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ADDITIVE MANUFACTURING SYSTEMS AND METHODS

BACKGROUND

[0001] The present technology relates generally to the use of a laser array, including an array
of vertical-cavity surface-emitting lasers (VCSEL), in powder bed fusion additive
manufacturing (PBFAM) systems and processes to allow for the creation of full patterns

simultaneously to facilitate higher build speeds.

[0002] Additive manufacturing is a technology that enables the "3D-printing" of components
of various materials including metals, ceramics and plastics. In additive manufacturing, a part
is built in a layer-by-layer manner by leveling, for example, metal powder and selectively
fusing the powder within a layer using a high-power laser or electron beam. After each layer,
more powder is added and the laser patterns the next layer, simultaneously fusing it to the
prior layers to fabricate a complete component buried in a powder bed. Additive
manufacturing systems and processes are used to fabricate precision three-dimensional

components from a digital model.

[0003] Current systems and processes are limited in speed by the time needed to fully scan
out each part layer in a serial manner using a single scanning mirror to direct a high power
laser beam along the outline of one layer of the part to be made. Once the outline of the part
is complete, the scanner directs the beam to the region between the inner and outer walls to
fill in the material. In each process, the laser melts a thin layer of powdered metal to melt the
metal onto the previous layer produced. Once a layer is made, a recoater bar moves across
and adds another layer of powder and the process with the laser is repeated. Each layer can
take several seconds to a few minute to complete with many thousands of layers needed to

make a part.

[0004] An alternate way to build a full section at a time is to use a mask which only lets a
small area of a wide beam to the powder at one time. A disadvantage of this approach is it is

very laser power inefficient, requiring the dumping of most of the laser power.

[0005] In making a build in current powder bed systems, the laser beam or electron beam is
used to scan a layer of powder to sinter and melt the desired pattern in the layers of the

powder bed. The typical scanning time for such systems per layer is in the range of 70-100
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seconds. For some applications, the build can require days of processing time. One
application of DMLM is in the fabrication and repair of airfoils for gas turbine engines for
aircraft. The geometries of the airfoils are difficult to form using conventional casting
technologies, thus fabrication of the airfoils using a DMLM process or an electron-beam
melting process has been proposed. With the layers built upon one another and joined to one
another cross-section by cross-section, an airfoil or portion thereof, such as for a repair, with
the required geometries, may be produced. The airfoil may require post-processing to

provide desired structural characteristics.
BRIEF DESCRIPTION

[0006] In accordance with one example of the technology disclosed herein, a method of
forming a build in a powder bed comprises emitting a plurality of laser beams from selected
vertical-cavity surface emitting lasers (VCSELSs) of at least one VCSEL array onto the
powder bed, the selected VCSELSs of the at least one VCSEL array corresponding to a pattern
of a layer of the build; and simultaneously melting powder in the powder bed corresponding

to the pattern of the layer of the build.

[0007] In accordance with another example of the technology disclosed herein, a

apparatus for forming a build in a powder bed comprises at least one vertical-cavity surface
emitting laser (VCSEL) array comprising a plurality of VCSELSs; a support configured to
support a powder bed or a component configured to support the powder bed at a distance
from the at least one VCSEL array; and a controller configured to control the VCSEL array to
emit a plurality of laser beams from selected VCSELSs of the at least one VCSEL array onto
the powder bed, the selected VCSELs of the at least one VCSEL array corresponding to a
pattern of a layer of the build and simultaneously melt the powder in the powder bed

corresponding to the pattern of the layer of the build.
DRAWINGS

[0008] These and other features, aspects, and advantages of the present technology will
become better understood when the following detailed description is read with reference to
the accompanying drawings in which like characters represent like parts throughout the

drawings, wherein:
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[0009] FIG. 1 schematically depicts a powder bed fusion additive manufacturing system

according to an example of the present technology;

[0010] FIG. 2 schematically depicts a VCSEL array according to an example of the present
technology;

[0011] FIG. 3 schematically depicts a plurality of VCSEL arrays according to an example of
the present technology;

[0012] FIG. 4 schematically depicts a powder bed fusion additive manufacturing system

according to another example of the present technology; and

[0013] FIG. 5 schematically depicts a powder bed fusion additive manufacturing system

according to a further example of the present technology.

DETAILED DESCRIPTION

[0014] Referring to FIG. 1, a powder bed fusion additive manufacturing (PBFAM) system 20
includes a build table 22 for holding a powder bed 24, a particle spreader or wiper or recoater
bar 26 for spreading the powder bed 24 over the build table 22, a powder supply hopper 30
for supplying powder to the spreader 26, and a powder surplus hopper 32. The additive
manufacturing system 20 may be configured to build or repair a workpiece 36 in a layer-by-

layer fashion.

[0015] A controller 38 may have an integral CAD system for modeling the workpiece 36 into
a plurality of layers 40 additively built atop one another generally in a vertical or z-coordinate
direction (see arrow 42). As manufactured, each solidified layer 40 corresponds to a layer 44
of the powder bed 24 prior to solidification. The powder bed layer 44 is placed on top of a
build surface 46 of the previously solidified layer 40. The controller 38 is configured to
operate the system 20 through a series of electrical and/or digital signals 48 sent to the system
20 components. For example, the controller 38 may send a signal 48 to a piston 50 of the
supply hopper 30 to sequentially push a supply powder 52 upward for receipt by the spreader
26, or alternatively or in addition thereto, the supply hopper 30 may feed powder downward
via gravity. The spreader 26 may be a wiper, roller or other device that pushes the powder
bed layer 44 in the direction 54 or otherwise places the supply powder 52 over the build
surface 46 of the workpiece 36 by a predetermined thickness established through downward
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movement 42 of the build table 22 controlled by the controller 38. Any excess powder 56
may be pushed into the surplus hopper 32 by the spreader 26. It should be appreciated that the
powder bed layer 44 may not be composed of a powder but may take the form of any

substrate that may be laid or applied across the build surface 46 in preparation for melting.

[0016] The controller 38 may be a computer processor or other logic-based device, software
components (e.g., software applications), and/or a combination of hardware components and
software components (e.g., a computer processor or other logic-based device and associated
software application, a computer processor, or other logic-based device having hard-wired

control instructions, or the like).

[0017] Referring to FIG. 2, the laser array 28 may comprise an array of VCSELs 10 on one
or more silicon chips 12. Each chip 12 may have 10 or more VCSELs 10. To achieve a
desired output power from an element, multiple VCSELSs may be packaged onto a single
addressable unit, or submount. As used therein the term VCSEL thus refers to a single
VCSEL or to multiple VCSELSs packaged onto a single addressable unit. A cooled lenslet
array 14 includes micro-lenses 16 to create a series of laser spots 8 (FIGS. 4 and 5) at high
power. The lenslet array 14 may be formed as a one-piece array. By modulating each
VCSEL 10 of the array 28 individually as the array 28 is translated across the powder bed 24
in the direction shown by arrow 58, a layer 44 of powder can be selectively melted to form a
part 36 one layer 40 at a time. The array 28 thus provides for full writing of a layer 40 by
moving the array 28 across the part 36 once. The array 28 may be moved relative to the
powder bed 24 by, for example, a liner motor or some other actuator, such as a piston. It
should also be appreciated that the relative movement of the array 28 to the powder bed 24
may be accomplished by moving the powder bed 24, or through a combination of moving

both the array 28 and the powder bed 24.

[0018] Once a substantially level powder layer 44 is established over the build surface 46, the
controller 38 may send a signal 48 to a laser array 28 to selectively melt the top layer 44. The
controller 38 controls the turning on and turning off of each VCSEL 10. The controller 38
may also control the rate at which the power of each VCSEL 10 is reduced when turned off.
The controller 38 may turn each VCSEL 10 on and off within a time frame of, for example,
about 5 to 15 milliseconds, or longer if needed. For a given layer of powder 44, for example
above an airfoil to be repaired, the desired VCSELs 10 are activated to melt the powder in the
desired shape per a CAD design, which may be input and/or stored in the controller 38. This

4
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process may be repeated as many times as necessary to build up the required repair region. In
the case of the system being used to fabricate a component, e.g. an airfoil, the process is
repeated as many times as necessary to build the component. The controller 38 moves the
build table 22 downwardly as layers of powder are added and subsequently processed by the
VCSEL array 28. Each layer 40 formed may be, for example, about 1 um to about I mm
thick. In the case of repair of an airfoil, each layer may be formed, for example, about 100

um thick.

[0019] The VCSEL array 28 may be controlled by the controller 38 to control the heat of
powder near or adjacent to the melted region to control the cooling rate of the melted region,
i.e. melt pool. The controller 38 may also control the VCSEL array 28 to preheat the powder
bed 24 and/or the work piece 36. By pre-heating the powder bed 24 and/or the work piece 36
and/or heating the region near or adjacent to the melt region, the thermal gradient may be
controlled to be substantially only in the direction normal to the powder bed 24. This may
help with materials that are crack sensitive to fast solidification cooling rates. Desirable grain
growth that's normal to the layer surface may be achievable with planar cooling of a powder
bed layer. This allows formation of a directionally solidified (DS) type grain structure and a
single crystal structure with the build repair of an airfoil type structure. It should also be
appreciated that the VCSELs 10 may be controlled to superheat the powder bed 24 to control
the viscosity of the melted region. Controlling the viscosity of the melted region allows
control over, for example, evaporation of the powder, the grain structure of the solidified
layer, and/or the surface finish of the repair or component. The power profile of the array 28
may also be controlled after the powder is melted to control the solidification of the melt pool
in the powder bed to form a desired microstructure, for example as disclosed in commonly

assigned, co-pending U.S. Application 15/014,713.

[0020] Referring to FIG. 3, if closer spacing of the powder melting is desired or required than
is available with current VCSELSs, for example about 0.5 mm, then multiple arrays 28 can be
moved relative to the powder bed 24 in tandem. The VCSELSs 10 of each array 28 may be
staggered from the VCSELSs 10 in the other arrays to achieve the desired spacing of the weld

beams.

[0021] Referring to FIG. 4, a PBFAM system 20 may include a plurality of 2D laser arrays
28, 34, such as VCSEL arrays. It should be appreciated that the arrays may each be a one

dimensional (1D) array that is configured to form one line of the pattern at a time and is

5
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scanned across the powder bed, in either one or multiple directions, to form the repair or the
part. The spacing of the lasers in a VCSEL array may be too large to achieve the power
levels needed for melting the powder, for example metal or ceramic powders. To achieve the
required spacing, a dichroic beam coupler 4 as shown in FIG. 4, or a plurality of dichroic
beam couplers 4 as shown in FIG. 5 may be used a means of combining the laser beams 58,
60 from the arrays 28, 34, respectively, and/or arrays of wider spaced sources into a closely
spaced array of addressable laser spots 8. The PBFAM system 20 uses linearly staggered
laser arrays 28, 34 with different wavelengths, then combines the beams 60, 62 of the arrays
28, 34 onto the powder bed 24 as laser spots 8. The wavelength of the lasers of the array(s)
28 may differ from the wavelength of the lasers of the array(s) 34 by, for example, 10-200
um, for example 50-100 um. As VCSELs may emit polarized beams, it should be
appreciated that the polarization of the beams 60, 62 may also be coupled. As with the
systems shown in FIGS. 1-3, the arrays 28, 34 may be movable relative to the powder bed 24,
for example by moving the arrays 28, 34, moving the powder bed 24, or some combination
thereof. It should also be appreciated that other types of lasers, for example laser diodes, may

be used in the array instead of VCSELSs.

[0022] The pattern, or outline, of each layer 40 may be stored in the controller 38 and the
VCSEL array(s) may be controlled by the controller to address the laser spots from the lenslet
array(s) onto the powder layer 44 provided over the build surface 46 in the shape of the next
layer 40 to be fused (i.e. built). The controller 38 may be provided a preselected pattern for
each layer 40 and controls the VCSEL array(s) to provide the laser beams from the array(s) to
form the pattern in the powder bed by melting the powder according to the pattern.

[0023] Each beam 60, 62 of the arrays 28, 34 may operate with different frequencies to meet
manufacturing objectives. For example, beams with shorter wavelengths may heat up the
powder faster than beams with longer wavelengths. The wavelength for heating and/or
melting may be based on the composition of the powder (for example metal or ceramic or
polymer). Particles of a powder may have different heat absorption rates impacting melting
rates. Besides wavelength, other properties of the beam may be considered. For example,

pulsed laser beams or continuous laser beams may be used to melt the powder.

[0024] The laser beams of the VCSELSs of the array or arrays may have a power of from
about 10 to 60 W. For superalloy powders of about 10-60 pm particle size, to melt one spot

requires 10 to 25 W of power in a 0.1 mm spot. The material in the powder bed 24 may be

6
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metal powder, for example, a nickel or cobalt or iron based superalloy. The particles of the
powder bed may be from, for example, 10-100 um, for example from 40-60pum. It should be
appreciated that other materials, for example plastic, ceramic, or glass, may be used for the
powder bed. Depending on the material in the powder bed, the power of the laser beams,
including the combined laser beams, may be from about 10 to about 60 W. In instances
where the laser beam(s) and the powder bed are moved relative to each other, the velocity of
the relative movement also impacts the melting of the powder as it affects the amount of
energy deposited in the powder. For example, the power of the beam may be 20 W and the
relative velocity of the beam (i.e. the array) and powder bed may be 50 mm/s. At that
relative velocity a 100 um spot of the powder bed will be traversed by the beam in 2 ms and
the deposited energy would be 20 W x 2 ms = 40 mJ/100 um spot, or about 5 J/mm?. In
comparison, a current DMLM single beam system includes an approximately 80 um beam
that travels at 800 mm/s at approximately 300 W, resulting in a deposited energy of 300 W x
0.1 ms = 30 mJ/80 pum spot, or about 6 J/mm?>. The present technology thus allows

comparable melting at significantly lower laser power and shorter time periods.

[0025] The present technology addresses the problem of the long build time for a part which
can reach over 24 hours for even a small part. The integration of the VCSEL array provides
accurate alignment of each laser to the others, so avoids a precise assembly step. The use of
VCSELs on a chip versus a set of fiber lasers or fiber coupled diodes avoids the use fibers

which may get damaged and add extra cost.

[0026] By using an integrated set of VCSELSs on a chip, alignment is determined by a
precision chip production process and the cost and possible maintenance of fibers is removed
compared to fiber lasers. Additionally, the speed of the system is faster than a single scanned
laser beam by providing parallel operations simultaneously. The long range cost of the
VCSEL chip production may be less expensive than the individual components of diodes and
fibers. By producing a closely spaced 2D array of laser sources, the power distribution being
used to create the micro melting of powdered metal can be controlled so is to provide the
desired melting as well as heat up and cool down times using the 2D array. It also permits the
use of separate cooled assemblies of lower power with high efficiency that in a full close

array may burn up due to lack of effective cooling.
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[0027] Although the present technology may be applicable to the build function on
components, it should be appreciated that the present technology is applicable for the additive

manufacturing repair of components.

[0028] It is to be understood that not necessarily all such objects or advantages described
above may be achieved in accordance with any particular example. Thus, for example, those
skilled in the art will recognize that the systems and techniques described herein may be
embodied or carried out in a manner that achieves or optimizes one advantage or group of
advantages as taught herein without necessarily achieving other objects or advantages as may

be taught or suggested herein.

[0029] While certain features of the present technology have been illustrated and described
herein, many modifications and changes will occur to those skilled in the art. It is understood

that the appended claims are intended to cover all such modifications and changes.
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CLAIMS

WHAT IS CLAIMED IS:
1. A method of forming a build in a powder bed, comprising:
emitting a plurality of laser beams from selected vertical-cavity surface emitting
lasers (VCSELSs) of at least one VCSEL array onto the powder bed, the selected VCSELs of
the at least one VCSEL array corresponding to a pattern of a layer of the build; and
simultaneously melting powder in the powder bed corresponding to the pattern of the

layer of the build

2. A method according to claim 1, further comprising:

controlling at least one of a duration of each laser beam, a pulse energy of each
VCSEL, a pulse width of each VCSEL, an average output power of VCSEL, an energy
distribution of each laser beam, power density of each laser beam, a rate of reduction of the

power of each laser beam.

3. A method according to claim 1, further comprising:
moving the at least one VCSEL array and the powder bed relative to each other; and
simultaneously controlling the VCSELSs of the at least one VCSEL array during

relative movement.

4. A method according to claim 1, further comprising:

emitting laser beams from VCSELSs adjacent to the selected VCSELSs that correspond
to the pattern of the layer; and

heating powder adjacent to the powder of the layer of the build to control a cooling

rate of the melted powder.

5. A method according to claim 1, wherein emitting the plurality of laser beams from the
selected VCSELSs of the at least one VCSEL array comprises;

emitting a plurality of first laser beams from a first VCSEL array, the first laser beams
having a first wavelength;

emitting a plurality of second laser beams from a second VCSEL array, the second
laser beams having a second wavelength different than the first wavelength; and

combining the first and second laser beams.
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6. A method according to claim 5, wherein combining the first and second laser beams

comprising combining the first and second laser beams through a dichroic beam splitter.

7. A method according to claim 5, wherein a difference between the first and second

wavelengths is between 50-100 um.

8. A method according to claim 1, wherein an average power output of each VCSEL is
10-60 W.
9. A method according to claim 1, wherein the at least one VCSEL array comprises a

plurality of VCSEL arrays and VCSELSs of each array are staggered from VCSELSs in the

other arrays.

10. A method according to claim 1, further comprising:

allowing the melted powder to cool and solidify.

11. An apparatus for forming a build in a powder bed, comprising:

at least one vertical-cavity surface emitting laser (VCSEL) array comprising a
plurality of VCSELs;

a support configured to support a powder bed or a component configured to support
the powder bed at a distance from the at least one VCSEL array; and

a controller configured to control the VCSEL array to emit a plurality of laser beams
from selected VCSELSs of the at least one VCSEL array onto the powder bed, the selected
VCSELs of the at least one VCSEL array corresponding to a pattern of a layer of the build
and simultaneously melt the powder in the powder bed corresponding to the pattern of the

layer of the build.

12. An apparatus according to claim 11, wherein the controller is further configured to
control at least one of a duration of each laser beam, a pulse energy of each VCSEL, a pulse
width of each VCSEL, an average output power of VCSEL, an energy distribution of each
laser beam, power density of each laser beam, a rate of reduction of the power of each laser

beam, and/or a distance of the at least one VCSEL array from the powder bed.

10
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13.  An apparatus according to claim 12, wherein the controller is further to control the at
least one VCSEL array to emit laser beams from VCSELS adjacent to the selected VCSELs
and heat powder adjacent to the powder of the layer of the build to control a cooling rate of

the melted powder.

14.  An apparatus according to claim 13, wherein the controller is configured to control
the at least one VCSEL array to heat the powder adjacent to the powder of the layer at least
one of prior to or during simultaneous melting of the powder of the pattern of the layer or

during cooling of the melted powder.

15. An apparatus according to claim 14, wherein the at least one VCSEL array comprises

at least 10 VCSELSs on a silicon chip.

16.  An apparatus according to claim 11, wherein the at least one VCSEL array comprises
a plurality of VCSEL arrays and VCSELSs of each array are staggered from VCSELSs in the

other arrays.

17.  An apparatus according to claim 11, wherein the controller is configured to move the
at least one VCSEL array and the powder bed relative to each other and simultaneously

control the VCSELSs of the at least one VCSEL array during relative movement.

18.  An apparatus according to claim 11, wherein the at least one VCSEL array comprises
a plurality of first VCSELSs that emit first laser beams having a first wavelength and a second
VCSEL array having a plurality of second VCSELSs that emit second laser beams having a
second wavelength different than the first wavelength, and the apparatus further comprises:

means for combining the first and second laser beams.

19. An apparatus according to claim 18, wherein the means for combining the first and

second laser beams comprises at least one dichroic beam splitter.

20.  An apparatus according to claim 18, wherein a difference between the first and second

wavelengths is between 50-100 um.

11
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21.  An apparatus according to claim 11, wherein an average power output of each

VCSEL is 10-60 W.

12
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