SYSTEM AND METHOD FOR ADDITIVELY PRINTING EXTENSION
SEGMENTS ON WORKPIECES

FIELD
[0001] The present disclosure generally pertains to systemd methods for
additively manufacturing workpieces and, more dpmdly, to systems and methods
for additively printing extension segments on waekes using an additive

manufacturing machine.

BACKGROUND
[0002] Turbomachines, such as gas turbine engines, incfaideus components
that incur wear during operation. For exampleas tgrbine engine typically includes
numerous compressor blades and turbine bladeshwbeerate in a high-temperature
and high-stress environment. As such, the tigh@blades incur wear from rubbing
against shrouds, chemical degradation or oxiddtmm hot gases, fatigue from
cyclic loading and unloading, diffusion creep ofstalline lattices, and so forth.
Worn blades may, in turn, degrade the performamntieeogas turbine engine.
[0003] Since it is typically expensive to replace the cosspor and turbine blades
of a gas turbine engine with new blades, systerdsraathods for repairing worn
blades have been developed. For example, the evatamaged tip of a blade may be
removed, and a new tip may be additively printedr@enblade in its place. While
such systems and methods work well, improvemeets@eded.
[0004]  Accordingly, an improved system and method for tdely printing

extension segments on workpieces would be welcomtgk technology.

BRIEF DESCRIPTION
[0005] Aspects and advantages of the invention will bda#t in part in the
following description, or may be obvious from thesdription, or may be learned
through practice of the invention.
[0006] In one aspect, the present subject matter is éiecta method for
additively printing extension segments on workpgegsing an additive

manufacturing machine. The method includes cdirigylwith a computing system,



an operation of a print head of the additive mactwidng machine such that a region
of interest of a build plate of the additive maratfaing machine is scanned with an
electromagnetic radiation beam. The build platdurn, includes a workpiece
coupled thereto. Additionally, the method includeseiving, with the computing
system, data associated with reflections of thetelmagnetic radiation beam off of
the build plate as the region interest is scanr@dthermore, the method includes
receiving, with the computing system, data assediatith a location of the
electromagnetic radiation beam relative to thedopidte. Moreover, the method
includes determining, with the computing systernocation of a workpiece interface
of the workpiece based on the received data agedondth the reflections of the
electromagnetic radiation beam and the receiveal aksdociated with the location of
the electromagnetic radiation beam. In additibe,rmethod includes controlling,
with the computing system, the operation of thetgnead such that an extension
segment is additively printed on the determinedkpi@ce interface.

[0007] In another aspect, the present subject matterastéid to a system for
additively printing extension segments on workpgec&he system includes an
additive manufacturing machine having a build pkatd a print head. Additionally,
the system includes a computing system communglgtooupled to one or more
components of the additive manufacturing machiflee computing system, in turn,
is configured to control an operation of the phetd such that a region of interest of
the build plate is scanned with an electromagmatication beam, with the build plate
having a workpiece coupled thereto. Furthermdre cbmputing system is
configured to receive data associated with retbetiof the electromagnetic radiation
beam off of the build plate as the region of ind¢is scanned. Moreover, the
computing system is configured to receive data@atsd with a location of the
electromagnetic radiation beam relative to thedoplate. In addition, the computing
system is configured to determine a location ofoakwiece interface of the
workpiece based on the received data associatbdhdtreflections of the
electromagnetic radiation beam and the receiveal agociated with the location of
the electromagnetic radiation beam. Further, tmeputing system is configured to
control the operation of the print head such tima¢xtension segment is additively
printed on the determined workpiece interface.



[0008] These and other features, aspects and advantatfespesent invention
will become better understood with reference tofttiewing description and
appended claims. The accompanying drawings, wdriehncorporated in and
constitute a part of this specification, illustrammbodiments of the invention and,

together with the description, serve to explaingheciples of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
[0009] A full and enabling disclosure of the present ii@am including the best
mode thereof, directed to one of ordinary skilthe art, is set forth in the
specification, which makes reference to the appefigares, in which:
[0010] FIG. 1 is a side view of one embodiment of an adelitnanufacturing
machine;
[0011] FIG. 2 is a schematic view of one embodiment ofsdesn for additively
printing extension segments on workpieces;
[0012] FIG. 3 is a flow diagram of one embodiment of almdtfor additively
printing extension segments on workpieces;
[0013] FIG. 4 is atop view of one embodiment of a builatg of an additive
manufacturing machine, particularly illustratingthuild plate having a single region
of interest; and
[0014] FIG. 5 is a top view of another embodiment of ddplate of an additive
manufacturing machine, particularly illustratingthuild plate having first and
second regions of interest.
[0015] Repeat use of reference characters in the preseaifisation and
drawings is intended to represent the same or goatofeatures or elements of the

present invention.

DETAILED DESCRIPTION
[0016] Reference now will be made in detail to exemplanpediments of the
presently disclosed subject matter, one or morenpkes of which are illustrated in
the drawings. Each example is provided by wayxpfanation and should not be
interpreted as limiting the present disclosurefabt, it will be apparent to those
skilled in the art that various modifications aratigtions can be made in the present



disclosure without departing from the scope orispfrthe present disclosure. For
instance, features illustrated or described asgfame embodiment can be used with
another embodiment to yield a still further emboeinta Thus, it is intended that the
present disclosure covers such modifications andt@ns as come within the scope
of the appended claims and their equivalents.

[0017] Itis understood that terms such as “top”, “bottphutward”, “inward”,
and the like are words of convenience and arembétconstrued as limiting terms.
As used herein, the terms “first”, “second”, anklifti” may be used interchangeably
to distinguish one component from another and atemtended to signify location or
importance of the individual components. The tefaisand “an” do not denote a
limitation of quantity, but rather denote the preseof at least one of the referenced
items.

[0018] In general, the present subject matter is diretdedsystem and method
for additively printing extension segments on waoekes. More specifically, in the
disclosed method, a worn or damaged portion(s)vebrkpiece is removed and an
extension segment(s) is additively printed in platthe removed portion(s) using an
additive manufacturing machine. For example, asrileed above, the tip of a gas
turbine engine blade may become worn or damagedglaperation of the engine.
As such, in accordance with aspects of the presdnect matter, the tip of the blade
may be removed (e.g., cut off) and a new tip magdwshtively printed in its place.
[0019] In several embodiments, the additive manufactumaghine includes a
build plate, a print head, and a detection modiere specifically, the workpiece is
coupled to or otherwise positioned on the buildegkdter the worn/damaged
portion(s) is removed. Furthermore, the print hesay include a beam emitter that
emits an electromagnetic radiation beam (e.g.serlaeam), a focusing lens that
focuses the emitted beam, and a galvanometer itleatsithe emitted and focused
beam onto the build plate. Additionally, the dét@t module includes an imaging
device (e.g., a photodiode) that receives theatdles of the electromagnetic
radiation beam off of the build plate as the beascanned across the build plate.
[0020] The print head is used to scan a workpiece interfdi¢he work piece on
which the extension segment will be printed andtaady print the extension
segment. Specifically, a computing system is gur®d to control the operation of



the print head such that a region of interest eftthild plate (e.g., the region where
the workpiece is located) is scanned with the sbatagnetic radiation beam. As the
region of interest is scanned, the computing syssetonfigured to receive data
associated with the reflections of the beam froenithaging device and data
associated with the location of the beam relativiiné build plate from the
galvanometer. Moreover, the computing system igigored to determine the
location of the workpiece interface based on tlveikeed data from the imaging
device and the received data from the galvanoméier.example, in some
embodiments, the computing system generates areiofaggion of interest based on
the received data, with the generated image ibitisig the differences in the signal
strength/level of the beam reflections. In suclbediments, the computing system
then determines the location of the workpiece fater based on the depicted signal
strength/level differences. Thereafter, the commgusystem is configured to control
the operation of the print head such that the exdensegment is additively printed on
the workpiece interface.

[0021] Using the print head to scan the workpiece interfaad additively print

the extension segment provides one or more tedhadeantages. Specifically,
conventional systems and methods of additivelytijmgnextension segments
determine the location of the workpiece interfasgg a measuring system that is
separate from the additive manufacturing machifteereafter, the workpiece is
moved from the measuring system and placed indd#ize manufacturing machine
for printing. However, it is difficult to locaténé workpiece within the additive
manufacturing machine exactly as it was locatetliwithe measuring system. When
not properly positioned within the additive manuéaing machine, the position of the
workpiece interface as determined by the measwwystem is offset from the actual
position of the workpiece interface. As such,élkeension segment(s) may be
misaligned relative to the remainder of the workpigesulting in extensive rework to
or scrapping of the workpiece. By using the phiead to scan the workpiece
interface and additively print the extension seginie location of the workpiece
interface within the additive manufacturing machiektive to the print head always

corresponds to the determined/scanned locationeofvbrkpiece interface as because



the workpiece does not move relative to the adelitnanufacturing machine between
scanning and printing.

[0022] Referring now to the drawings, FIG. 1 is a sidewad one embodiment of
an additive manufacturing machine 10. As will lesatibed below, the additive
manufacturing machine 10 is used to scan a workpraerface(s) 12 of one or more
workpieces 14 positioned within the machine 10 wortie or more electromagnetic
radiation beams 16 (e.qg., a laser beam(s)). Mamrdoe additive manufacturing
machine 10 is used to additively print (i.e., usamgadditive manufacturing
technique(s)) one or more extension segments dnseanned workpiece 12.

[0023] As used herein, the terms “additively manufacturimg‘additive
manufacturing techniques or processes” refer toufie@turing processes in which
successive layers of material are deposited oonftepch other to build-up, layer-by-
layer, a three-dimensional component. The suceessyers are melted or fused
together to form a monolithic or integral component

[0024] In several embodiments, the additive manufactumaghine 10 uses a
powder bed fusion (PBF) technique, as direct masar melting (DMLM) or

directed metal laser sintering (DMLS). In such erdilments, the extension
segment(s) are additively printed on the workpigc&d by melting or fusing a first
layer of powder to the workpiece interface(s) 12Jtmg or fusing a second layer of
powder on top of the first layer, and so on. Hogrein some embodiments,
extension segment(s) may be additively printed kiting or fusing a single layer of
powder to the workpiece interface(s) 12. Furtheenm alternative embodiments,
the additive manufacturing machine 10 may use @mgrcuitable additive
manufacturing techniques or processes.

[0025]  Additionally, the workpiece(s) 14 may corresponaiy suitable
component(s) having a surface or other interface/tmch the extension segment(s)
can be additively printed. For example, in thestiated embodiment, the
workpiece(s) 14 correspond to a blade(s) of a tmduxhine (e.g., a gas turbine
engine), such as a compressor blade or a turbaueblAs described above, the tip(s)
of the blade(s) may become worn or damaged dumegadion of the gas turbine
engine. In such an embodiment, the tip(s) mayeb®wred (e.g., via cutting,
machine, grinding, etc.) from the remainder oftbtede(s), leaving a surface(s) or an



interface(s) on which new tip(s) can be additiyaiyted. However, in alternative
embodiments, the workpiece(s) 14 may correspomahycsuitable component(s),
such as other component(s) of a turbomachine @shroud block(s), a fuel
nozzle(s), etc.) or component(s) of any other nrahi

[0026] As shown, the additive manufacturing machine 1Quohes a powder
supply assembly 18 and a build chamber 20. Inrgértbe powder supply assembly
18 provides a supply of powder 22 to the build chan®0 for use in additively
printing the extension segment(s) on the workpgck4. Specifically, in several
embodiments, the powder supply assembly 18 inclageswvder piston 24 positioned
within a powder supply chamber 26 containing the/gher 22. In this respect, the
powder piston 24 may be raised (e.g., as indidayemrow 28) within the powder
supply chamber 26, thereby forcing a portion ofgberder 22 out of the powder
supply chamber 26. Moreover, the powder supplgrab$y 18 includes a recoater
30, such as a roller or a blade/wiper, that puiepowder 22 expelled from the
powder supply chamber 26 across a work surfacen@2rao the build chamber 20
(e.g., as indicated by arrow 34).

[0027]  Moreover, the additive manufacturing machine 1Quides a build

platform 36 and a build plate 38 positioned wittiie build chamber 20. More
specifically, as shown, the build plate 38 is positd on the build platform 36 and
secured thereto via a suitable chuck system (rewsh The workpiece(s) 14 is, in
turn, coupled to or otherwise positioned on thedoplate 38 such that the extension
segment(s) can be additively printed thereon. mprinting of the extension
segment(s), the recoater 30 fills the build chan2@ewith the powder 22 until the
powder 22 forms a build plane (indicated by dadhexl40) at the same vertical
position as the workpiece interface(s) 12. Néw,recoater 30 spreads a layer of the
powder 22 across the build plane 40. The laygoaider 22 is then melted or fused
to the workpiece interface(s) 12 using the elecagnetic radiation beam(s) 16 to
form a first layer(s) of the extension segment{®)ereafter, the build platform 36 is
lowered (e.g., as indicated by arrow 42) beforertloe@ater 30 spreads another layer
of the powder 22 across the build plane 40. Tdysid may then be melted or fused to
the first layer(s) using the radiation beam(s)d.étm a second layer(s) of the

extension segment(s) and so on.



[0028]  Additionally, the additive manufacturing machinei®ludes one or more
print heads 44. In general, the print head(s)elecate and direct the
electromagnetic radiation beam(s) 16 at the budd¢40, thereby allowing the
powder 22 spread across the build plane 40 to lkedieised. As shown, in several
embodiments, each print head 44 includes a beattee®6 (e.g., a laser diode), a
mirror 48, and a galvanometer 50. More specificale beam emitter 46 emits an
electromagnetic radiation beam 16 (e.g., a lasambeat the mirror 48. The mirror
48, in turn, directs the emitted beam 16 at theagadmeter 50, and the galvanometer
50 directs the beam 16 at a specific location erbthild plane 40. In this respect,
when additively printing the extension segment{s},galvanometer 50 scans the
beam 16 over the portion of the build plane 40 laictvit desired to melt or fuse the
powder 22 to form a layer(s) of the extension seg(s® Moreover, in one
embodiment, each print head 44 may include alérst 52 positioned between the
beam emitter 46 and the mirror 48 to collimateahetted beam 16 and a second or
focusing lens 54 positioned between the mirror @@ the galvanometer 50 to focus
the beam 16. However, in alternative embodimeéhesprint head(s) 44 may have
any other suitable configuration.

[0029] The additive manufacturing machine 10 may inclugye suitable number
of print heads 44. For example, in the illustragetbodiment, the additive
manufacturing machine 10 includes two print heatisMowever, in alternative
embodiments, the additive manufacturing machinena@ include a single print head
44 or three or more print heads 44.

[0030] Furthermore, the additive manufacturing machinentludes one or more
detection modules 102. Each detection module 4,08 turn, operatively associated
with one of the print heads 44. More specifically,described above, during
operation of the additive manufacturing machinett®,galvanometer(s) 50 scans the
electromagnetic radiation beam(s) 16 across thd ptane 40. The beam(s) 16 then
reflect or scatter off of the build plane 40 (i@ther off of the powder 22 or the
workpiece interface(s) 12) as reflections 58. his tespect, each detection module
102 includes an imaging device 104, such as phodedor a camera, that receives the
reflections 58 of the beam 16 emitted by the assediprint head 44. For example, in
the illustrated embodiment, the reflections 58directed by the galvanometer(s) 50



and the mirror(s) 48 to the imaging device(s) 184dditionally, in one embodiment,
each detection module 102 may include a lens 1@faa filter 108 positioned
between the corresponding mirror 48 and the cooredipg imaging device 104.
However, in alternative embodiments, the deteatimdule(s) 102 may have any
other suitable configuration.

[0031] The configuration of the additive manufacturing mae 10 described
above and shown in FIG. 1 is provided only to plgreepresent subject matter in an
exemplary field of use. Thus, the present subjestter may be readily adaptable to
any manner of additive manufacturing machine, idiclg additive manufacturing
machines that use different additive manufactut@oipniques.

[0032] FIG. 2 is a schematic view of one embodiment ofstesn 100 for system
for additively printing extension segments on woekges. In general, the system 100
will be discussed in the context of the additivenofacturing machine 10 described
above and shown in FIG. 1. However, the disclagastem 100 may be implemented
with any additive manufacturing machine having ather suitable configuration.
[0033] As shown in FIG. 2, the system 100 may includerapating system 110
communicatively coupled to one or more componehteeadditive manufacturing
machine 10 to allow the computing system 110 totedaically or automatically
control the operation of such components. Foams, the computing system 110
may be communicatively coupled to the beam ems}et§, the focusing lens(es) 54,
and the galvanometer(s) 50 of the print head(s)id4 communicative link 112. As
such, the computing system 110 may be configuredmérol the operation of the
beam emitter(s) 46, the focusing lens(es) 54, hadjalvanometer(s) 50 such that an
electromagnetic radiation beam(s) 16 is gener&bedsed, and scanned across the
build plane 40. The computing system 110 alsoivesedata associated with the
location(s) of the beam(s) 16 relative to the bpilate 38 from the galvanometer(s)
50 as the beam(s) 16 are scanned across the lbanlel 40. Moreover, the computing
system 110 may be communicatively coupled to theging device(s) 104 of the
detection module(s) 102 via the communicative IdR. In this respect, the
computing system 110 may be configured to receata dssociated with the
reflections 58 of the electromagnetic radiationbésy 16 off of the build plane 40.
Furthermore, the computing system 110 may be cornatively coupled to an



actuator(s) 114 (e.g., a solenoid(s) or an elentotor(s)) of the recoater 30 via the
communicative link 112. Thus, the computing sysfeth may be configured to
control the operation of the recoater 30 suchttiapowder 22 is transferred from the
powder supply chamber 26 to the build chamberAdditionally, the computing
system 110 may be communicatively coupled to ahgrasuitable components of the
additive manufacturing machine 10 via the commuivedink 112.

[0034] In general, the computing system 110 may compmg&eas more
processor-based devices, such as a given contooleEmputing device or any
suitable combination of controllers or computingides. Thus, in several
embodiments, the computing system 110 may inclugeon more processor(s) 116
and associated memory device(s) 118 configure@timpnm a variety of computer-
implemented functions. As used herein, the termcessor” refers not only to
integrated circuits referred to in the art as benojuded in a computer, but also refers
to a controller, a microcontroller, a microcomputeprogrammable logic circuit
(PLC), an application specific integrated circaitd other programmable circuits.
Additionally, the memory device(s) 118 of the corpg system 110 may generally
comprise memory element(s) including, but not ledito, a computer readable
medium (e.g., random access memory RAM)), a compeéelable non-volatile
medium (e.qg., a flash memory), a floppy disk, a paot disk-read only memory (CD-
ROM), a magneto-optical disk (MOD), a digital verigadisk (DVD) and/or other
suitable memory elements. Such memory device@)idy generally be configured
to store suitable computer-readable instructioag thhen implemented by the
processor(s) 116, configure the computing systedntd perform various computer-
implemented functions, such as one or more aspétite methods and algorithms
that will be described herein. In addition, thenpating system 110 may also include
various other suitable components, such as a comeations circuit or module, one
or more input/output channels, a data/control B the like.

[0035]  The various functions of the computing system 1HY tve performed by a
single processor-based device or may be distribatensss any number of processor-
based devices. In such instances, such proceasedhlevices may form part of the
computing system 110. For instance, the functairtie computing system 110 may
be distributed across multiple application-speabatrollers, such an additive
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manufacturing device controller, a controller(siigputing device(s) of a remote
device(s) (e.g., a laptop, a desktop, a servel), eied/or the like.

[0036] FIG. 3 is a flow diagram of one embodiment of ahmet200 for
additively printing extension segments on workpgech general, the method 200
will be discussed in the context of the additivenofacturing machine 10 and the
system 100 described above and shown in FIGS. 2 amtbwever, the disclosed
method 200 may be implemented with any additiveufaeturing machine having
any suitable configuration and/or within any systesming any suitable
configuration. In addition, although FIG. 3 depisteps performed in a particular
order, the disclosed methods are not limited togaricular order or arrangement.
As such, the various steps of the disclosed metbad$e omitted, rearranged,
combined, and/or adapted in various ways withoutadieg from the scope of the
present disclosure.

[0037] As shown, at (202), the method 200 may includerodiintg, with a
computing system, the operation of a recoater afdafitive manufacturing machine
such that a layer of powder is added to a builtepth the additive manufacturing
machine. More specifically, one or more workpietége.g. a turbomachine
blade(s)) are coupled to or otherwise positioned bnild plate 38. The build plate
38 is, in turn, coupled to a build platform 36 (ewga a chuck system) positioned
within a build chamber 20 of an additive manufaciyimachine 10. Thereafter, the
computing system 110 may be configured to contreldperation of a recoater 30
such that powder 22 is spread across the buile g&t For example, in one
embodiment, the computing system 110 is configtwedansmit control signals to
the actuator(s) 114 of the recoater 30 via the comaative link 112. The control
signals, in turn, instruct the actuator(s) 114 twventhe recoater 30 (e.g., as indicated
by the arrow 34 in FIG. 1) such that a layer of poevder 22 is spread across the
build plate 38. As will be described below, thgdiaof the powder 22 may help the
computing system 110 determine the location ofnbekpiece interface(s) 12 on
which the extension segment(s) will be additivelyied.

[0038] At (202), any suitable thickness of powder 22 mapread across the
build plate 38. In general, each time the recad®emoves in the direction 34, a thin
layer of powder is spread across the build platelB&ome embodiments, it may be
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desired to spread only a single layer of the pov@esicross the build plate 38. In
such embodiments, the computing system 110 mayaidhe actuator(s) 114 such
that the recoater 30 makes a single pass acrosstiesurface 32. However, in
other embodiments, it may be desired to providacker layer of powder 22 across
the build plate 38. In such embodiments, the cdmgsystem 110 may control the
actuator(s) 114 such that the recoater 30 makeigpheybasses across the work
surface 32. For example, in one embodiment, tbeater 30 may fill the build
chamber 20 with the powder 22 such that the po@8eeaches the build plane 40.
However, in alternative embodiments, any suitahiekness of powder 22 may be
spread across the build plate 38 so long as tledntild plate 38 is covered with the
powder 22, but the workpiece interface(s) 12 isawvered with the powder 22.
[0039] Furthermore, at (204), the method 200 includesrotimg, with the
computing system, the operation of a print heathefadditive manufacturing
machine such that a region of interest of the bpiéde is scanned with an
electromagnetic radiation beam. Specifically,emezal embodiments, the computing
system 110 is configured to control the operatibtihe print head(s) 44 such that one
or more regions of interest of the build plate 88 scanned with an electromagnetic
radiation beam(s) 16. For example, the computysgesn 110 may be configured to
transmit control signals to the beam emitter(s)tdé,focusing lens(es) 54, and the
galvanometer(s) 50 of the print head(s) 44 viactramunicative link 112. The
control signals, in turn, instruct the beam em(eA6 to emit the electromagnetic
radiation beam(s) 16, the focusing lens(es) 54¢ag the emitted beam(s) 16, and the
galvanometer(s) 50 to scan the emitted and fochisath(s) 16 across the region(s) of
interest. As will be described below, such scagmihthe region(s) of interest allows
the computing system 110 to determine the locatjoni(the workpiece interface(s)
12 on which the extension segment(s) will be adeliyi printed. Additionally, the
energy of the emitted beam(s) 16 is less when sogrtime region of interest(s) than
when additively printing the extension segment(s).

[0040] Moreover, as shown, at (206), the method 200 ireduéceiving, with the
computing system, data associated with reflectadriee electromagnetic radiation
beam off of the build plate as the region of intére scanned. In general, the
additive manufacturing machine 10 includes a detechodule 102 operatively
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associated with each print head 44. In this raspsdhe region(s) of interest is
scanned by the electromagnetic radiation beam(sh&gowder 22 and the
workpiece interface(s) 12 reflect the beam(s) 16#sctions 58. These reflections
58 are then directed by the galvanometer(s) 5Qtamdhirror(s) 48 onto the imaging
device(s) 104 of the detection module(s) 102. ifeging device(s) 104, in turn,
convert the detected reflections 58 into data eemsinit such data to computing
system 110 via the communicative link 112. Moreptlee computing system 110
also receives data from the galvanometer(s) 5@atidie of the location on the build
plane 40 at which the emitted beam(s) 16 are dicect

[0041] Additionally, as shown, at (208), the method 20f)ludes receiving, with
the computing system, data associated with theitotaf the electromagnetic
radiation beam relative to the build plate. Irsttespect, as the region(s) of interest is
scanned by the electromagnetic radiation beam(gh&&alvanometer(s) 50
transmits data to computing system 110 via the comative link 112. Such data
is, in turn, indicative of the location (e.g., tleeation in the horizontal or X-Y plane)
on the build plate 38 at which the emitted bearhsis currently directed.

[0042] In several embodiments, the data received fronintiaging device(s) 104
is synchronized or otherwise correlated with theadaceived from the
galvanometer(s) 50. As such, the synchronizedatainclude a plurality of data
points, with each data point being indicative @ signal level or strength of the
reflection 58 at a specific location within a regiof interest on the build plate 38.
That is, each synchronized data point includeg@asievel/strength component
based on the data received from the corresponthaging device 104 and an
associated location component based on the dagaveecfrom the corresponding
galvanometer 50. The signal level/strength of eagithronized data point is, in turn,
indicative of what the beam 16 was reflected offi&f., the powder 22 or the
workpiece interface(s) 12) at the correspondingtion. For example, data points
corresponding to the powder 22 may have a firstadipvel/strength and data points
corresponding to the workpiece interface(s) 12 hmaxe a different second signal
level/strength. However, in alternative embodirsetite data received by the
computing system 100 may be indicative of any osioiable parameter associated
with the detected reflections 58.
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[0043] Furthermore, in several embodiments, the compuystem 110 may be
configured to adjust the resolution of the captudath. For example, the computing
system 110 may adjust the operation of the galvaterfs) 50 to vary the speed at
which the emitted beam(s) 116 scan the region(s)tefest, thereby changing the
resolution of the data. Additionally, or as areaiative, the computing system 110
may adjust the operation of the imaging device(®) tb vary its sampling rate as the
emitted beam(s) 116 scan the region(s) of intetlesteby changing the resolution of
the data.

[0044]  As mentioned above, in some embodiments, the addianufacturing
machine 10 includes only a single print head 44aswbciated detection module 102.
In such embodiments, a single electromagnetic tiadideam 16 emitted by the print
head 44 scans all of the regions of interest orbthie plate 38. For example, in one
embodiment, the build plate 38 includes a singigore of interest corresponding to
the entirety of the build plate 38. In another endlilment, as shown in FIG. 4, the
build plate 38 includes a single region of inte{@stlicated by dashed lines 120)
corresponding to the portion of the build plater8@hich the workpiece(s) 14 are
positioned. In a further embodiment, the buildgI@8 includes a plurality of regions
of interest, with each region of interest correspog to a portion of the build plate 38
in which one or more workpiece(s) 14 are present,(a region of interest may be
positioned around each workpiece 14).

[0045]  Moreover, as mentioned above, in some embodimérgsgdditive
manufacturing machine 10 includes two print heatladd associated detection
modules 102. For example, as shown in FIG. Snmembodiment, the build plate
38 includes a first region of interest (indicatgddashed lines 122) corresponding to
a portion of the build plate 38 in which one or marorkpieces 14 are positioned and
a second region of interest (indicated by dasheat1ll24) corresponding to another
portion of the build plate 38 in which one or mother workpieces 14 are positioned.
In such an embodiment, a first beam 16 emitted tagiprint head 44 scans the first
region of interest 122 and second beam 16 emigteaddecond print head 44 scans the
second region of interest 124.

[0046]  Additionally, in another embodiment in which theddtve manufacturing
machine 10 includes two print heads 44 and assatagtection modules 102, the

14



region(s) of interest is scanned simultaneouslihieyfirst and second beams 16.
More specifically, in such an embodiment, both phieads 44 are controlled such
that the first and second beams 16 are simultahedirected at the same location on
the build plate 38 as the beams 16 scan the blatd 8. The reflections 58 from the
first beam 16 emitted by the first print head 44 detected by an imaging device 104
of a first detection module 102 associated withfifse print head 44. Similarly, the
reflections 58 from the second beam 16 emittechbysecond print head 44 are
detected by an imaging device 104 of a second tieemodule 102 associated with
the second print head 44. The computing systemtegi®uses the data from the
imaging device 104 that detects the reflectionf&® the most favorable position
(e.g., beam angle).

[0047] Furthermore, as shown in FIG. 3, at (210), the o200 includes
determining, with the computing system, the locatsd a workpiece interface of a
workpiece positioned on the build plate based erréceived data associated with the
reflections of the electromagnetic radiation beauth the received data associated
with the location of the electromagnetic radiatimam. Specifically, in several
embodiments, the computing system 110 may be amefibto generate an image of
each region of interest based on the data recéigadthe print head(s) 44 (i.e., the
galvanometer(s) 50) and the detection module(s)Xil®2 the imaging device(s) 104).
As described above, the computing device 110 spmites the received data such
that each synchronized data point has a signallésength component based on the
data received from the imaging device(s) 104 andsaociated location component
based on the data received from the galvanome&(s}-or example, in one
embodiment, each generated image includes a plucdlpixels, with each pixel
corresponding to a captured and synchronized saofipies received data. In such an
embodiment, the location of each pixel correspdods actual location (e.g., the
location in a horizontal plane) on the build pla&from which data indicative of a
reflection/scattering of an emitted beam 16 waswag. Thus, the intensity value of
each pixel is indicative of whether powder 22 evakpiece interface 12 is present at
that location. That is, the intensity value ofleacxel is indicative of the signal
level/strength of the reflections 58 occurringtetttthe location. Thereafter, the
computing system 110 may be configured to use aitglde image processing

15



techniques, such as an edge-finding techniqueletatify the location of the
workpiece interface(s) 12 within the generated iefay

[0048] In addition, at (212), the method 200 includes aahng, with the
computing system, the operation of the print hasdh shat an extension segment is
additively printed on the determined workpieceiifstee. More specifically, after
determining the location(s) of the workpiece inded(s) 12 on which the extension
segment(s) will be printed, the computing systeid hhy create a build file/model
for the extension segment(s). For example, asgbareating the build file/model,
the computing system 110 may modify 14 (e.qg., bgthog, twisting, and/or
translating) a computer-aided design (CAD) modehefworkpiece(s) 14 such that
the workpiece interface(s) 12 of the CAD model esponds to the workpiece
interface(s) 12 as determined at (210). Thereafiercomputing system 110 may be
configured to control the operation of beam em(i#)e46 and the galvanometer(s) 50
of the print head(s) 44 such that the extensiomsedys) is additively printed on the
workpiece interface(s) 12 of the workpiece(s) During such additive printing, the
energy of the electromagnetic radiation beam(sggribfited by the print head(s) 44 is
greater than the when scanning the region(s) efest at (204). The scan speed of
galvanometer(s) 50 during the additive printing2di0) may be different from when
scanning the region(s) of interest at (204).

[0049]  This written description uses examples to disctbeanvention, including
the best mode, and also to enable any persondskillidhe art to practice the
invention, including making and using any devicesystems and performing any
incorporated methods. The patentable scope aohtteation is defined by the claims,
and may include other examples that occur to te&sled in the art. Such other
examples are intended to be within the scope ofldiens if they include structural
elements that do not differ from the literal langeaf the claims, or if they include
equivalent structural elements with insubstantifiéécences from the literal language
of the claims.

[0050] Further aspects of the invention are provided leysthibject matter of the
following clauses:

[0051] A method for additively printing extension segmemrtsworkpieces using
an additive manufacturing machine, the method camgy: controlling, with a

16



computing system, an operation of a print headhefadditive manufacturing machine
such that a region of interest of a build platéhef additive manufacturing machine is
scanned with an electromagnetic radiation beambiid plate including a
workpiece coupled thereto; receiving, with the catimy system, data associated
with reflections of the electromagnetic radiatiaan off of the build plate as the
region interest is scanned; receiving, with the gotimg system, data associated with
a location of the electromagnetic radiation bealattire to the build plate;
determining, with the computing system, a locabba workpiece interface of the
workpiece based on the received data associatbdhvatreflections of the
electromagnetic radiation beam and the receiveal agociated with the location of
the electromagnetic radiation beam; and contrglimth the computing system, the
operation of the print head such that an extensegment is additively printed on the
determined workpiece interface.

[0052] The method of one or more of these clauses, whegegiving data
associated with the reflections of the electroméigmadiation beam comprises
receiving, with the computing system, data indieabf a signal strength of the
reflections of the electromagnetic radiation bedhobthe build plate.

[0053] The method of one or more of these clauses, whdetarmining the
location of the workpiece interface comprises gatieg, with the computing system,
an image of the build plate based on the receiata associated with the reflections
of the electromagnetic radiation beam and the vedeilata associated with the
location of the electromagnetic radiation beam,jii@ge including a plurality of
pixels, each pixel corresponding to one sampléeféceived data.

[0054] The method of one or more of these clauses, whdeggrmining the
location of the workpiece interface comprises araly, with the computing system,
the generated image to determine the locationeobrkpiece interface.

[0055] The method of one or more of these clauses, fuchprising:

controlling, with the computing system, an openaid a recoater of the additive
manufacturing machine such that a layer of powsladded to the build plate before
scanning the region of interest with the electrongdig radiation beam.

[0056] The method of one or more of these clauses, whéreiregion of interest
corresponds to a portion of the build plate.
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[0057] The method of one or more of these clauses, whéreiregion of interest
corresponds to an entirety of the build plate.

[0058] The method of one or more of these clauses, wheagitrolling the
operation of the print head such that the regioimtefrest is scanned comprises:
controlling, with the computing system, the openatof a first print head of the
additive manufacturing machine such that a firgiae of interest of the build plate is
scanned with a first electromagnetic radiation beamd controlling, with the
computing system, the operation of a second peatlof the additive manufacturing
machine such that a second region of interesteobthild plate is scanned with a
second electromagnetic radiation beam.

[0059] The method of one or more of these clauses, wheagitrolling the
operation of the print head such that the regioimtefest is scanned comprises
controlling, with the computing system, the openatof first and second print heads
of the additive manufacturing machine such thatréggon of interest of the build
plate is scanned with first and second electromiagrediation beams.

[0060] The method of one or more of these clauses, wheagitrolling the
operation of the print head such that the regioimtefrest is scanned comprises
adjusting at least one of a scan speed of a gatvates of the additive manufacturing
machine or a sampling rate of an imaging deviciefadditive manufacturing
machine.

[0061] The method of one or more of these clauses, whareanergy of the
electromagnetic radiation beam is less when thiemegf interest of the build plate is
scanned than when the extension segment is addiprated on the determined
workpiece interface.

[0062] The method of one or more of these clauses, wh#reiworkpiece
comprises a compressor blade or a turbine bladewbomachine.

[0063] A system for additively printing extension segmemrtsvorkpieces, the
system comprising: an additive manufacturing maelmeluding a build plate and a
print head; and a computing system communicatigelypled to one or more
components of the additive manufacturing machime computing system configured
to: control an operation of the print head such ¢heegion of interest of the build

plate is scanned with an electromagnetic radidigam, the build plate having a

18



workpiece coupled thereto; receive data associaiidreflections of the
electromagnetic radiation beam off of the build@las the region of interest is
scanned; receive data associated with a locatitimeoglectromagnetic radiation beam
relative to the build plate; determine a locatibm evorkpiece interface of the
workpiece based on the received data associatbdhatreflections of the
electromagnetic radiation beam and the receiveal agociated with the location of
the electromagnetic radiation beam; and controbtheration of the print head such
that an extension segment is additively printedhendetermined workpiece interface.
[0064] The system of one or more of these clauses, whexien receiving data
associated with reflections of the electromagnetittation beam, the computing
system is configured to receive data indicativa efgnal strength of the reflections of
the electromagnetic radiation beam off of the bplkte.

[0065] The system of one or more of these clauses, whextien determining
the location of the workpiece interface, the commmusystem is further configured to:
generate an image of the build plate based orettedved data associated with the
reflections of the electromagnetic radiation beath the received data associated
with the location of the electromagnetic radiatimam, the image including a
plurality of pixels, each pixel corresponding tee@ample of the received data; and
analyze the generated image to determine the twcafithe workpiece interface.
[0066] The system of one or more of these clauses, whereiadditive
manufacturing machine further includes a recoétercomputing system further
configured to: control an operation of the recoatesh that a layer of powder is
added to the build plate before the region of eders scanned with the
electromagnetic radiation beam.

[0067] The system of one or more of these clauses, wh#reiregion of interest
corresponds to a portion of the build plate.

[0068] The system of one or more of these clauses, whtreiregion of interest
corresponds to an entirety of the build plate.

[0069] The system of one or more of these clauses, whexéien controlling the
operation of the print head such that the regiomtefrest is scanned, the computing
system is further configured toontrol the operation of a first print head of the

additive manufacturing machine such that a firgtae of interest of the build plate is
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scanned with a first electromagnetic radiation beamd control the operation of a
second print head of the additive manufacturinghimecsuch that a second region of
interest of the build plate is scanned with a sdaglactromagnetic radiation beam.
[0070] The system of one or more of these clauses, whewbien controlling the
operation of the print head such that the regiomtefrest is scanned, the computing
system is further configured to control the operabf first and second print heads of
the additive manufacturing machine such that tigeoreof interest of the build plate
is scanned with first and second electromagnetiatian beams.
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WHAT ISCLAIMED IS:

1. A method for additively printing extension segments on workpieces using an
additive manufacturing machine, the method comprising:

controlling, with a computing system, an operation of a print head of the additive
manufacturing machine such that aregion of interest of abuild plate of the additive
manufacturing machine is scanned with an electromagnetic radiation beam, the build plate
including a workpiece coupled thereto;

receiving, with the computing system, data associated with reflections of the
electromagnetic radiation beam off of the build plate as the region interest is scanned;

receiving, with the computing system, data associated with alocation of the
electromagnetic radiation beam relative to the build plate;

determining, with the computing system, alocation of aworkpiece interface of the
workpiece based on the received data associated with the reflections of the electromagnetic
radiation beam and the received data associated with the location of the electromagnetic
radiation beam; and

controlling, with the computing system, the operation of the print head such that an
extension segment is additively printed on the determined workpiece interface.

2. The method of claim 1, wherein receiving data associated with the reflections of
the electromagnetic radiation beam comprises receiving, with the computing system, data
indicative of asignal strength of the reflections of the electromagnetic radiation beam off of the
build plate.

3. The method of claim 2, wherein determining the location of the workpiece
interface comprises generating, with the computing system, an image of the build plate based on
the received data associated with the refl ections of the electromagnetic radiation beam and the
received data associated with the [ocation of the electromagnetic radiation beam, the image
including a plurality of pixels, each pixel corresponding to one sample of the received data.

4. The method of claim 3, wherein determining the location of the workpiece
interface comprises analyzing, with the computing system, the generated image to determine the
location of the workpiece interface.

5. The method of claim 1, further comprising:
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controlling, with the computing system, an operation of arecoater of the additive
manufacturing machine such that alayer of powder is added to the build plate before scanning

the region of interest with the electromagnetic radiation beam.

6. The method of claim 1, wherein controlling the operation of the print head such
that the region of interest is scanned comprises:

controlling, with the computing system, the operation of afirst print head of the additive
manufacturing machine such that afirst region of interest of the build plate is scanned with afirst
el ectromagnetic radiation beam; and

controlling, with the computing system, the operation of a second print head of the
additive manufacturing machine such that a second region of interest of the build plateis
scanned with a second el ectromagnetic radiation beam.

7. The method of claim 1, wherein controlling the operation of the print head such
that the region of interest is scanned comprises controlling, with the computing system, the
operation of first and second print heads of the additive manufacturing machine such that the
region of interest of the build plate is scanned with first and second el ectromagnetic radiation
beams.

8. The method of claim 1, wherein controlling the operation of the print head such
that the region of interest is scanned comprises adjusting at |east one of a scan speed of a
galvanometer of the additive manufacturing machine or a sampling rate of an imaging device of
the additive manufacturing machine.

9. The method of claim 1, wherein an energy of the electromagnetic radiation beam
is lesswhen the region of interest of the build plate is scanned than when the extension segment
is additively printed on the determined workpiece interface.

10. A system for additively printing extension segments on workpieces, the system
comprising:

an additive manufacturing machine including a build plate and a print head; and

a computing system communicatively coupled to one or more components of the additive

manufacturing machine, the computing system configured to:
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control an operation of the print head such that aregion of interest of the build
plate is scanned with an electromagnetic radiation beam, the build plate having a
workpiece coupled thereto;

receive data associated with reflections of the electromagnetic radiation beam off
of the build plate as the region of interest is scanned,

receive data associated with alocation of the electromagnetic radiation beam
relative to the build plate;

determine alocation of aworkpiece interface of the workpiece based on the
received data associated with the reflections of the electromagnetic radiation beam and
the received data associated with the location of the electromagnetic radiation beam; and

control the operation of the print head such that an extension segment is
additively printed on the determined workpiece interface.
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