperature, was approximately 19.4%, closely
matching the modeled energy transfer deviation result
discussed hereinabove. It is therefore believed that the
hodel described hereinabove is quite accurate in predicting
the uniformity of energy transfer from a radiant heater
such as radiant heater 30 to a parallel surface distanced
therefrom.

It should be noted that while the Chromalux conduction
heater example will provide improved results over a
similarly sized disk heater, the dimensions of the example
of radiant heater 30 modeled relative to Figure 5 are
believed to be preferable to those of the Chromalux

conduction heater.
Accordingly, as shown in Figure 5, radiant heater 30
according to this embodiment of the invention thus provides
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- 18 - can al so be seen that the efficiency of energy delivery to target

rface1mm6hwr aded i Ncreasi ng di stance a, as woul d be expect ed.
Accord!ng ce a between radi ant heater 30 and target surface 4
s a S|gn not only in the amount of radiant energy delivered
to target surface ut also in the uniformty of such

17

significant improvements in the temperature uniformity of
a parallel target surface, compared to prior radiant heater
configurations.

It has also been observed from modeling and
experimentation that variation of certain dimensions in
radiant heater 30, such as the distance a between radiant
heater 30 and target surface 4 for a given size of radiant
heater 30, and such as the width of the ring (i.e., the
difference between the outer and inner radii R, and Ry),
can significantly affect the uniformity at which energy is
delivered to target surface 4.

Referring to Figures 6 and~7, the effects of varying
the distance a between radiant heater 30 and tafget surface
4 are shown, as the result of heat transfer modeling
performed in the manner described hereinabove. The
dimensions of radiaht heater 30 which are modeled for
purposes of Figures 6 and 7 are the same as modeled for
Figure 5.

Figufe 6 illustrates the modeled normalized radiant
energy distribution of a ring-shaped radiant heater 30 as
a function of distance a from target surface 4. As shown
in Figure 6, when radiant heater 30 is close to target
surface 4, the perimeter of target surface 4 receives
energy at a disproportionately high rate relative to the
center, while with radiant heater 30 sufficiently distant
from target surface 4, the balance changes so that the
center of target surface 4 receives energy at a higher rate
per unit area than the perimeter.. Referring to Figure 7,
the percent deviation (calculated from the results used to
generate Figure 6) is plotted versus distance a between
radiant heater 30 and target surface 4, together with the
percent of total energy emitted by radiant heater 30 which
is delivered to target surface 4. It can be seen that the
deviation is at its minimum at a distance a of 22 cm; it

‘This is the replacament gheet

Date: {1 OCT 1988



delivery. Referring nowto Figure 8, the effects of varying the w dth of

t he ri rithis heetaﬂas dthe inner radius [err] of Figure 2) on the
unlform ﬂ elivery to the target surface will now be descri bed.
The cond in arr|V| ng at the results of Figure 8 include a
fixed outer rad| us [err] radi ant heater 30, and a fixed distance a

bet ween radi ant heater 30 and target surgdace 4. It can be seen that as the
i nner radius Rb increases (resulting in a narrower ring), the perineter of

target can also be seen that the efficiency of energy delivery tgq
target surface 4 decreases with increasing distance a, ag
would be expected. Accordingly, the distance a between
radiant heater 30 and target surface 4 is a significant
factor not only in the amount of radiant energy delivered
to target surface 4, but also in the uniformity of such
delivery.

Referring now to Figure 8, the effects of varying the
width of the ring (i.e., varying the inner.radius R, of
Figure 2) on the uniformity of energy delivery to the
target surface will now be described. The conditions
modeled in arriving at the results of Figure 8 include a
fixed outer radius R, of radiant heater 30, and a fixed
distance a between radiant heater 30 and target surface 4.
It can be seen that as the inner radius R, increases
(resulting in a narrower ring), the perimeter of target
surface 4 receives energy at a higher rate per unit area
than the center; conversely, as the inner radius R,
decreases (resulting in a wider ring, more closely
approximating a disk~-shaped heater as described
hereinabove), the center of target surface 4 receives
energy at a higher rate per unit area than the perimeter
thereof.

It is contemplated that the relationships described
hereinabove for modeling the dimensions of the ring-shaped
radiant heater 30, relative to the distance between radiant
heater 30 and target surface 4, can now be utilized by one
of ordinary skill in the art to design radiant heater 30,
for a particular application, in such a manner as to
achieve the benefits of uniform energy transfer rate per
unit area as described hereinabove.

It should be noted that the theory, shape, and
geometric characteristics described hereinabove for radiant
heater 30 are believed to be equally applicable where,
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surface 4 receives energy at a higher rate per unit area than the center;
conversﬂinheaﬁa;Mnkﬁw radius [err] decreases (resulting in a w der

nore clo
her ei nab
rate per

i ng a disk-shaped heat er as descri bed

ring,

r of target surface 4 receives energy at a higher

am\magmuhan the perineter thereof. 1t is contenplated that

rel ati onshi ps descri bed herei nabove for ygodeling the di nensions of the

ri ng- shaped radi ant heater 30,

instead of a heater, the ring-shaped element serves to cool
the planar surface parallel thereto. Such a cooling
element may be constructed as a similarly shaped body as
radiant heater 30, and with conduits therein through which
a cooling medium may be circulated. For example, an
aluminum body with conduits may be provided, due to the
high thermal conductivity of aluminum, through which a

. chilled fluid such as liquid nitrogen, a fluorocarbon or

water, 1is circulated. It is thus contemplated that
placement of the ring-shaped cooling element near a surface
to be cooled will result, according to the theory and
relationship described hereinabove for the radiant heater,
in substantially uniform transfer of radiant heat from the
surface to be cooled to the ring-shaped cooling element.

For the particular application of selective laser
sintering, radiant heater 30 according to this embodiment
of the.invention is especially beneficial. This is not
only due to the improved uniformity with which it delivers
energy per unit area, but also due to its construction
which allows its placement coaxial with the target surface,
while allowing the energy beam to pass therethrough to
target surface 4. Referring now to Figure 9, a preferred
embodiment of an apparatus for selective laser sintering
including radiant heater 30 according to this embodiment
of the invention will now be described. It should be noted
that the same elements of this'apparatus as are included
in the prior apparatus of Figure 1 are referred to by the
same reference numerals.

Ring-shaped radiant heater 30, as described
hereinabove, is used in the embodiment of Figure 9 to
uniformly heat target surface 4, in the manner described
hereinabove. Attachment of radiant heater 30 may be
accomplished by its suspension over target surface from the
top of chamber 2 (such top not shown), either by chains,

t he

relative to the distance between radi ant
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heat er
skill

i n such aﬁ;ﬁ@,ﬂ&fﬂa§e feve the benefits of uniform energy transfer

per unit ar E\mg‘ d hereinabove. It should be noted that the theory,

shape,
heat er

30 and target surface 4, can now be utilized by one of ordinary

imthé art to deS| gn,radi ant heater 30, for a particular application,

and

30a

cteristics described herei nabove for radi ant

Ileved to be equally appllcable wher e,

wire, a fixed bracket, or other appropriate mounting

apparatus. As shown in Figure 9, the opening through
radiant heater 30 allows the beam from laser 10, controlled
by mirrors 12, to pass therethrough and impact target
surface 4, while still allowing radiant heater 30 to be
coaxial with circular target surface 4. This allows for
temperature uniformity of target surface over the area
which can be reached by the beam of laser 10. Such uniform
temperature control allows the temperature of target
surface 4 to be opfimized so that growth and curling of the
part produced by the selective laser sintering process
noted hereinabove is minimized.

_ It should be noted that radiant heater 30 may be
incorporated into a selective laser-'sintering apparatus in
such a manner that the temperaturé can be set at target
surface 4 prior to initiation of selective laser sintering
(measured, for example, by thermocouples or thermometers
placed .at tafget surfacé 4), with no further control of
temperature performed during the process. Due to the
generation of heat during selective laser sintering,
however, the temperature of target surface 4 will likely
change from its initial condition prior to the process.
For particular materials such .as wéx,.it has been observed
that close control of the <temperature throughout the
process is necessary to avoid the problems of growth,
curling, and other warpage and distortion of the part being
produced. Accordingly, it is preferred that some type of
measurement, feedback and cohtrol is included in the
selective laser sintering apparatus.

Prior methods for control of the temperature of target
surface 4, where radiant heaters such as panels 20 in
Figure 1 were used, incorporated thermocouples at or near
target surface 4, for example located near the top of part
piston 6. It is preferred in this embodiment, however,
that the temperature measurement of the target surface 4,
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- 19 - |nstead of a heater, the ring-shaped el enent serves to cool the

pl anar s hﬂﬂthereto Such a cooling el enent may be
construct l ﬁ1 | y shaped body as radi ant heater 30, and with
conduits h whi ch a cool i ng nmedi um may be circul at ed. For
exanpl e, an al um num body with conduits may be provided, due to the high
thermal conductivity of alum num through which a chilled fluid such as

liquid nitrogen, a fluorocarbon or o1

the powder disposed thereon by roller 18, and the part
peing produced in the powder by the selective laser
sintering method, be made by non-contact techniques.
Accordingly, the preferred embodiment of the apparatus of
Figure 9 includes an infrared temperature sensor 34,
directed at the appropriate portion of target surface 4,
including the powder and part produced thereat. The output
of sensor 34 can be monitored by conventional equipment
(not shown), for controlling the current or-other enerqgy
applied to radiant heater 32.

Certain of the materials used in- selective laser
sintering must be kept at relatively low temperatures in
order to remain in powder form. For example, it has been
found that selective 1laser sintering is especially
beneficial in producing parts from wax powder, with the wax
parts subsequently used in the manufacture of molds for
investment casting according to the "lost wax" technique.
Selective laser sintering of wax powder is subject to
growth and curling problems as described hereinabove,
necessitating tempéraéure control of target surface 4.
However, the ambient temperature of chamber 2 must be kept
relatlvely low, for example on the order of less than 50°
C., so that the portlons of the wax powder which do not
receive energy from the laser do not melt or stick
together.  Accordingly, the temperature to be sensed by

sensor 34 may be relatively low.

}t‘

In the sensing of such low temperature, however, the
amount of infrared wavelength energy from radiant heater
30 which is reflected off of the powder at target surface
4, reaching sensor 34, can be significant relative to the
infrared energy radiated from the powder itself at such low
temperatures. Accordingly, it has been observed that the
temperature sensed by infrared sensor 34 differs from the
temperature sensed by a thermocouple located at térget

surface 4. This is the reptacement sheet
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water, s cireutated.” It is thus contenplated that placenent of the

ring- shap ﬁOQ% ﬁ&gnent near a surface to be cooled will result,
accor y and rel ati onshi p descri bed herei nabove for t he
radlant stantlally uniformtransfer of radiant heat fromthe
surface o the ring-shaped cooling elenment. For the particular
appllcatlon of selectlve | aser sintering, radiant heater 30 according to
this enbodi ment of the invention is especially beneficial. This is not

only due to the inproved uniformty with which it delivers

In the apparatus:of Figure 9, the accuracy of the
temperature measurement is improved by the provision of a
second infrared sensor 36 directed at radiant heater 32 tg
measure its radiation. The output of sensor 36 is
similarly monitored as the output of sensor 34. Infrareq
sensor 36 thus provides direct measurement of the radiation
emitted by radiant heater 30. This allows compensation of
the sensed radiation from target surface 4 by sensor 34 for
the reflected radiation from heater 30, so that the correct
temperature of the powder and part at target surface 4 may
be derived. The amount of compensation necessary will
depend upon various factors, such as the geometric
relationship between the heater, powder bed, and sensors,
the reflectivity of the powder, and the temperature of the
powder. It is contemplated that time-zero characterization
of chamber 2 and radiant heater 30, using thermocouples or
other contact measurement in such characterization, may be
done for particular powders over temperature to provide a
compensation curve or equation for correcting the output

signal from sensor 34 to arrive at the correct temperature.

‘Alternatively to the use of ring-shaped radiant heater
30 in the selective laser sintering apparatus of Figure 9,
a similarly shaped element may be used as a cooling
element. As noted hereinabove, the theor& and
characteristics of radiant heater 30 are similarly
applicable to the case where the ring-shaped element is
cooler than the target surface. For example, é chilled
fluid such as liquid nitrogen, a.fluorocarbon or water, may
be circulated through conduits in a. ring-shaped aluminum
body. Provision of such a radiant cooling apparatus may
be preferred for materials which may be.useful in selective
laser sintering but where the material, at the time of the
sintering, must be kept below room temperature in order to

remain in powder form. In addition, since cooling of
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energy per unit area, but also due to its construction which allows its
p|acenenﬂhmﬁmungguﬂﬁbgaﬁ target surface, while allow ng the energy beam

to pass th narget surface 4. Referring nowto Figure 9, a
preferred an apparatus for selective |laser sintering
I ncluding ra |an 30-according to this enbodi ment of the invention

w Il now be described. It should be noted,fhat the sanme elenents of this
apparatus as are included in the prior apparatus of Figure 1 are referred

to by the Sa”Ear5£€*§ﬁ¥f58&WP qi%electlve laser sxnterlng is also known
to be beneficial in controlling growth and curling, even
where the temperature of target surface 4 is heated by
radiant heating, an alternative embodiment of the selective
laser sintering apparatus of Figure 8 may include both a
radiant heater 30 and a similarly ring-shaped cooling
element, with the heater and cooling element disposed
coaxially with one another. It is contemplated that other
alternatives and modifications incorporating a radiant
cooling element will now be apparent to those of ordinary
skill in the art.

Referring now to Figure 10, an isometric view of an
alternative embodiment of the radiant heater according to .
the invention is illustrated. . As noted hereinabove
relative to Figure 9, the fraction of the total energy
radiated by radiant heater 30 which reaches target surface
4 is less than 50%, especially at the distance a at which
uniformity is optimized. Radiant heater 40 of Figure 10
is a ring~shaped radiant heater constructed to have a
frusto-conical shape, rather than the flat shape of heater
20. Radiant heater 40 is preferably mounted so that its
inner edge is further away from the surface to be heated
than its outer edge.

This construction allows the distance a at which
ﬁnifofmity is maximized for radiant heater 40 to be less
than that for flat radiant heater 30. This can be seen
from Figure 6, which indicates that, for a flat radiant
heater 30, placement of the heater closer to target surface
4 than the optimal distance results in the center of target
surface 4 receiving less energy than the perimeter.
Radiant heater 40 of Figure 10, due to its shape, directs
more of its energy toward the center of target surface 4
than toward the perimeter of, and outside the bounds of,
target surface 4. By providing more energy toward the
center, radiant heater 40 compensates for the effects
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Ri ng-shaped -Tadiant heater 30, as descri bed herei nabove, is used

In the e QQi } R&ftackd gure 9 to uniformy heat target surface 4, in the
mannerBigR i nabove. Attachnment of radiant heater 30 may be
acconplt u uspensi on over target surface fromthe top of chanber
2 (such ), either by chains, - 20 -

24

illustrated in Figure 9 where the center receives jegs
.e'nergy as the heater is moved closer to the sgurface
Accordingly, the distance a at which uniformity jg
maximized for radiant heater 40 will be closer to target
surface 4 than in the case of radiant heater 30. asg
indicated in Figure 7, this closer proximity of heater 40
to target surface 4 will increase the fraction of the totay
emitted energy which reaches target surface 4, imprOVing
the efficiency of radiant heater 40.

It should be noted that, while the shape of radiant
heater 40 is frusto-conical, having straight sides betweepn
the outer and inner radius, alternative geometries may be
utilized for radiant heater 40. For example, the sides of
radiant heater may be parabolic -rather than linear if
desifed, for alternative distribution of energy from
radiant heater 40 to target surface 4. It is contemplated
that other useful shapes of radiant heater 40 will now be
apparent to those of ordinary skill in the art having’
reference to this description and the drawings.

In addition, it should be noted that the shape of
radiant heater 40 is also applicable to a similarly shaped
cooling element, to achieve improved transfer of radiant
heat from the target surface to the element, as discussed
hereinabove. g

' »

Relative ta%;he selective laser sintering apparatus of
Figure 9, due to the provision of the opening in the center
of radiant heater 40, the beam from laser 10 will still be
allowed to impinge upon powder at target surface 4.
Radiant heater 40 thus provides -the further advantages
described hereinabove in its application for selective
laser sintering.

Referring now to Figure 11, radiant heater 50
according to another embodiment of the invention will now.
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wire, ‘a fixed bracket, or other appropriate mounting apparatus. As shown
I N Fi guitgs Seet LIkSB latd@d t hrough radi ant heater 30 all ows the beam from

| aser 10 I mrrors 12, to pass therethrough and inpact target
surface al l owi ng radi ant heater 30 to be coaxial with
e

circul ar 4. This allows for tenperature uniformty of target
surface over the area which can be reached by the beam of |aser 10. Such

uni formtenperature control allows the t@$perature of target surface 4 to
be optim zed so that growh and curling of the .
be described in detail. 1In some applications for which

uniform vradiant heating is desirable, as described
hereinabove, conduction and convection of heat may be
uneven for points at the surface being heated. For
example, in the application of selective laser sintering,
chamber 2 includes a door with a window at the front
thereof, to provide visibility of the process from external
to the chamber. In addition, it has been found that
convection cooling of +the target surface is useful,
together with radiant heat as described -hereinabove, in
order to minimize growth within the layer being selectively
sintered (i.e., growth "of the pért from the portion
receiving the laser energy via ‘conduction of the laser-
generated heat to powder particles which were not exposed
to the beam). Such cooling is preferably done by directing
air flow in a direction parallel to target surface 4 across
the face of the powder and part being produced. In
addition, as described in PCT Publication WO 88/02677 cited
hereinabove, it may be useful to provide downdraft gas or
air flow through the. powder, in a direction normal to
target surface 4.

However, such air and gas flow may provide uneven
temperature distribi;tion at target surface 4, even if
radiant heater 30 or 40 is transferring radiant enérgy to
target surface.4 at a rate per unit area which is highly
uniform across target surface 4. In addition, while
radiant heaters 30 and 40 hereinabove are’ intended to
provide such uniform radiant energy transfer, some amount
of deviation will likely still be present. In addition,
as described hereinabove, the efficiency of radiant energy
transfer increases with the proximity. of the radiant heater
to target surface 4, especially as the radiant heater is
closer to target surface 4 than the distance a at which its
.uniformity is maximized. Furthermore, non-uniformity in
radiant energy transfer is a significant problem with
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part produced By the—setective | aser sintering process noted herei nabove is
nrnranbdﬁm&uh§§ng be noted that radi ant heater 30 may be incorporated
into a srnterrng apparatus in such a manner that the
tenpera at target surface 4 prior to initiation of selective
| aser srn e red for exanple, by thernocouples or thernoneters
pl aced at target surface 4), with no further control of tenperature
performed during the process. Due to2she generation of heat during
selective laser sintering,

conventional radiant heating in selective laser sintering,

for example in the apparatus of Figure 1.

Referring now to Figure 11, zoned radiant heater 59
will now be described in detail, in conjunction with such
a heater 50 in a ring-shaped configuration. It is
contemplated that the zoning described hereinbelow will
also be useful in conventional radiant heaters, such as
radiant heat panels 20 of Figure 1, and in such cases may
serve to alleviate the non-uniformity of radiant energy
transfer to target surface 4.

Radiant heater 50, according to this embodiment,

' generates radiant energy from resistive elements 52, 54 and
56 disposed at a surface thereof. Resistive elements 52,
' 54 and 56 are conventional resistive elements as are used
in conventional heaters, for example filaments of nickel
chromium or the like, having a connecting pad 32 at each
end to which electrical connection may be made by soldering
a wire thereto or the 1like. In this embodiment, the
density of the length of resistive elements 52, 54 and 56
per unit area of heater 50 varies radially. Figure 11
shows the resistive elements 52, 54, and 56 with very large
spacing, for the purpose of clarity. In practice, elements
.52, 54 and 56 are preferably formed to have a higher
density. Furthermore, in practice, the connection pads 32
are preferably sized and placed in a manner which does not
adversely affect the desired temperature distribution
across the face of heater 50. Resistive elements 52a, 52b,
and 52c are disposed near the outer perimeter of heater 50,
are electrically isoclated from one another, and present
approximately the same density of resistance per unit area
as one another. Resistive elements S54a and 54b are
disposed closer to the center of heater 50 from elements
52, and each present a higher density of resistive length
per unit area than elements 52 (although the density of

resxstlve length per unit area of elements 54a and 54b are
This is the replacement sheet
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howevVer, the tenperature of target surface 4 will likely change fromits
|n|t|ahuﬁmwuﬂuﬂﬂmm to the process. For particular materials such as

ved that close control of the tenperature throughout
the pro ry to avoid the problenms of growth, curling, and
ot her ge an

distortion of the part being produced. Accordingly, it is
preferred that some type of neasurenent,,feedback and control is included
in the selective |aser sintering apparatus Prior methods for control of

the te”peraEBbQOQﬁﬂH@éﬁy equal). Resistive element 56 is disposed
closer to the center of heater 50 than elements 54, and in
this embodiment has the lowest density of resistive length
per unit area than elements 52 and 54. In this preferred
embodiment of radiant heater 50, a hole is provided in the
~center thereof, for example so that a beam from laser 10
may pass therethrough when heater 50 is installed in an
apparatus for selective laser sintering, such as in the
example'of Figure 9. '

Zoned radiant heatér 50 provides significant
flexibility in providing radiant heat to target surface 4,
especially as useful in a selective sintering apparatus.
For example, application of equal currents to each of
elements 52, 54 and 56 would result in the emission of
radiant energy per unit area which varies radialiy from the
‘center of heater 50, with the lowest emission near the
center, the next highest emission near the outer perimeter,
and the highest emission therebetween. In addition, the
‘currents through elements 52, 54 and 56 may be varied
relative to one another to provide different emission
densities from.that-incorporated in heater 50 merely due
to the varying densities of resistive element length per
unit area; varying of the currents relative to one another
could, for' example, exactly compensate for the varying
resistive length densities, so that radiant energy may be
emitted at a uniform rate per unit area across the entirety
of heater 50. Of course, other radial emission density
distributions could be implemented by otherwise varying the
current through elements 52, 54 and 56 relative to one
another.

In addition, the provision of separate elements 52a,
52b and 52c, as well as separaﬁe eleﬁents 54a and 54D,
provide the ability to anqularly vary the radiant energy
emission rate per unit area. For example, if a portion of
target surface 4 underlying resistive element 52a were
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surface 4, whére radi ant heaters such as panels 20 in Figure 1 were used,
I ncor s%Ee%ﬁastliba{ aadpl es at or near target surface 4, for exanple |ocated

near t p|ston 6. It is preferred in this enbodinent,
hovveve erature measurenent of the target surface 4, - 21
- the ed thereon by roller 18, and the part

' 28

cooler than the portions underlying resistive elements 52b
and 52c, the current applied to element 52a could be
increased relative to that through elements 52b and 52c,
resulting in increased radiant energy emitted from the
portion of heater 50 containing element S52a. Such control
of the individual elements 52 and 54 thus can allow
compensation for non-uniform temperatures over target
surface 4, such as may result from conduction or convection
within chamber 2 in the selective laser sintering appafatus
of Figure 9. In addition, non-uniform temperatures at
target surface 4 may also result from the selective laser
sintering itself. For example, if the portion of the
powder at target surface 4 underlying elements 52b and S52c
were sintered to a greater extent than the portions
underlying element 52, an increase in the current through
element 52a would compensate for the lesser degree of
sintering heat thereunder, improving the uniformity of the
target surface 4 and the powder and part disposed thereat.

It should be noted- that while zoned heater 50 in this
embodiment is ring-shaped, alternatively conventional
rectangular or circular radiant heat panels may be
similarly zoned, in order to provide uniform temperature
at the target surface 4, and the powder and part thereat,
ih an apparatus for selective laser sintering. Further in
the alternative, while zoned heater 50 in this embodiment

is a flat ring, similar tg the non-zoned heater 30

described hereinabove, the ting approach used in zoned
heater 50 is equally applicable to and may be used in the

frusto-conf@?l heater 40 also described hereinabove.

It should be noted that radiant heater 50, having
numerous pads 32 for each element 52, 54 and 56, both in
the radial and angular sense, is espécially adapted for
real-time control of the temperature during the selective
laser sintering process, and during characterization of a
particular chamber prior to initiation of the selective
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bei ng produced in -the—powder by the selective |aser sintering method, be
made by non-cont act tqqggiques. Accordingly, the preferred enbodi nent of

t he appahat B iincludes an infrared tenperature sensor 34,
directed ! iate portion of target surface 4, including the
powder an d thereat. The output of sensor 34 can be nonitored
by conventional equi pnent (not shown), for controlling the current or other
energy applied to radiant heater 32. Cezg9ain of the materials used in
sel ective | aser
laser sintering process for a darticular powder material
and process conditions (such as ambient temperature, air
flow, laser power, and the like). Accordingly, it is
coritemplated that monitoring apparatus such as
thermocouples, or non-contact sensors such as infrared
sensor 34 described hereinabove, together with conventional
monitoring, feedback and control equipment, may be
implemented together with the 2zoned heater 50 of this
enbodiment of the invention by one of ordinarxy skill in the
art having reference to this specification.

Further in the alternative to -controllable zoned
heater 50, a fixed zoned heater may also be used in a
manner as to benefit from <the invention. It is
contemplated that, for a particular design of chamber 2 in
a selective laser sintering apparatus, the radiant energy
emission density pattern, both in the radial and in the
angular sense, may be derived by use of a controllable
zoned heater 50 as described hereinabove, and that the
emission density pattern may not significantly change for
the particular chamber design, regardless of changes in the
powder material, ambient temperature, laser power, and
other parameters. Accordingly, in such a case, a radiant
heater 50 including a single resistive elenment of varying
densities so as to emit radiant energy in a non-uniform
paftern from the heater, but which results in uniform
temperature at the target surface in compensation for
convection or other factors, may be used. Such a heater
would have, for example, only two pads 32, one at each end
of the resistive element, simplifying the implementation
of the heater, and its control.
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sintering nust be kept at relatively |low tenperatures in order to remain in
powder fortHs H ceit has been found that selective |aser sintering
i s especi al i n producing parts fromwax powder, with the wax
parts subse n the manufacture of nolds for investnent casting
according to the "lost wax" technique. Selective laser sintering of wax
powder is subject to growth and curling problens as described herei nabove,
necessitating tenperature control of ta?get surface 4. However, the anbient

terrperature of chanber 2 nust be keg ) .
le the invention has been described herein relative

to its preferred embodiments, it is of course contemplateq
that modifications of, and alternatives +to, these
embodiments, such modifications and alternatlves obtalnlng
the advantages and benefits of this invention, will be
apparent to those of ordinary skill in the art having
reference to this specification and its drawings. It is
contemplated that such modifications and alternatives are
within the scope of this invention as subsequently claimed
herein.

-
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relatively low, for exanple on the order of |ess than 50[err] C, so that
t he portF6ﬁ§‘6f‘rhe—mﬁx—pemder whi ch do not receive energy fromthe |aser

do not nel et her . Accordingly, the tenperature to be sensed
by sensor HHWHMI H(i%t’ ely low. In the sensing of such | ow tenperature,
however, the ano rar ed wavel ength energy fromradi ant heater 30
which is reflected off of the powder at target surface 4, reaching sensor

34, can be significant relative to the iY¥rared ener gy radi ated fromthe
powder itself at such | ow

WE CLAIM:

1. A ring-shaped element for the transfer of radiant
energy relative to a target surface at a substantially
uniform rate per unit area, said element having a circular
outer edge which is substantially parallel with the plane
of said target surface, and having a circular inner edge
substantially concentric with said outer edge.

2. The element of claim 1, wherein the element is a
cooling element, for transferring radiant energy from the
target surface to the element at a substantially uniform
rate per unit area.

3. The element of claim 1, wherein the element is a
radiant heater.

4. . The element of claim 1, wherein said inner edge is
substantially coplanar with said outer edge.

S. The element of claim 1, wherein said inner edge is
not coplanar with said outer edge, so that said element may
be disposed with said inner edge further away from said

target surface than said outer edge.

‘6. The element of claim 5, wherein said element has
a frusto-conical shape.

7. The heater of claim 3, wherein said heater
comprises: '
a electrically resistive element for generating
radiant heat; and '
- connecting pads for making eiectrical connection
to said resistive element.
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tenperatures Accordlngly, It has been observed that the tenperature sensed

by i nf
| ocat ed
the te

i nfrared sensor

MearRepidcedi f fers fromthe tenperature sensed by a thernocouple
- 22 - In the apparatus of Figure 9, the accuracy of
renent is inproved by the provision of a second

|rected at radiant heater 32 to

32

8. The heater of claim 7, wherein the density of saiq
resistive element per unit area of said heater varies
radially between said inner and outer edges.

9. The heater of claim 7, wherein the density of said
resistive element per unit area of said heater varies

angularly.

10. The heater of claim 3, wherein said heater
comprises:
first and second electrically resistive elements
for generating radiant heat:; and
a plurality of connections, for providing current
to said first and second resistive elements independently
from one another.

11. The heater of claim 10, wherein said first and
second resistive elements have the same density of
resistive element per unit area.

12. The heater of claim 10, wherein said first and
second resistive elements have different densities of
resistive element per unit area.

13. The heater of claim 10, wherein said first and
second resistive elements are disposed in said heater at
approximately the same radial distance.

14. The heater of claim 10, wherein said first
resistive element is disposed in said heater between said
second resistive element and said inner edge.

15. An apparatus for sintering a powder, comprising:
an energy source for providing a focused energy

beam to a target surface;
means for placing powder at said target surface;

RN VAN s s the replacement sheet
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measure |ts radi ation. The output of sensor 36 is simlarly

moni t or edhi h%ﬁ sensor 34. Infrared sensor 36 thus provides
direct nme e radi ation emtted by radiant heater 30. This
alloms co ' i ati

for the

refl ected radlatlon fromheater 30, so that the correct

tenperature of the powder and part at target surface 4 nay be derived.

The anpunt

as the geonetric relationship between the heater,

of conpensation necessary w 3 depend upon various factors,

ring-shaped means for transferring radiant energy
relative to said targeﬁ surface at a substantially uniform
rate per unit area, said transferring means having a
circular outer edge which is substahtially parallel with

the plane of said target surface, and having a circular

inner edge substantially concentric with said outer edge;

wherein said transferring means is disposed in such a
manner that said energy beam passes through the opening
therein defined by said inner edge.

16. . The apparatus of claim 15, wherein said
transferrlng means is a cooling element.

17. The apparatus of claim 15, wherein said
transferring means is a radiant heater.

18. The apparatus of claim 15, wherein said inner
edge of said transferring means is substantially coplanar
with said outer edge.

19. The apparatus of claim 15, wherein said inner
edge of said transferring means is not coplanar with said
outer edge;

and wherein said transferring means is disposed in
such a manner that said inner edge is .further away from

said target surface than said outer edge.

20. The apparatus of claim 19, wherein said
transferring means has a frusto-conical shape.

21. The apparatus of claim 17, wherein said heater
comprises:
a electrically resistive element for generating
radiant heat; and
connecting pads for making electrical connection
to said resistive element.
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t he re#%ectivrfy—of—fhe—pomder and the tenperature of the powder. It is
cont enpl at ed ro characterization of chanber 2 and radi ant
heat er y t&ﬂgﬁ kmﬁlc%:dguples or other contact neasurenment in such
characteri“ U e done for particul ar powders over tenperature-to
provi de curve or equation for correcting the output signa
fromsensor 34 to arrive at the correct tenperature. Alternatively to the
use of ring-shaped radiant heater 30 in the selective |laser sintering
apparatus of Figure 9, a simlarly shamed el enent may be used as a cooling
22. The apparatus of claim 21, wherein the density of

said resistive element per unit area of said heater varies
radially between said inner and outer edges.

23. The apparatus of claim 21, wherein the density of
said resistive element per unit area of said heater varies
angularly.

24. The apparatus of claim 17, wherein said heater
comprises:: |
first and second electrically resistive elements
for generating radiant heat; and
a plurality of connections, for providing current
to said first and second resistive elements independently
from one another. |

25. The apparatus of claim 24, wherein said first and
second resistive elements have the same density of
resistive element per unit area.

26. The apparatus of claim 24, wherein said first and
second resistive elements have different densities of
resistive element per unit area.

27. The apparatus of claim 24, wherein said first and
second resistive elements are disposed in said heater at
approximately the same radial distance.

28. The apparatus of claim 24, wherein said first
resistive element is disposed in said heater between said
second resistive element and said inner edge.

29. An apparatus for sintering a powder, comprising:
an enerqgy source for providing a focused energy
beam to a target surface;

means for placing powder at said target surface;
-
and

N
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el enent . As noted herei nabove, the theory and characteristics of
radi ant  hatsBéet Ha®BeenReplacedi M | arly applicable to the case where the

ri ng- shaped ol er than the target surface. For exanple, a
chilled fl ulmﬂﬂm‘mmu uid nitrogen, a fluorocarbon or water, may be
circul ated S .in a ring-shaped al um num body. Provision of
such a radiant cooling apparatus may be preferred for materials which may
be useful in selective |laser sintering Bt where the material, at the tine
of the sintering, rrusé ggdliea%tt t}_leéé)gveé_o ort e;gpg\rrf i’rﬁ& Ie'?'leorrgdyertéosaid

target surface, said radiant heater having zones thereof

for emitting radiant energy at different rates per unit
area.

30. ‘The apparatus of claim 29, wherein said heater
comprises:
a electrically resistive element for generating
radiant heat; and )
connecting pads for making electrical connection
to said resistive element;
'and wherein the density of said resistive element per
unit area of said heater varies radially between said inner
and outer edges.

31. The apparatus of claim°'29, wherein said heater

comprises:
a electrically resistive element for generating

radiant heat; and
' connecting pads for making electrical connection
to said resistive element;

and wherein the density of said resistive element per
unit area of said heater varies angularly.

32. The apparatus of claim 29, wherein said heater
comprises: |
first and second electricaily resistive elements
for generating radiant heat; and
a plurality of connections, for providing current
to said first and second resistive elements independently
from one another.

33. The apparatus of claim 32, wherein said first and
second resistive elements have the same density of
resistive element per unit area. '

—

\

0 gy
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remai n |n powder form I'n addition, since cooling of - 23 - target

surface Wiﬁﬁ labaser sintering is also known to be beneficial in
control li urllng,'even where the tenperature of target
surface 4 adi ant heating, an alternative enbodi nent of the
sel ective | aser 5| nter| ng apparatus of Figure 8 may include both a

36

34. The apparatus of claim 32, wherein said first and
second resistive elements have different densities of

resistive element per unit area.

35. The apparatus of claim 32, wherein said first and
second resistive elements are disposed in said heater at
approximately the same radial distance.

36. The apparatus of claim 32, wherein said first
resistive element is disposed in said heater between said

second resistive element and said inner edge.

37. The apparatus of claim 29, further comprising:
means for monitoring the temperature of the
target surface.

38. The apparatus of claim 37, wherein said
monitoring means comprises an infrared sensor.

* % % % *
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radi ant heat“er 30 and' a simlarly ring-shaped cooling elenment, with the

heaThigSh | ement di sposed coaxially with one another. It is
cont tt her alternatives and nodifications incorporating a
r adi i ment will now be apparent to those of ordinary skill in

the art. Referring nowto Figure 10, an i-sonetric vi of an alternative
embodi nent of the radiant heater accor&ing to the i lon is :

i1 lustrated. As noted here; ove gelative to Fig the fraction of
the total energy Fﬁ?— 7 // I

(PRIOR ART)

e

rd
”~

FIG. 3

T et
rd
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heat er 0 is a ring-shaped radi ant heater constructed to have
a frust e, rather than the flat shape of heater 20. Radi ant
heater 40 is preferably nounted so that its inner edge is further away from
the surface to be heated than its out et edge. This construction allows the

di stance a at which uniformty is nmaximzed for radiant heater 40 to be
| ess

radi atﬁ,‘d radi ant heater 30 which reaches target surface 4 is less than
50% es BetatRe liteq di stance a at which uniformty is optimzed. Radi ant
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thamthat foor flat radi ant heater 30.

mhrc |nd|cates that, for a flat

close R h&ﬁace 4 than the optinal
of ta

heate 10, due to its shape,

t he center of target surface 4 than toward
t he bounds of, target surface 4.
center,

recervrng | ess energy than the perineter.
directs nore of

This can be seen from Figure 6,
radi ant heater 30, placenent of the heater

di stance results in the center
Radi ant
Its energy toward

the perineter of, and outside

By providing nore energy toward the
radiant heater 40 conpensates for the effects
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- 24 - illustrated in Flaure 9 wher

heater i s noved cl oser to t he surface.

uni f or nTHi
surface
7, this

1.10 -

1.65 -

1.00

8.95

9.99 -

.85 -

heesl—lﬁsﬂaeerm ekdf or radi ant
ase of radi ant heater 30.
y of heater 40
4

e the center receives | ess energy as the
Accordingly, the distance a at which
be cl oser to target

As indicated in Figure

heater 40 wil |

NORMALIZED RADIANT ENERGY
DISTRIBUTION AS A FUNCTION
OF RING-HEATER INNER RADIUS Rb
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to target surface 4 wll increase the fraction of the total emtted energy
whi ch r eaglieshedt BhOSden RopIks@Ce 4, inproving the efficiency of radiant heater

40. It sho at, while the shape of radiant heater 40 is
frust o- coni
alternativ

rai ght sides between the outer and inner radius,

y be utilized for radi ant heater 40. For exanple,
the sides of radiant heater nmay be parabdic rather than linear if desired,
for alternative distribution of energy fromradiant heater 40 to target
surface 4. It is contenplated

10

40

FIG. 10
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t hat other-useful_shapes of radiant heater 40 will now be apparent to those
of ordinary skill in the art having reference to this description and the

dr awi ngBhis Sheet lacedt shoul d be noted that the shape of radi ant heater
40 is al :“I ;ﬂ 0o a simlarly shaped cooling elenent, to achieve
| mpr oved di ant heat fromthe target surface to the el enent,

as di scussed herei nabove. Relative to tée selective |aser sintering
apparatus of Figure 9, due to the provision of the opening in the center

LS ) e, . -~ .
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of . rad| ant heater 40, the beamfromlaser 10 wl| §t

|np|nge upon powder at target surface 4. Radi ant hggy
the further advantages descri bed herei nabove in it g
selective laser sintering. Referring now to Fighrgi:11;. -5
50 according to another enbodi nent of the inventioh pidly, ’

This invention is in the field of radiant heating, and
is more particularly directed to radiant heating in
selective laser sintering.

Background of the Invention

Selective laser sintering is a relatively new method
for producing parts and other freeform solid articles in
a layer-by-layer fashion. This method forms such articles
by the mechanism of sintering, which refers to any process
by which particulates are made to form a solid mass through
the application of external energy. According to selective .
laser sintering, the external energy is focused and
controlled by controlling a laser to sinter selected
locations of a heat-fusible powder. By performing this
process in layer-by-layer fashion, complex parts and
freeform solid articles which cannot be fabricated easily
(1f at all) by subtractive methods such as machining can
be quickly and accurately fabricated. Accordingly, this
method 1is particularly beneficial in the production of
prototype parts, and is particularly useful in the
customized manufacture of such parts and articles directly
from computer-aided-design data bases.

Selective laser sintering is performed by depositing
a layer of a heat-fusible powder onto a target surface;
examples of the types of powders include metal powders,
polymer powders such as wax that can be subsequently used
in investment casting, ceramic powders; and plastics such
as ABS plastic, polyvinyl chloride (PVC), polycarbonate,
and other polymers. Portions of the layer of powder
corresponding to a cross-sectional layer of the part to
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- 25 - be described in detail. In sone applications for which uniform
radi ant heating is desirable, as described herei nabove, conduction and
convection of heat may be uneven for points at the surface being heated.
For exanple, in the application of selective |laser sintering,.chanber 2

I ncludes a door with a window at the fyont thereof, to provide visibility
of the process fromexternal to the cHanber. In addition, it has been

found that convection cooling of the target surface is useful,
be produced are exposed to a focused and directionally

controlled energy beam, such as generated by a laser having
its direction controlled by mirrors, under the control of
a computer. The portions of the powder exposed to thé
laser energy are sintered into a solid mass in the manner
described hereinabove. After the selected portions of the
layer have been so sintered or bonded, another layer of
powder is placed over the layer previously selectively
sintered, and the energy beam is directed to sinter
portions of the new layer according to the next cross-
sectional layer of the part to be produced. The sintering
of each layer not only forms a solid mass within the layer,
but also sinters each layer to previously sintered powder
underlying the newly sintered portion. In this manner, the
selective laser sintering method builds a part in layer-
wise fashion, with flexibility, accuracy, and speed of
fabrication superior to conventional machining methods.

The selective laser sintering process, and apparatus
for performing the process, is described in further detail
in U.S. Patent No. 4,863,538, issued September 5, 1989,
U.S. Patent No. 4,938,816, issued July 3, 1990, U.S. Patent
No. 4,944,817, issued July 31, 1990, and PCT Publication
WO 88/02677, published April 21, 1988, all of which are
incorporated herein by this reference.

A problem faced by those in the selective laser-
sintering field is the warpage and shrinkage of the part
due to thermal effects. Such warpage may manifest as the
curling of a sintered layer in such a manner that it does. .
not bond to the previously sintered layer directly
therebelow; another manifestation of this warpage occurs
even though the layers of the part bond together, but where
the part itself warps, for example where a bottom flat
surface curls up at the edges to become a curved surface,
concave up. It is believed that a significant cause of
this warpage is the thermal shrinkage of the sintered layer
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together with radiant heat as described herei nabove, in order to mnimze
gromh within the |ayer being selectively sintered (i.e., growh of the
part fromthe portion receiving the | aser energy via conduction of the

| aser- generated heat to powder particles which were not exposed to the
beanm). Such cooling is preferably done gy directing air flowin a direction
parallel to target surface 4 across the“face of the powder and part being
pr oduced. I n addition, as described in PCT Publication WD 88/02677 cited

her ei nabove g ridy FRY Egmﬂéﬁg%hrkpdﬁfgﬁbdgiq@@@@%%fEogﬁésoﬁcst-sintering
temperature, an ektreme case of which causes thé‘individual
layefs to not bond to one another. In addition, uneven
cooling of the part during its layer-wise manufacture, for
example where top layers of the part are cooled more
quickly than bottom layers, has been observed to cause
warpage and curling.

It has been observed that control of the temperature
of the article being produced is an important factor in
reducing such warpage. An apparatus for controlling the
part temperature is described in the above-referenced PCT
Publication WO 88/02677, which provides a draft of
temperature~-controlled air through the target area (i.e.,
through the powder and the part being produced). .Such
control by this draft is believed to reduce the temperature
differential that the part is exposed to .during and after
the sintering process, reducing shrinkage from.cooling,'and
to maintain the temperature of previously sintered layers
at high enough temperature to allow relaxation.

Another significant problem faced by those in the
field of selective laser sintering is undesired growth of
the part being produced beyond the volume defined by the
energy beam. As is well known, the spot size of a laser
beam can be made quite small, so that according to the
selective laser sintering method which defines the volume
of the part by the laser scan, the resolution of the part
being produced can theoretically be quite high. However,
conduction of heat résulting from the sintering can cause
particles of the powder outside the laser scan to sinter
to the directly sintered portion. This causes the cross-
sectional layer to be larger than that defined by the laser
scan. In addition, growth can occur from layer to layer,
for ekample_where sufficient heat from sintering remains
in the sintered portion of the layer at the time that the
next layer of powder is disposed thereover, so that the
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air flow through the powder, in a direction normal to target surface 4.
However, such air and gas fl ow may provi de uneven tenperature distribution
at target surface 4, even if radiant heater 30 or 40 is transferring

radi ant energy to target surface 4 at a rate per unit area which is highly
uni form across target surface 4. In addition, while radiant heaters 30
and 40 herei nabove are intended to pfoVide such uniformradi ant energy

transfer, some anount of deviation will likely still be present. In
addi ti on, next powder layer sinters to the prior layer without

exposure to the laser bean. The downdraft ‘apparatus
described hereinabove was found to provide transfer of bulk
heat from the layer being sintered, reducing the extent of
such interlayer growth.

However, the use of convection temperature control is
limited in its accuracy in uniformly controlling the
temperature of the layer being produced. This is due to
the undefined and non-uniform path that the air draft
necessarily must follow as it passes through the part being
produced (the definition of the part controlling the path
of the draft). Accordingly, another technique that has
been used in attempts to control the temperature of the
part being produced has been radiant heaters placed near
the target surface. Such radiant heaters have included
floodlamps, quartz. rods, and conventional flat radiant
panels.

Referring to Figure 1, a prior apparatus including
flat radiant panels in providing radiant heat to the
selective 1laser sintering target surface will now be
described. The apparatus shown in Figure 1 is a schematic
representation of the SLS Model 125 DeskTop Manufacturing
system manufactured and sold by DTM Corporation. . The
apparatus of Figure 1 includes a chamber 2 (front doors and
the top of chamber 2 are not shown in Figqure 1, for
purposes of clarity), within which the selective sintering
process takes place. Target surface 4, for purposes of the
description herein, refers to the top surface of heat-
fusible powder (including portions previously sintered, if
present) disposed on part piston 6. The vertical motion
of part piston 6 is controlled by motor 8. Laser 10
provides a beam which is reflected by galvanometer-
controlled mirrors 12 (only one of which is shown for
clarity), in the manner described in the U.S. Patents
referred to hereinabove. Powder piston 14 is also provided
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as described herei nabove, the efficiency of radiant energy transfer
increases with the proximty of the radiant heater to target surface 4,
especially as the radiant heater is closer to target surface 4 than the
distance a at which its uniformty is maxi m zed. Furt her nore,

non-uniformty in radi ant energy traQ§f§r_is a significant problemwth
-26-

in this apparatus, controlled by motor 16. AS.described
in the above-referenced PCT Publication 88/02677, counter-~
rotating roller 18 is provided to transfer the powder to
the target surface 4 in a uniform and level fashion.

In operation, the apparatus of Figure 1 supplies
powder to chamber 2 via powder cylinder 14; powder is
placed into chamber 2 by the upward partial motion of
powder cylinder ‘14 provided by motor 16. Roller 18
(preferably provided with a scraper to prevent buildup,
said scraper not shown in Figqure 1 for clarity) spreads
the powder within the chamber by translation from powder
cylinder 14 toward and across target surface 4 at the
surface of the powder on top of part piston 6, in the
manner described in said PCT Publication 88/02677. At the
time that roller 18 is providing powder from powder piston
14, target surface 4 (whether a prior layer is disposed
thereat or not) is preferably below the floor of chamber
2 by a. small amount, for exaﬁple 5 mils, to define the
thickness of the powder layer to be processed. It is
preferable, for smooth and thorough distribution of the
powder, that the amount of powder provided by powder
cylinder 14 be g.-eater than that which can be accepted by
part cylinder 6, so that some excess powder will result
from the motion of roller 18 across target surface 4; this
may be accomplished by the upward motion of powder piston
14 by a greater amount than the distance below the floor
of chamber 2 that target surface 4 is set at (e.g., 10 mils
versus 5 nils). It is also preferable to slave the
counter-rotation of roller 18 to the translation of roller
18 within chamber 2, so that the ratio of rotational speed
to translation speed is constant. .

Further in operation, after the transfer of powder to
target surface 4, and the return of roller 18 to its
original position near powder piston 14, laser 10
selectively sinters portions of the powder at target
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conventional radiant heating in selective |laser sintering, for exanple in
the apparatus of Figure 1. Referring now to Figure 11, zoned radi ant heater
50 will now be described in detail, in conjunction with such a heater 50
in a ring-shaped configuration. It is contenplated that the zoning
descri bed hereinbelow will al so be use%ul in conventional radiant heaters,
such as radiant heat panels 20 of Figure 1, and in such cases may serve to
alleviate the non-uniformty of radiant energy transfer to target surface
4. surface 4 corresponding to the cross-section of the layer

of the part to be produced, in the manner described in the
above-referenced U.S. Patents and PCT Publication. After
completion of the selective sintering for the particular
layér of powder, part piston 6 moves downward by an amount
corresponding to the thickness of the next layer, awaiting
the deposition of the next layer of powder thereupon from
roller 18. '

Radiant heat panels 20 are provided in this prior
apparatus of Figure 1, suspended from the roof of chamber
2 (in a manner not shown). Radiant heat panels 20 in this
prior arrangement are conventional flat rectangular heat
panels, each of which enit energy per unit area
substantially uniformly across its surface. In this
arrangement, radiant heat panels 20 are separated from one
another to allow the beam from laser 10 to pass
therebetween, and are disposed at an angle relative to
target. surface 4, to heat target surface 4 so that the
surface temperature can be contreclled to reduce growth and
curling, as described hereinabove.

Temperature non-uniforﬁity at target surface 4 has
been observed in use of the arrangement of Figure 1. Such
non-uniformity in target surface temperature can allow
growth at one portion of the part being produced (i.e., at
the hottest location) simultaneously with curling or other
warpage at another portion of the part (i.e,. at the
coolest location}. Accordingly, for the apparatus of
Figure 1, this non-uniformity makes it difficult to
optimize the temperature at the surface target 4 in order
to keep either of these deleterious effects from occurring.

It should also be noted that uniform radiant heating
of a surface may theoretically be accomplished by providing
a flat radiant heating element placed parallel to the
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Radlant heater 50, according to this enbodinent, generates radiant energy
fromresistive elenments 52, 54 and 56 di sposed at a surface thereof.

Resi stive elenents 52, 54 and 56 are conventional resistive el enents as are
used in conventional heaters, for exanple filaments of nickel chrom um or
the Iike, having a connecting pad 32 at_each end to which el ectrical

connection may be made by sol dering a~wre thereto or the like. . In this
enbodi ment, the density of the length of resistive elenents 52, 54 and 56
per unit area of heater 50 varies radially. Figure 11

surface being heated, and of effectively infiﬂfte size
relative to the target surface. 1In the use of such a-
heater in a <closed chamber, however, it 1is not
practicable to provide such a large heater, as
excessively large chambers reduce the ability to control
the ambient temperature therein, and are not preferred
for éommgrcial applications due to the associated cost
of requiring a large "footprint"“. It should also be
noted that such a flat heater is necessarily not
compatible with selective laser sintering, as no opening
for the laser is provided therethrough.

It is therefore an object of this invention to
provxde a radiant heater for a sintering apparatus which
delivers energy to substantially planar surface distanced
therefrom in such a manner that the total energy per unit
area incident upon the planar surface is substantially
uniform.

According to the present invention there is provided

.~ an apparatus for sintering a powder, comprising an enerqgy
source for providing a focused energy beam to a planar
target surface; means for placing powder at said planar
target surface, and means for providing radiant energy
to said planar target surface characterised in that said
means comprises a ring-shaped radiant heating element for
transferring radiant energy to said planar target surface
at a substantially ﬁniform rate per unit area, said ring-
shaped element having a circular outer edge which is
substantially parallel with the planar target surface,
and having a circular inner edge substantially concentric
with said outer edge; said inner edge defining an opening
through the ring-shaped element, wherein said ring-shaped
element is disposed in such a manner that said energy
beam passes through the opening defined by said inner
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shows the resistive elenents 52, 54, and 56 with very | arge spacing, for

t he purpose of clarity. In practice, elements 52, 54 and 56 are preferably
formed to have a higher density. Furthernore, in practice, the connection
pads 32 are preferably sized and placed in a manner which does not
adversel y affect the desired tenperaturg distribution across the face of
heater 50. Resistive elenents 52a, 52b, "and 52c are di sposed near the outer
peri meter of heater 50, are electrically isolated fromone another, and
present approximately the sane density of resistance per unit area

.
Ly

edge.

>
The use of a ring shaped element results in uniform
temperature at a planar surface distanced therefrom.

The radiant heater means may have controllable
segments therein, to allow for adjustment of the surface
temperature.

One embodiment of the invention provides sintering

~ apparatus including a ring-shaped element for
transferring radiant energy to or from a planar surface
parallel thereto. The center opening of the ring allows
for a laser beam to pass therethrough. The dimensions
of the element, such as the inner and outer radius, are
selected relative to the distance that the heated or
cooled surface is to be located from the element. A
frusto-conical ring-shaped heater or cooling element
allows for the placement of the element closer to the
target surface while still maintaining uniformity,
.improving the efficiency of heat transfer to or from the
target surface. In the case of a radiant heater, zoning
may be incorporated therein, either with separately
controlled zones or, alternatively, permanently installed
non-uniformity in energy emission per unit area, to
compensate for non-uniform external thermal disturbances.
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as one anot her. Resi stive el enents 54a and 54b are di sposed closer to
the center of heater 50 fromelenents 52, and each present a higher density
of resistive length per unit area than elenments 52 (although the density of
resistive length per unit area of elenents 54a and 54b are -27-

approxi mately equal). Resi stive elegegt 56 is disposed

The invention will be described now by way of
example only, with particular reference to the

accompanying drawings. In the drawings:

Figure 1 is an isometric and schematic illustration
of an apparatus for selective laser sintering according
to the prior art.

Figure 2 is a plan view of a radiant heater which
can be used in sintering apparatus according to an
embodiment of the invention.

Figure 3 is an elevation of the radiant heater of
Figure 2 shown in relation to the surface to be heated.

Figures 4 and 5 are plots of transferred energy rate
per unit area for a conventional radiant heater and the
heater according to Figures 2 and 3, respectively.

Figures 6, 7 and 8 are plots illustrating the
dependence of the transferred energy rate per unit area
on particular dimensions of the radiant heater according
to the first embodiment. '

Figure 9 is an isometric view of an apparatus for
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closer to the center of heater 50 than elenents 54, and in this enbodi nent
has the | owest density of resistive length per unit area than el enents 52
and 54. In this preferred enbodi nent of radiant heater 50, a hole is
provided in the center thereof, for exanple so that a beamfrom| aser 10
may pass therethrough when heater 50 i jnstalled in an apparatus for

sel ective laser sintering, such as in the "exanpl-e of Figure 9. Zoned -

radi ant heater 50 provi des significant flexibility in providing
radi ant heat sedet&iget 3aséacesintering incorporating the radiant

heater according to the embodiment of Figures 2 and 3.

Figure 10 is an isometric view of a radiant heater
according to a second preferred embodiment of the
invention.

Figure 11 is a schematic diagram of a radiant heater

according to a third preferred embodiment of the
invention.
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especially as useful in a selective sintering apparatus. For exanple,
application of equal currents to each of elenents 52, 54 and 56 woul d
result in the em ssion of radiant energy per unit area which varies
radially fromthe center of heater 50, with the | owest em ssion near the
center, the next highest em ssion near {he outer perineter, and the highest
em ssion therebetween. In addition, ThklcTrrents t hrough el ements 52, 54
and 56 may be varied relative to one another to provide different em ssion
densities fromthat incorporated in heater 50 nerely due

Detailed Description of the Preferred Embodiméﬁ%s

Referring now to Figures 2 and 3, a first preferred
embodiment of the invention will now be described in
detail. Radiant heater 30 in this first preferred
embodiment of the invention is an electrical resistance
heater having connections 32, such as pads to which wires
may be soldered, at a face thereof. Heater 30 generates
heat resulting from a current passing therethrough between
pads 32. The resistive material within heater 30 may be
resistive-filaments conventional in radiant heaters, such
as etched foil or nickel chromium wire.

Alternatively, the material of the ring itself may
serve as the resistive and heat-generating material; in
this case, it is preferable that heater: 30 include a gap
or dielectric barrier between pads 32 (i.e., the short
direction of travel), so that the current is forced to
travel around heater 30, _improéing its efficiency.
Alternatively, pads 32 may be spaced diametrically opposite
one another on the, K face of heater 30, so that the current
will travel in equal portions along the sides of heater 30.
This is most likely less efficient, however, as heater 30
would in that case be effectively two resistors in
‘parallel, so that lower resistance results, in turn
reducing the I’R power dissipation and heat generation of
heater 30.

It 1is contemplated that other configurations and
locations of pads 32 on heater 30 will now be apparent to
those of ordinary skill in the art havihg reference to this
description. ‘

It should be noted that experiments using a radiant
heater 30 according to this embodiment of the invention
have been performed, as will be described hereinbelow,
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to the varying densities of resistive elenent |l ength per unit area; varying
of the currents relative to one another could, for exanple, exactly
conpensate for the varying resistive length densities, so that radi ant
energy may be emitted at a uniformrate per unit area across the entirety
of heater 50. O course, other radial %nission density distributions could
be inplemented by otherw se varying thdZcar rent t hrough el enents 52, 54 and

56 rel ati ve dsimfe sangbheEntiBnaddi £iRg-shApeRl O¥bsiuaRtabSeRaLALE el ement s
523, radiant heater 30. This conventional element used as
heater 30 is an 1800 Watt ring-shaped strip heéter, sold
as Chromalux model A-903/240. The Chromalux strip heater
is manufactured and sold as a conduction heater for heating

vats and other containers for liquids and the like.

It is believed that the dimensions of a ring-shaped
radiant heater 30 according to this embodiment of the
invention, relative to the distance between heater 30 and
the surface to be heated, are quite important in providing
a high degree of uniformity of temperature at the surface
to be heated. Modeling of the heat transfer of such a
radiant heater may be used to determine these dimensions,
as will now be described in detail.

According to fundamental heat transfer theory, the
rate q of energy transfer between a source body (body 1)
and a target body (body 2) by means of radiation can be
expressed as follows:

q =Fg Fg 0 A .(Tx‘ - Tz‘)

where Fy; is an emissivity factor depéndent upon the
emissivities of the two bodies, F; is a geometric "view
factor" as described.hereinbelow, o is the Stefan-Boltzmann
constant, A, is the area of the source body, and T, and T,
are the temperatures of the source and target bodies,
respectively. See, for example, Holman, Heat Transfer, 2d
Ed. (McGraw-Hill, 1963).

Where the source body is a diffuse surface, as in the.
example applicable to radiant heater 30, radiant energy is
_ emitted in isotropic fashion. Accordingly, only a fraction
of the emitted energy emitted from the source body actually
reaches the target body, dependent of course upon the
geometries of the source and target bodies. The geometric
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52b and 52c, as well as separate el enents 54a and 54b, provide the ability
to angularly vary the radiant energy enm ssion rate per unit area. For
exanple, if a portion of target surface 4 underlying resistive elenent 52a
wer e -28- cooler than the portions underlying resistive elenents 52b and
52c, the current applied to el enent 52a1300uld be

view factor F; is thus used in the above reldtionship to
provide the fraction of the energy emitted by the source
body which reaches the target body. Holding all other
factors equal, the dependency of the energy transfer rate
g as a function of the geometry of the source body, and as
a function of the location of the target body of interest,
can be determined. Preferably, a computer'modellng'program
can be used to perform the calculations necessary in this
determination.

It should be noted that calculation of the view factor
Fe can be quite complicated, even for simple geometries.
Well-known references in the heat transfer field have
published view factors and algebraic principles by which
the view factors can be determined for particular non-
tabulated Qeometries. See, for example, Howell, Radiation
Configuration Factors (McGraw-Hill). For example, it is
well-known that the view factors between parallel coax1al
disks may be expressed as follows:

Frag = 1/2 (X = [X* - 4(Ry/R,)%1%?)

where F,., is the view factor for the source disk to the
target disk, where R, and R, are the radii of the source
. and target' disks, respectively, each divided by the
distance between the disks (shown as distance a in Figure
3), and where

X =1+ (1 + R /R}?

For a ring-shaped source disk such as radiant heater 3c.
and for a circular target surface, algebraic view factor
principles have been used to derive the view factor F,., by
first calculating two view factors F,.,, and F,,,, according
to the above relationships; these view factors correspond
to those from a disk source 1 to two concentric disk

targets 2a and 2b, where the radius of disk 2a is larger
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I ncreased relative to that through elenents 52b and 52c, resulting in
I'ncreased radi ant energy emtted fromthe portion of heater 50 containing
el enent 52a. Such control of the individual elenents 52 and 54 thus can

al | ow conpensation for non-uniformtenperatures over target surface 4, such
as may result from conduction or convegtjon within chanber 2 in the

sel ective |l aser sintering apparatus Of gure 9. In addition, non-uniform
tenperaturescidnt 8hdet cxurd age élb”BY‘I‘?JegQri@ﬁUEchtronlim.z welosctd VEihgser
sintering itself. For exanple, if the portlon of

source having an outer radlus the same as dls}; target 2a

and an inner radius R, the same as disk target 2b can then
be calculated from the view factors TF,,,, and F,,, as
follows:

Fipez = (Fraza = Fiean) Ay (Ag, — Ayp)

Referring to Figure 2, radiant heater 30 is shown as having
an outer radius R, and an inner radius R,, corresponding to
the convention used in the above expression.

In order to determine the uniformity of the energy
distribution across the target surface, it is necessary to
.consider the above-derived view factor not for the target
surface (i.e., body 2) as a whole, but for small portions
thereof; uniformity can of course be then ‘measured by
comparison of the energy transfer rate g for the various
portions of the target surface. Since the source body in
this analysis is ring-shaped, and is parallel and coaxial
with the target surface, it can be assumed that the view
factor  (and accordingly the enerqgy transfer rate) will be
equal for all portions of the target surface which are the
same radial distance from the center of the target.
Accordingly, the view factor from the ring-shaped source
body to a differential ring-shaped element of the target
body can be easily derived from algebraic view factor
principles, as follows: '

Fir-sm = Fm-zlrm: = Fm—zl:

This calculates the view factor to a differential ring-
shaped portion of the target body or surface, having an
inner radius of r and an outer radius of r+ar. Comparison
of the energy transfer rate q for each of the ring-shaped
portions of the target surface can thus be done by
‘calculating the view factor F,.,; for the differential
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powder at target surface 4 underlying elenents 52b and 52c were sintered to
a '‘greater extent than the portions underlying elenent 52, an increase in
the current through el enent 52a woul d conpensate for the | esser degree of
sintering heat thereunder, inproving the uniformty of the target surface 4
and the powder and part disposed thereig. It should be noted that while
zoned heater 50 in this enbodinent i§ ng- shaped, alternatively
conventional rectangular or circular radiant heat panels nmay be

simlarly Z%T% eﬁéé‘%PGEnEOtQ%gékd%d¥¥Jé£P‘QSHPSE%E T%g each of the
calculated view factors by the area of the éffferentiai
target element, to arrive at the energy transfer rate
density (i.e., the rate g per unit area).

Referring now to Figures 4 and 5, a comparison of the
uniformity of _energy transfer from a disk-shaped flat
radiant heater, as may be conventionally used, to that from
the ring-shaped radiant heater 30 according to the first
embodiment of the invention, will now be described. The
plots of Figures 4 and 5 were derived tising the heat
transfer model described hereinabove.

Referring to Figures 2 and 3, as illustrative of the
dimensions of the system modeled, the radius of the disk-
shaped heater modeled relative to Figure 4 was 21.8 cnm,
equal to the outer radius R, of the rirng-shaped heater
modeled relative to Figure 5. The inner radius R, of the
modeled radiant heater 30 was 15.25 cm. For both Figure
4 and Figure 5, the distance a between the modeled heaters
and target surface 4 (see Figure 3) in the model was 22 cm,
the radius R, of target surface 4 was 15 cm, and the
incremental distance ar was 0.25 cm.

Figure 4 illustrates the results of the modeling for
a conventional disk-shaped heater, normalized relative to
the mean energy transfer density (i.e., g/unit area) over
target surface 4. It can be concluded from the results of
Figure 4 that use of such a conventional disk-shaped heater
would result in the temperature at the center of target
surface 4 being higher than that at the perimeter. Figqure
5, illustrating the results of the modeling for a ring-
shaped radiant heater 30 according to this embodimént of
the invention, shows significantly impréved.uniformity over
that of the disk-shaped heater modeled as resulting in
Figure 4.
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at the target surface 4, and the powder and part thereat, in an apparatus
f-or selective laser sintering. Further in the alternative, while zoned
heater 50 in this enbodinent is a flat ring, simlar to the non-zoned
heater 30 descri bed herei nabove, the zoning approach used in zoned heater
50 is equally applicable to and may be, used in the frusto-conical heater 40
al so described hereinabove. It should b2 Tioted that radiant heater 50,

havi ng nunmerous pads 32 for, each el epent 52, 54 and 56, both in the radi al
and angul ar sensel i 8 eSPRLIaF | FaRfRd Mfdeling of a ring heater

matching the dimensions of the Chromalux conduttion heater
noted hereinabove, and experimental measurements for the
Chromalux heater itself, were performed to verify the
model. The dimensions of the modeled and actual Chromalﬁx
heater included an outer radius 'R, of 13.93 cm, and an
inner radius R, of 10.79 cm. The numerical results of this
modeling predicted that the maximum deviation (i.e.,
difference between minimum and maximum) in percent energy
transferred per unit area for the radiant heater 30
according to the dimensions of the Chromalux heater would
be approximately 24.5%.

Measurements were made for an 1800 watt Chromalux
conduction heater placed in an apparatus as shown in Figure
1, controlled to raise the temperature of target surface
4 from an ambient temperature of 23° Celsius to
approximately 70° Celsius. The total measured deviation in
temperature of target surface 4 -(measured by way of
thermocouples), calculated in percent deviation from the
ambient temperature, was approximately 19.4%, closely
matching the modeled energy transfer deviation result
discussed hereinabove. It is therefore believed that the

" model described hereinabove is quite accurate in predicting
the uniformity of energy transfer from a radiant heater
such as radiant heater 30 to a parallel surface distanced
therefrom. '

It should be noted that while the Chromalux conduction
heater exanple will provide improved results over a
similarly sized disk heater, the dimensions of the example
of radiant heater 30 modeled relative to Figure 5 are
believed to be preferable to those of the Chromalux
conduction heater. .

Accordingly, as shown in Figure 5, radiant heater 30
according to this embodiment of the invention thus provides
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real -tinme control of the tenperature during the selective |laser sintering
process, and during characterization of a particular chanber prior to

initiation of the selective - 29 - laser sintering process. for a
particul ar powder nmaterial and process conditions (such as ambi ent
tenperature, air flow, |[aser pomer,_gnq7the like). Accordingly, it is

significant improvements in the temperature uniformity of
a parallel target surface, compared to prior radiant heater
configurations.

It has also been observed from modeling and
experimentation that variation of certain dimensions in
radiant heater 30, such as the distance a between radiant
heater 30 and target surface 4 for a given size of radiant
heater 30, and such as the width of the ring (i.e., the
difference between the outer and inner radii R, and R;),
can significantly affect the uniformity at which energy is
delivered to target surface 4.

Referring to Figures 6 and 7, the effects of varying
the distance a between radiant heater 30 and target surface
4 are shown, as the result of heat transfer modeling
performed in the manner described hereinabove. The
dimensions of radiant heater 30 which are modeled for
purposes of Figures 6 and. 7 are the same as modeled for
Fiéure 5.

 Figure 6 illustrates the modeled normalized radiant
energy distribution of a ring~shaped radiant heater 30 as
a function of distance a from target surface 4. As shown
in Figure 6, when radiant heater 30 is close to target
‘'surface 4, the perimeter of target surface 4 receives
energy at a disproportionately high rate relative to the
center, while with radiant heater 30 sufficiently distant
from target surface 4, the balance changes so that the
center of target surface 4 receives energy at a higher rate
per unit area than the perimeter. Referring to Figure 7,
the percent deviation (calculated from the results used to
generate Figure 6) is plotted versus_distance a between
radiant heater 30 and target surface 4, together with the
percent of total energy emitted by radiant heater 30 which
is delivered to target surface 4. It can be seen that the
deviation is at its minimum at a distance a of 22 cm; it
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cont enpl at ed t hat nonitoring appar at us such as thernocoupl es, or
mon- cont act sensors such. as infrared sensor 34 described herei nabove,
together with conventional nonitoring, feedback and control equipnent,
may be inplenented together with the zoned heater 50 of this enbodi nent of
the invention by one of ordinary skill.in the art having reference to this
specification. Further in the alterﬁéﬁﬁté'to control |l abl e zoned heat er 50,
a fixed zonednheaserbangeahsthhe thedeffiaimmoyenft asergy deeanebkit, tbrom

the inventkggqet sLEfJé%_4 decreases with increasing distance a, as
would be expected. Accordingly, the distance a between
radiant heater 30 and target surface 4 is a significant
factor not only in the amount of radiant energy delivered
to target surface 4, but also in the uniformity of such
delivery.

Referring now to Figure 8, the effects of varying the
width of the ring (i.e., varying the inner radius R, of
Figure 2) on the uniformity of energy delivery to the
target surface will now be described. The conditions
modeled in arriving at the results of Figure 8 include a
fixed outer radius R, of radiant heater 30, and a fixed
distance a between radiant heater 30 and target surface 4.
It can be seen that as the inner radius R, increases
(resulting in a narrower ring), the perimeter of target
surface 4 receives energy at a higher rate per unit area
than the center; conversely, as the inner radius R,
decreases (resulting in a wider ring, more closely
approximating a  disk-shaped heater as described
hereinabove), the center of target surface 4 receives
energy at a higher rate per unit area than the perimeter
thereof. ' '

It is contemplated that the relationships described
hereinabove for modeling the dimensions of the ring-shaped
radiant heater 30, relative to the distance betﬁeen radiant
heater 30 and target surface 4, can now be utilized by one
of ordinary skill in the art to design radiant heater 30,
for a particular application, in such a manner as to
achieve the benefits of uniform energy transfer rate pér
unit area as described hereinabove.

It should be noted that the theory, shape, and
geometric characteristics described hereinabove for radiant
heater 30 are believed to be equally applicable where,
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contenplated that, for a particular design of chanber 2 in a selective
|aser sintering apparatus, the radiant energy em ssion density pattern,
both in the radial and in the angul ar sense, may be derived by use of a
.control | abl e zoned heater 50 as described herei nabove, and that the

enm ssion density pattern nmay not signifjcantly change for the particular
chanber design, regardl ess of changes 1Tn the powler nmaterial, anbient
tenperature, |aser power, and other paraneters. Accordingly, in such a

case, a radi aistead &fr W0nkAckydi Rlear ShHOLRaLRY ShiskR A gg%EsoEoVéggilng
‘the planar surface parallel thereto. Suchf a cooling
element may be constructed as a similarly shaped body as
radiant heater 30, and with conduits therein through which
a cooling medium may be circulated. For example, an
aluminum body with conduits may be provided, due to the
high thermal conductivity of aluminum, through which a
chilled fluid such as liquid nitrogen, a fluorocarbon or
water, is . circulated. It is thus contemplated that
placement of the ring-shaped cooling element near a surface
to be cooled will result, according to the theory and
relationship described hereinabove for the radiant heater,
in substantially uniform transfer of radiant heat from the

surface to be cooled to the ring-shaped cooling element.

For the particular application of:selective laser
sintering, radiant heater 30 according to this embediment
of the . invention is especially beneficial. This is not
only due to the improved uniformity with which it delivers
energy per unit area, but also due to its construction
which allows its placement coaxial with the target surface,
while allowing the energy beam to pass therethrough to
target surface 4. Referring now to Figure 9, a preferred
embodiment of an apparatus for selective laser sintering
includ:ing radiant heater 30 according to this embodiment
of the invention will now be described. It should be noted
that the same elements of this apparatus as are included
in the prior apparatus of Figure 1 are referred to by the
Same rerference numerals.

Ring-shapéd radiant heater 30, as described
hereinabove, is used in the embodiment of Figure 9 to
uniformly heat target surface 4, in the manner described
hereinabove. Attacliment of radiant heater 30 may be
accomplished by its suspension over target surface from the
top of chamber 2 (such top not shown), either by chains,
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densities so as to emt radiant energy in a non-uniformpattern fromthe
heater, but which results in uniformtenperature at the target surface in
conpensation for convection or other factors, may be used. Such a heater
woul d have, for exanple, only two pads 32, one at each end of the resistive
el ement, sinplifying the inplenentati%% of the heater, and its control.

This is the replacenent sheet Date: ™2 JUN 1997
wire, a fixed bracket, or other appropriate mounting
apparatus. As shown in Figure 9, the openiﬁg through

radiant heater 30 allows the beam from laser 10, controlled
by mirrors 12, to pass therethrough and impact target
surface 4, while still allowing radiant heater 30 to be
coaxial with circular target surface 4. ' This allows for
temperature uniformity of target surface over the area
which can be reached by the beam of laser 10. Such uniform
temperature control allows the temperature of target
surface 4 to be optimized soc that growth and curling of the
part produced by the selective laser sintering process
noted hereinabove is minimized.

It should be noted that radiant heater 30 may be
incorporated into . a selective laser sintering apparatus in
such a manner that the temperature can be set at target
surface 4 prior to initiation of selective laser sintering
(measured, for example, by thermocouples or thermometers .
placed at target surface 4), with no further control of
temperaturé performed during the process. Due to the
generation of heat during selective laser sintering,
however, the temperature of target surface 4 will likely
change from its initial condition prior to the process.
For particular materials such as wax, it has been observed
that close control of the temperature throughout the
process is necessary to avoid the problems of growth,
curling, and other warpage and distortion of the part being
produced. Accordingly, it is preferred that some type of
measurement, feedback and control is included in the
selective laser sintering apparatus.

Prior methods for contrdl of the temperature of target
surface 4, where radiant heaters such as panels 20 in
Figure 1 were used, incorporated thermocouples at or near
target surface 4, for example located near the top of part
piston 6. It is preferred in this embodiment, however,
that the temperature measurement of the target surface 4,
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- 30 - Wile the invention has been described herein relative to its
preferred enbodinents, it is of course contenplated that nodifications
of, and alternatives to, these enbodinents, such nodifications and
alternatives obtaining the advantages and benefits of this invention, wll
be apparent to those of ordinary skill,.in the art having reference to this
specification and its drawings. It 21 -

the powder disposed thereon by roller 18, and the part
being produced in the powder by the selective ‘laser
sintering method, be made by non-contact techniques.
Accordingly, the preferred embodiment of the apparatus of
Figure 9 includes an infrared temperature sensor 34,
directed at the appropriate portion of target surface 4,
including the powder and part produced thereat. The cutput
of sensor 34 can be monitored by conventional equipment
(not shown), for controlling the current or other energy
applied to radiant heater 32.

Certain of the materials used in selective laser
sintering must be kept at relatively low temperatures in
order to remain in powder form. For'example, it has been
found that selective laser sintering is especially
beneficial in producing parts from wax powder, with the wax
parts subsequently used in the manufacture of molds for
investment casting according to the "lost wax" technique.
Selective laser sintering of wax powder is_subject to
growth and curling problems as described hereinabove,
necessitating temperature control of target surface 4.
However, the ambient temperature of chamber 2 must be kept
relatively low, for example on the order of less than 50°
C., so that the portions of the wax powder which do not
receive energy from the laser do not melt or stick
together. Accordingly, the temperature to be sensed by
sensor 34 may be relatively low.

In the sensing of such low temperature, however, the
.amount of. infrared wavelength energy from radiant heater
30 which is reflected off of the powder at target surface
4, reaching sensor 34, can be significant relative to the
infrared energy radiated from the powder itself at such low
temperatures. Accordingly, it has been observed that the
temperature sensed by infrared sensor 34 differs from the
temperature sensed by a thermocouple located at target
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contenpl ated that such nodifications and alternatives are within the scope
of this invention as subsequently cl ai ned herein. CLAI M5: 1. An
apparatus for sintering a powder, conprising an energy source (10) for
provi ding a focused energy beamto a planar target surface (4); neans (14,
18) for - 22 -

In the apparatus of Figure 9, the accuéaby of the
temperature measurement is improved by the provision of a
second infrared sensor 36 directed at radiant heater 32 to
measure its radiation. The output of sensor 36 1is
similarly monitored as the output of sensor 34. Infrared
sensor 36 thus provides direct measurement of the radiation
emitted by radiant heater 30. This allows compensation of
the sensed radiation from target surface 4 by sensor 34 for
the reflected radiation from heater 30, so that the correct
température of the powder and part at target surface 4 may
be derived. The amount of compensation necessary will
depend upon various factors, such as the geometric
relationship between the heater, powder bed, and sensors,
the reflectivity of the powder, and the temperature of the
powder. It is contemplated that time-zero characterization
of chamber 2 and radiant heater 30, using thermocouples or
other contact measurement in such characterization, may be
done for particular powders over temperature to provide a
compensation curve or equation for correcting the output
signal from sensor 34 to arrive'at the correct temperature.

Alternatively to the use of ring-shaped radiant heater
30 in the selective laser sintering apparatus of Figure 9,
a similarly shaped element may be used as a cooling
element. As noted hereinabove, the theory and
characteristics of radiant heater 30 are similarly
applicable to the case where the ring-shaped element is
cooler than the target surface. For example, a chilled
fluid such as liquid nitrogen, a fluorocarbon or water, may
be circulated through conduits in a ring-shaped aluminum
body. Provision of such a radiant cooling apparatus may
be preferred for materials which may be;useful in selective
laser sintering but where the material, at the time of the
sintering, must be kept below room temperature in order to

remain in powder form. In addition, since cooling of

{
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pl aci ng powder at said planar target surface (4), and neans (30, 40, 50)

. for providing radiant energy to said planar target surface characterised in
that said neans (30, 40, 50) conprises a ring-shaped radi ant heating

el ement (30, 40, 50) for transferring radiant energy to said planar target
surface (4) at a substantially uniformrate per unit area, said ring-shaped
el emrent (30, 40, 50) having a ci rcul ar 2duter edge which is substantially
parallel with the planar target surface (4), and having a circular inner

edge substantially concentric with said . ) )
target 'surface 4 in selective laser sintering is-also known

to be beneficial in controlling growth and curiing, even
where the temperature of target surface 4 is heated by
radiant heating, an alternative embodiment of the selective
laser sintering apparatus of Figure 8 may include both a
radiant heater 30 and a similarly ring-shaped cooling
element, with the heater and cooling element disposed
coaxially with one another. It is contemplated that other
alternatives and modifications incorporating a radiant
cooling element will now be apparent to those of ordinary
skill in the art.

Referring now to Figure 10, an isometric view of an
alternative embodiment of the radiant heater according teo
the invention is illustrated. As noted hereinabove
relative to Figure 9, the fraction of the total energy
radiated by radiant heater 30 which reaches target surface
4 is less than 50%, especially at the distance a at which
uniformity is optimized. Radiant heater 40 of Figure 10
is a ring-shaped radiant heater constructed to have a
frusto-conical shape, rather than the flat shape of heater
20. Radiant heater 40 is preferably mounted so that its
inner edge is further away from the surface to be heated
than its outer edge.

This construction allows the distance a at which
uniformity is maximized for radiant heater 40 to be less
_ than that for flat radiant heater 30. This can be seen
from Figure 6, which indicates that, for a flat radiant
heater 30, plécement.of the heater closer to target surface
4 than the optimal distance results in the center of target
surface 4 receiving 1less energy than the perimeter.
Radiant heater 40 of Figure 10, due to its shape, directs
more of its energy'toward the center 5f target surface 4
than toward the perimeter of, and outside the bounds of,
target surface 4. By providing more energy toward the

center, radiant heater 40 compensates for the effects
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outer edge, said inner edge defining an opening through the ring-shaped
el enrent (30, 40, 50), wherein said ring- shaped el enent (30, 40, 50) is
di sposed in such a manner that said energy beam passes through the opening
defined by said inner edge. 2. An apparatus according to claiml,
wherein said inner edge is substantial#% coplanar with said outer -edge. 3.
An apparatus according to claim1, whefe€in said inner edge is not copl anar

with sai d oyheustd@®edSoih N@igure 9 where the center receives less
energy as the heater is moved closer to the surface.
Accordingly, the distance a at which uniférmity is
maximized for radiant heater 40 will be closer to target
surface 4 than in the case of radiant heater 30. As
indicated in Figure 7, this closer proximity of heater 40
to target surface 4 will increase the fraction of the total
emitted energy which reaches target surface 4, improving
the efficiency of radiant heater 40.

It should be noted that, while the shape of radiant
heater 40 is frusto-conical, having straight sides between
the outer and inner radius, alternative geometries may be
utilized for radiant heater 40. For example, the sides of -
radiant heater may be parabolic rather than linear if
desired, for alternative distribution of energy' from
radiant heater 40 to target surface 4. It,is contemplated
that other useful shapes of radiant heater 40 will now be
apparent to those of ordinary skill in the art having
reference to this description and the drawings.

In addition, it should be noted that the shape of
radiant heater 40 is also applicable to a similarly shaped
cooling element, to achieve improved transfer of radiant
heat from the target surface to the element, as discussed
hereinabove. |

Relative to the selective laser sintering apparatus of
Figure 9, due to the provision of the opening in the center
of radiant heater 40, the beam from laser 10 will still be
allowed to impinge 'upon powder at target surface 4.
Radiant heater 40 thus provides the further advantages
described hereinabove in its application for selective
laser sintering. .

Referring now to Figure 11, radiant heater 50
according to another embodiment of the invention will now

et
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said el enment may be di sposed with said inner edge further away from said

target surface than said outer edge. 4. An apparatus according to
claim 3, wherein said ring-shaped el enent (40) has a frusto-conical shape.
5. An apparatus according to cIaQ@11 wherein said ring-shaped

el ement (30, 40, 50) conprises: - 32

be described in detail. In some applications:for which
uniform radiant heating is desirable, as described
hereinabove, conduction and convection of heat may be
uneven for points at the surface being heated. For
example, in the application of selective laser sintering,
chamber 2 includes a door with a window at the front
thereof, to provide visibility of the process from external
to the chamber. In addition, it has been found that
conVection cooling of the target surface is useful,
together with radiant heat as described hereinabove, in
order to minimize growth within the layer being selectively
sintered (i.e., growth of the part from the portion:
receiving the laser energy via conduction of the laser-
generated heat to powder particles which were not exposed
to the beam). Such cooling is preferably done by directing
air flow in a direction parallel to target surface 4 across
the face of the powder and part being produced. In
addition, as described in PCT Publication WO 88/02677 cited
hereinabove, it may be useful to provide downdraft gas or
air flow through the powder, in a direction normal to
target surface 4.

‘However, such air and gas flow may provide uneven
temperature distribution at target surface 4, even if
radiant heater 30 or 40 is transferring radiant energy to
target surface 4 at a rate per unit area which is highly
uniform across target surface 4. ° In addition, while
radiant heaters 30 and 40 hereinabove are intended to
provide such uniform radiant energy transfer, some amount
of deviation will likely still be present. In addition,
as described hereinabove, the efficiency of radiant energy
transfer increases with the proximity of the radiant heater
to target surface 4, especially as the radiant heater is
closer to target surface 4 than the disﬁance a at which its
uniformity is maximized. Furthermore, non-uniformity in
radiant energy transfer is a significant problem with
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an electrically resistive elenent (52a, 52b, 52c) for generating radiant
heat; and connecting pads (32) for making electrical connection to said
resistive el enent (52a, 52b, 52c). 6. An apparatus according to claim
5, wherein the density of said resistive elenment (52a, 52b, 52c) per unit
area of said heater varies radially bgél_een said inner and outer edges. 7.

|

An apparatus according to claimb5, whe n the density of said resistive

el enent (52a, 52b, 52c¢) per

conventional radiant heating in selective laser sintéring,
for example in the apparatus of Figure 1.

Referring now to Figure 11, zoned radiant heater 50
will now be described in detail, in conjunction with such
a heater S0 in a ring-shaped configuration. It is
contemplated that the zoning described hereinbelow will
also be useful in conventional radiant heaters, such as
radiant heat panels 20 of Figure 1, and in such cases may
serve to alleviate the non-uniformity of radiant enerqgy
transfer to target surface 4.

Radiant heater 50, according to this embodiment,
generates radiant energy from resistive elements 52, 54 and
56 disposed at a surface thereof. Resistive elements 52,
54 and 56 are conventional resistive elements as are used
in conventional heaters, for example filaments of nickel
chromium or the like, having a connecting pad 32 at each
end to which electrical connection may be made by soldering
a wire thereto or the like. In this embodiment, the
density of the length of resistive elements 52, 54 and 56
per unit area of heater 50 varies radially. Figqure 11
shows the resistive elements 52, 54, and 56 with very large
spacing, for the purpose of clarity. In practice, elements
52, 54 and 56 are preferably formed to have a higher
density. Furthermore, in practice, the connection pads 32
are preferably sized and placed in a manner which does not
adversely affect the desired temperature distribution
across the face of heater 50. Resistive elements 52a, 52b,
and 52c are disposed near the outer perimeter of heater 50,
are electrically isolated from one another, and present
approximately the same density of resistance per unit area
as one another. Resistive elements 54a and 54b are
disposed closer to the center of heatér 50 from elements
52, and each present a higher density of resistive length
per unit area than elements 52 (although the density of
resistive length per unit area of elements 54a and 54b are
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unit area of said heater varies angularly. 8. An appar atus accordi ng
to claiml1, wherein said ring-shaped heater conprises: first and second
electrically resistive elenents (52, 54) for generating radi ant heat; and
a plurality of connections (32), for providing current to said first and
second resistive el ements independent|y,fromone another. 9. - An
apparatus according to claim8, wherelh" said first and second resistive
el enents (52, 54) have the
approximately equal). Resistive element 56 is disposed
closer to the center of heater 50 than elements 54, and in
_ this embodiment has the lowest density of resistive length
per unit area than elements 52 and 54. 1In this preferred
embodiment of radiant heater 50, a hole is provided in the
center thereof, for example so that a beam from laser 10
may pass therethrough when heater 50 is installed in an
apparatus for selective laser sintering, such as in the
example of Figure 9.

Zoned radiant heater 50 provides significant
flexibility in providing radiant heat to target surface 4,
especially as useful in a selective sintering apparatus.
For example, application of equal currents to each of.
elements 52, 54 and 56 would result in the emission of
radiant energy per unit area which varies radially from the
center of heater 50, with the lowest emission near the
center, the next highest emission near the outer perimeter,
and the highest emission therebetween. 1In addition, the
currents thfough elements 52, 54 and 56 may be varied
relative to one another to provide different emission
densities from that incorporated in heater 50 merely due
to the wvarying densities of resistive element length per
unit area; varying of the currents relative to one another
could, for example, exactly compensate for the varying
resistive length densities, so that radiant energy may be
emitted at a uniform rate per unit area across the entirety
of heater 50. Of course, other radial emission density
distributions could be implemented by otherwise varying the
current through elements 52, 54 and 56 relative to one
another. '

In addition, the provision of separate elements S52a,

S2b and 52c¢, as well as separate eleﬁents S54a and 54b,

provide the ability to angularly vary the radiant energy

emission rate per unit area. For example, if a portion of

target surface 4 underlying resistive element 52a were
This is the replacement sheet
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sane density of resistive elenment per unit area. 10. An appar at us
according to claim8, wherein said first and second resistive elenents (52,
54) have different densities of resistive elenent per unit area. 11.

An apparatus according to claim8, wherein said first and second resistive
el ements (52, 54) are disposed in saigzgeater at approxi mately the sane

radi al di stance. 12. An appar at us“@according to claim8, wherein said

cooler than the portions underlying resistive elements S52b
and S52c, the current applied to element 525: could be
increased relative to that through elements 52b and S2c,
resulting in increased radiant energy emitted from the
portion of heater 50 containing element 52a. Such control
of the - individual elements 52 and 54 thus can allow
compensation for non-uniform temperatures over target
surface 4, such as may result from conduction or convection
within chamber 2 in the selective laser sintering apparatus
of Figure 9. In addition, non-uniform temperatures at
target surface 4 may also result_from the selective laser
sintering itself. TFor example, if the portion of the
powder at target surface 4 underlying elements 52b and S2c¢
were sintered to a greater extent than the portions
underlying element 52, an increase in the current through
element 52a would compensate for the lesser degree of
sintering heat thereunder, improving the uniformity of the
target surface 4 and the powder and part disposed thereat.

It should be noted that while zoned heater 50 in this
embodiment is :ing—shaped, alternatively conventional
rectangular or <c¢ircular radiant heat panels may be
similarly zoned, in order to provide uniform temperature

- at the target surface 4, and the powder and part thereat,
in an apparatus for selective laser sintering. Further in
the alternative, while zoned heater 50 in this embodiment
is a flat ring, similar to the non-zoned heater 30
described hereinabove, the zoning approach used in zoned
heater 50 is equally applicablg to and may be used'in the
frusto-conical heater 40 also described hereinabove.

It should be noted that radiant heater S50, having
numerous pads 32 for each elemeht 52, 54 and 56, both in
the radial and angular sense, is espécially adapted for
real-time control of the temperature during the selective
laser sintering process, and during characterization of a
particular chamber prior to initiation of the selective
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first resistive elenent is disposed in said heater between said second
resistive el enent and said i nner edge.

- 29

laser sintering process for a particular powdeér- material
and process conditions (such asiambient temperature, air
flow, laser power, and the like). Accordingly, it is
contemplated that monitoring apparatus such as
thermocouples, or non-contact sensors such as infrared
sensor 34 described hereinabove, together with conventional
monitoring, feedback and control equipment, may be
implemented together with the zoned heater 50 of this
embodiment of the invention by one of ordinary skill in the
art having reference to this specification.

Further in the alternative to controllable zoned
heater 50, a fixed 2zoned heater may also be used in a
manner as to benefit from the invention. It is
contemplated that, for a particular design of chamber 2 in
a selective laser sintering apparatus, the radiant energy
emission density pattern, both in the radial and in the
angular sense, may be derived by use of a controllable
zoned heater 50 as described hereinabove, and that the
emission density pattern may not significantly change for
the particular chamber design, regardless of changes in the
powder material, ambient temperature, laser power, and
other parameters. Accordingly, in such a case, a radiant
heater 50 including a single resistive element of varying
densities so as to emit radiant energy in a non-uniform
pattern from the heater, but which results in uniform
témperature at the target surface in compensation for
convection or other factors, may be used. Such a heater
would have, for example, only two pads 32, one at each end -
of the resistive element, simplifying the implementation
of the heater, and its control. '
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While the inventibn has been described hereiT relattv:
to its preferred embodiments, it is of co%rse contempt;e:e
that modifications ' of, and alternatlveé to, he
embodiments, such modifications and ?lt?rnatlYes obtiirlzz
the advantageé and benefits of téls lﬁventlon,tw;aVing
apparent to those of ordinary Skll% in thé ar 2vins
reference to this specification and its draw1ngsi e
contemplated that such modifications and alternatlv:s.med
within the scope of this invention as subsequently clai
herein.
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QLALMS:

1. An apparatus for sintering a powder, comprising
an energy source (10) for providing a focused energy beam
to a planar target surface (4); means (14, 18) for
placing powder at said planar target surface (4), and
means (30, 40, 50) for providing radiant energy to said
planar tﬁrget surface characterised in that said means
(30, 40, 50) comprises a ring-shaped radiant heating
element (30, 40, 50) for transferring radiant energy to
said planar target surface (4) at a substantially uniform
rate per unit area, said ring-shaped element (30, 40, 50)
having a circular outer edge which 1is substantially
parallel with the planar target surface (4), and having
a circular inner edge substantially concentric with said
outer edge, said inner edge defining an opening through
the ring-shaped element (30, 40, 50), wherein said ring-
shaped element (30, 40, 50) is disposed in such a manner
that said energy beam passes through the opening defined
by said inner edge.

2. An apparatus according to claim 1, wherein said
inner edge is substantially coplanar with said outer
edge.

3. An apparatus according to claim 1, wherein said

inner edge is not coplanar with said outer edge, so that
said element may be disposed with said inner edge further
away from said target surface than said outer edge.

4. An apparatus according to claim 3, wherein said
ring-shaped element (40) has a frusto-conical shape.

5. An apparatus according to claim 1, wherein said
ring-shaped element (30, 40, 50) comprises:
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an electrically resistive element (52a, 52b,
52c) for generating radiant heat; and

connecting pads (32) for making electrical
connection to said resistive element (52a, 52b, 52c).

6. An apparatus according to claim 5, wherein the
density of said resistive element (52a, 52b, 52c) per
unit area of said heater varies radially between said
inner and outer edges. |

7. An apparatus according to claim 5, wherein the
density of said resistive element (52a, 52b, 52c) per
unit area of said heater varies angularly.

8. An apparatus according to claim 1, wheréin said
'ring-shaped heater comprises: -

first and second electrically resistive
elements (52, S4) for generating radiant heat; and

a plurality of connections (32), for providing
current to said first and second resistive elements
independently from one another. |

9. An apparatus according to claim 8, wherein said
first and second resistive elements (52, 54) have the

. same density of resistive element per unit area.

10. An apparatus according to claim 8, wherein said
first and second resistive elements (52, 54) have
different densities of resistive element per unit area.

11. An apparatus according to claim 8, wherein said
first and second resistive elements (52, 54) are disposed
- in said heater at approximately the same radial distance.

12. An apparatus according to claim 8, wherein said
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first resistive element is disposed in said heater
between said second resistive element and said inner
edge. '
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SELECTIVE LASER SINTERING APPARATUS WITH RADIANT HEATING

Abstract

A radiant heater (30), and an apparatus for performing
selective laser sintering using the same, are disclosed. The radi-
ant heater (30) is ring-shaped with its dimensions and distance
from the target surface preferably defined to provide radiant en-
ergy to a target surface (4), with the rate of energy received per
unit area of the target surface (4) being substantially uniform. A
frusto-conical ring-shaped radiant heater (40) is also disclosed,
- which may be disposed closer to the surface (4) to provide im-
proved efficiency of heat transfer in a uniform fashion. A cool-
ing element similary shaped is also disclosed, which operates in
the same manner to uniformly transfer radiant heat from the tar-
get surface (4). Zoning of the ring-shaped radiant heaters (30), to
allow for non-uniform radiant energy emission to the target sur-
face, is also disclosed. Monitoring of the temperature of the tar-
get surface (4) is done by way of infrared sensors (34). For moni-
toring of cool temperatures, a second infrared sensor (36) is di-
rected at the radiant heater, so that compensation for reflection
of the radiant heat from the surface (4) may be accomplished.

Figure 1.
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face, is also disclosed. Monitoring of the temperature of the tar-
get surface (4) is done by way of infrared sensors (34). For moni-
toring of cool temperatures, a second infrared sensor (36) is di-
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