DIRECTED ENERGY DEPOSITION FOR PROCESSING GAS TURBINE ENGINE
COMPONENTS

TECHNICAL FIELD

[0001] The present disclosure generally relates to directed energy deposition.

BACKGROUND
[0002] High temperature components such as high temperature gas turbine engine
components operate in extreme environments and may exhibit cracking or other forms of
wear, for example, as a result of high temperature demands placed on such components or
contact with other, adjacent components. Various techniques for modifying or repairing

industrial components such as welding, brazing, cladding, and other techniques are known

SUMMARY
[0003] In some examples, the disclosure describes an example technique that includes
controlling, by a computing device, based on a target height of a layer to be deposited on a
component by directed energy deposition, an energy source directed at the component to
advance an energy beam along a first path to form an advancing molten pool on the
component. The example technique may also include controlling, by the computing device, a
material delivery device to deliver a material to the advancing molten pool. The material
may combine with the advancing molten pool to form a first raised track having an actual
height. The layer may include the first raised track. A deposited region of the component
may include the layer. The actual height may affect a resultant microstructure within the
deposited region.
[0004] In some examples, the disclosure describes an example system. The system may
include an energy source directed at the component, a material delivery device, and a
computing device. The computing device may be configured to, based on a target height of a
layer to be deposited on the component by directed energy deposition, control the energy
source to advance an energy beam along a first path to form an advancing molten pool on the
component. The computing device may also be configured to, based on the target height of

the layer, control the material delivery device to deliver a material to the advancing molten
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pool. The material may combine with the advancing molten pool to form a first raised track
having an actual height. The layer may include the first raised track. A deposited region of
the component may include the layer. The actual height may affect a resultant microstructure
within the deposited region.

[0005] In some examples, the disclosure describes an example computer readable storage
medium that may include instructions that, when executed, cause at least one processor to,
based on a target height of a layer to be deposited on a component by directed energy
deposition, control an energy source to advance an energy beam along a first path to form an
advancing molten pool on the component. The example computer readable storage medium
may also include instructions that, when executed, cause at least one processor to, based on a
target height of a layer, control a material delivery device to deliver a material to the
advancing molten pool. The material may combine with the advancing molten pool to form a
first raised track having an actual height. The layer may include the first raised track. A
deposited region of the component may include the layer. The actual height may affect a
resultant microstructure within the deposited region.

[0006] The details of one or more examples are set forth in the accompanying drawings and
the description below. Other features, objects, and advantages will be apparent from the

description and drawings, and from the claims.

BRIEF DESCRIPTION OF DRAWINGS
[0007] FIG. 1A is a conceptual and schematic block diagram illustrating an example system
for directed energy deposition.
[0008] FIG. 1B is a conceptual cross-sectional diagram illustrating an example article
modified by directed energy deposition.
[0009] FIG. 1C is a conceptual diagram illustrating an example article modified by directed
energy deposition.
[0010] FIG. 1D is a conceptual diagram illustrating an example article modified by directed
energy deposition.
[0011] FIG. 1E is a conceptual diagram illustrating a high temperature gas turbine engine

component modified by directed energy deposition.



[0012] FIG. 2 is a flow diagram illustrating an example technique for directed energy
deposition.

[0013] FIG. 3 is a photograph of an example article modified by laser directed energy
deposition.

[0014] FIGS. 4A and 4B are photographs of example articles modified by laser directed
energy deposition.

[0015] FIGS. 5A and 5B are photographs of example articles modified by laser directed
energy deposition.

[0016] FIGS. 6A and 6B are photographs of example articles modified by laser directed

energy deposition.

DETAILED DESCRIPTION
[0017] The disclosure describes example systems and techniques for directed energy
deposition for modifying high temperature components. Example techniques for directed
energy deposition may include directing an energy beam at a region of a component to form
an advancing molten pool and delivering material to the advancing molten pool, resulting in
combining of the material and a substrate of the component by sintering or melting, to form a
deposited layer. Various parameters of directed energy deposition, discussed below, may
affect a microstructure of the component on which material is deposited. For example, a
process parameter may affect instantaneous volumetric heat content within a deposition
region or volume, and the accumulation of heat within the deposition region may affect
solidification and cooling rates. In turn, the solidification and cooling rates may affect grain
morphology and solid state phase transformations that may evolve during the deposition
process, which ultimately affects the microstructure in the region. For example, an increased
cooling rate may result in finer microstructure, while reducing the cooling rate, for example,
by pre-heating the substrate, may cause grain coarsening. Solidification structures
introduced in the substrate as it cools may affect the propensity of the substrate for cracking.
For example, a solidification structure that includes columnar grain boundaries may increase
a propensity for cracking. Additionally, residual stresses that result from cooling may also
result in cracking. Since the thickness or height of the deposited layer can affect how much

heat is extracted from a deposition region, the layer height can affect cooling, solidification,
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and ultimately, the microstructure. One of the parameters that may be controlled is a target
height of the deposited layer, which may affect the three dimensional distribution of heat
within the layer. Thus, the target height may be set based on a target microstruéture.

[0018] High temperature components being processed by directed energy deposition may
include metals, alloys, or superalloys, and the components may have a microstructure. The
microstructure of a region of a component includes the arrangement of phases and defects
within the region, and may result from phenomena such as crystallization, solidification, and
phase separation. Microstructure may thus include phase compositions, grain geometries,
grain boundaries, defects, and precipitates within a region. Microstructure may include
features having dimensions ranging from nanometers to centimeters, and may be visible with
or without magnification. Thus, in some examples, substrate regions that have the same
phase composition may nonetheless have a different microstructure, for example, because of
differences in grain sizes. In some examples, substrate regions that have the same or similar
grain geometry may nonetheless have a different microstructure, for example, because of
differences in the phase composition. Thus differences in microstructure may result from
differences in one or both of phase composition, material composition, the nature and
concentration of impurities, concentration gradients of a major or a minor phase, or grain
geometry. Microstructural features may include volume fraction of phases,
microconstituents, or grain morphology, extent of recrystallization or grain growth.

[0019] By controlling a directed energy deposition technique based at least in part on a target
layer height, example systems and techniques according to the disclosure may be used to
process a component, for example, repairing a region of the component, while maintaining or
achieving a target microstructure within the region of the component being processed, which
may provide target mechanical properties while limiting flaws such as lack of fusion, pores,
or cracks.

[0020] FIG. 1A is a conceptual and schematic block diagram illustrating an example system
10 for directed energy deposition. System 10 includes a component 12, an energy source 14,
a material delivery device 20, and a computing device 30. Component 12 may include any
structure to which material is added using directed energy deposition. For example,
component 12 may include a gas turbine engine component, such as, a turbine blade or a

turbine vane. Similarly, component 12 may include structural features and geometry of any
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size, shape, or both. In some examples, component 12 may exhibit features having
dimensions from about 0.001 inches to about 0.5 inches.

[0021] Component 12 may be formed of any material to which material may be added using
directed energy deposition or material addition. In some examples, such as some examples
in which component 12 include a gas turbine engine component, component 12 may include
a metal or alloy substrate. For example, component 12 may include one or more of nickel,
cobalt, nickel alloys, cobalt alloys, superalloys, or their combinations. Component 12 may
include single crystal or polycrystalline materials. For example, component 12 may include
magnesium based, nickel based, ferrous, and titanium alloys. An example of a single crystal
nickel based alloy is CMSX-4. In some examples, the alloys may include alloying additions
including at least one of Mn, Mg, Cr, Si, Co, W, Ta, Al, Ti, Hf, Re, Mo, Ni, Fe, B, Nb, V, C,
and Y. In other examples, component 12 may include a polymeric substrate or the like.
[0022] Component 12 may be fabricated using any suitable technique for manufacturing
metal or alloy components. For example, component 12 may be fabricated using at least one
of casting, molding, stamping, cutting, punching, milling, etching, welding, or other metal
working techniques. In an example, component 12 may be fabricated using directed energy
deposition. For example, directed energy deposition may be used to deposit a plurality of
layers of a material, each layer of the plurality of layers having a predetermined two-
dimensional geometry. The plurality of layers may be stacked to provide a predetermined
three dimensional geometry to component 12 by material addition. While directed energy
deposition may be used to fabricate component 12, directed energy deposition may also be
used to modify or repair component 12, for example, a damaged part of component 12.
[0023] Damage to component 12, for example, damage that affects geometry or mechanical
properties of features or regions of component 12, may affect the performance of component
12 as a whole, and thus need repair. In some examples, even if component 12 is not
damaged, component 12 may be modified due to changes in specifications or design
parameters, or because of changes in the environment in which component 12 is to be
deployed. Material addition, for example, using directed energy deposition, may be used to
repair or modify component 12. However, material addition at a region of component 12
may affect the microstructure in the region of component 12. For example, prior to the

material addition, component 12 may exhibit an initial microstructure that may be uniform



throughout component 12 or may be different in different regions or zones of component 12.
Component 12 may have an initial microstructure in a deposited region 28, e.g., upon initial
manufacture of component 12, before the damage to component 12 requires repair, or before
modifications to component 12 are anticipated. Thus, in some examples, deposition region
28 may include a repair region or a modification region. Example systems and techniques
according to the disclosure may be used to perform modification or repairs in deposited
region 28 while substantially maintaining the initial microstructure, or while obtaining a
target microstructure within deposited region 28, while reducing or substantially avoiding the
development of flaws or unwanted changes to the microstructure.

[0024] In some examples, deposited region 28 may include at least one of a surface region, a
subsurface region adjacent the surface region, and a bulk region adjacent the subsurface
region. The predetermined microstructure may produce mechanical and/or chemical
properties that are substantially the same as the original deposited region 28 of component
12. For example, the microstructure may be substantially the same as the original portion of
the component being modified or repaired or may be a microstructure resulting in
substantially the same mechanical and/or chemical properties as the original portion of
component 12 that is being modified or repaired.

[0025] In some examples, component 12 may include a gas turbine engine component. For
example, component 12 may include a shroud, a seal fin, a platform, an airfoil, or the like.
Thus, example systems and techniques described herein may be used to repair damage to
various gas turbine engine components, for example, by restoring damaged components so
that they conform to predetermined specifications.

[0026] In some examples, computing device 30 may control the position and orientation of
component 12, for example, by controlling an industrial robot, a movable platform, or a
multi-axis stage supporting component 12. Thus, computing device 30 may expose target
regions, such as deposited region 28, to energy source 14 for processing as described below.
Computing device 30 may move component 12 before, during, or after performing repair
techniques described herein. For example, computing device 30 may move component 12
during pre-processing, during directed energy deposition, or during post-processing, for

example, to expose different regions of component 12 to different processing environments.



[0027] Computing device 30 may control energy source 14. Energy source 14 may include a
power source such as a laser source or an electron beam source (not shown) and output an
energy beam 16 directed at component 12. Thus, in some examples, energy beam 16 may
include a laser beam, an electron beam, or another form of focused energy absorbable by the
material of component 12, the material to be added to component 12, or both, and sufficiently
strong to heat the material to sinter or melt. In some examples, energy beam 16 may include
both the laser beam and the electron beam.

[0028] In some examples, energy source 14 may include laser sources including a gas, solid-
state, semiconductor, dye, or any other laser that may be used for directed energy deposition.
In some examples, energy source 14 may include an electron beam that includes a beam of
electrons controlled by electronic and magnetic fields. In some examples, for example,
where energy beam 16 includes an electron beam, system 10 may at least partially or wholly
be under a reduced pressure or a vacuum. Computing device 30 may control the position and
orientation of energy source 14 and energy beam 16, for example, by controlling an industrial
robot or a movable platform supporting energy source 14, or by controlling an optical path of
energy beam 16 by controlling optical media such as reflectors, refractors, filters, and the
like.

[0029] Computing device 30 may control various parameters of energy source 14, including
the instantaneous power, peak power or intensity, power pulsing, average beam power, a
peak beam power density, a beam heat input, travel speed, wavelength, direction, and
orientation of. Energy beam 16 may be focused or directed by focusing lens 18 along or on a
first path. Thus, computing device 30 may control energy source 14 to advance energy beam
16 along a first path to form an advancing molten pool on component 12.

[0030] Computing device 30 may control material delivery device 20 that delivers a material
stream 22 along the first path. Computing device 30 may control the position and orientation
of material delivery device 20 and material stream 22, for example, by controlling an
industrial robot, a movable platform, or a multi-axis stage that supports material delivery
device 20. Material stream 22 may include fluid, powder, wire, particles, suspension, inert
gas, or any other form of material that is susceptible to energy beam 16 to be deposited on
component 12. For example, material stream 22 may include ceramic or metallic powders.

In some examples, material stream 22 may include nickel, iron, or titanium alloys and



optionally one or more alloying additions including one or more of Mn, Mg, Cr, Si, Co, W,
Ta, Al, Ti, Hf, Re, Mo, Ni, Fe, B, Nb, V, C, and Y. In some examples, material stream 22
may include powders including one or more of polycrystalline nickel base superalloys or
cobalt base superalloys, such as an alloy including NiCrAlY or CoNiCrAlY. For example,
material stream 22 may include an alloy that includes 9 to 10.0 wt % W, 9 to 10.0 wt % Co, 8
to 8.5 wt % Cr, 5.4 to 5.7 wt % Al, about 3.0 wt % Ta, about 1.0 wt % Ti, about 0.7 Mo,
about 0.5 Fe, about 0.015 B and balance Ni, available under the trade designation MAR-M-
247, from MetalTek International, Waukesha, WI. In some examples, material stream 22
may include an alloy that includes 22.5 to 24.35 wt % Cr, 9 to 11 wt% Ni, 6.5t0 7.5 wt % W,
less than about 0.55 to 0.65 wt % of C, 3 to 4 wt % Ta, and balance Co, available under the
trade designation MAR-M-509, from MetalTek International, Waukesha, Wi. In some
examples, material stream 22 may include an alloy that includes 19 to 21 wt % Cr, 9 to 11 wt
% Ni, 14 to 16 wt % W, about 3 wt % Fe, 1 to 2 wt % Mn, and balance Co, available under
the trade designation L605, from Rolled Alloys, Inc., Temperance, MI. In some examples, a
powder in material stream 22 may include a chemically modified version of MAR-M-247
that includes less than 0.3 wt % C, between 0.05 and 4 wt % HIf, less than 8 wt % Re, less
than 8 wt % Ru, between 0.5 and 25 wt % Co, between 0.0001 and 0.3 wt % B, between 1
and 20 wt % Al, between 0.5 and 30 % Cr, less than 1 wt % Mn, between 0.01 and 10 wt %
Mo, between 0.1 and 20 % Ta, and between 0.01 and 10 wt % Ti. In some examples, a
powder in material stream 22 may include a nickel based alloy available under the trade
designation IN-738 or Inconel 738, or a version of that alloy, IN-738 LC, available from All
Metals & Forge Group, Fairfield, NJ, or a chemically modified version of IN-738 that
includes less than 0.3 wt % C, between 0.05 and 7 wt % Nb, less than 8 wt % Re, less than 8
wt % Ru, between 0.5 and 25 wt % Co, between 0.0001 and 0.3 wt % B, between 1 and 20
wt % Al, between 0.5 and 30 % Cr, less than 1 wt % Mn, between 0.01 and 10 wt % Mo,
between 0.1 and 20 % Ta, and between 0.01 and 10 wt % Ti. In some examples, material
stream 22 may include an alloy that includes 5.5 to 6.5 wt % Al, 13 to 15 wt % Cr, less than
0.2 wt % C, 2.5 to 5.5 wt % Mo, Ti, Nb, Zr, Ta, B, and balance Ni, available under the trade
designation IN-713 from MetalTek International, Waukesha, Wi.

[0031] In some examples, the material delivered by material delivery device 20 may include

a composition substantially the same as (e.g., the same or nearly the same as) the
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composition of the material from which component 12 is formed. In other examples, the
material delivered by material delivery device 20 may include a composition different from
the composition of the material from which component 12 is formed.

[0032] Material delivery device 20 may include one or more delivery ports or delivery
nozzles through which material exits material delivery device 20. Computing device 30 may
control material delivery device 20 to deliver material in material stream 22 to the advancing
molten pool formed by advancing energy source 14 along the first path. For example,
powder may be delivered via conical shaped stream through a powder delivery annulus
directed towards the advancing molten pool. Computing device 30 may control a material
flux of the material stream 22. For example, material flux may be controlled by controlling a
powder delivery standoff distance (distance from the lowest point of a delivery nozzle
parallel to the gravitational vector to the surface of component 12). In some examples, the
powder delivery nozzle standoff distance may influence the powder flux falling on a given
area of the molten pool per unit time, as the powder stream exiting the delivery nozzle may
diverge as the powder exits the nozzle. In some examples, the powder delivery nozzle
standoff distance may be between about 0.05 inches and about 4 inches, and the powder feed
rate may be maintained between about 0.1 g/min and about 20 g/min. For example, the
delivery standoff distance may depend on the angle of the powder stream symmetry axis
relative to the surface of component 12, the powder delivery nozzle exit hole diameter, and
the angle of divergence of the powder streams exiting the powder delivery nozzle. In some
examples, material delivery device 20 may include a plurality of nozzles such that a powder
having a converging profile is delivered by material delivery device 20. For example, each
nozzle of the plurality of nozzles may be substantially directed towards a target delivery
zone.

[0033] Energy beam 16 may transform one or more of a physical state, a composition,
ionization, or another property of one or both of component 12 or material in material stream
22 along the first path leading to the deposition of a first raised track 24a on at least a surface
of deposited region 28. In some examples, energy beam 16 may melt a surface of component
12 along the first path to form a molten portion or molten pool. Material delivery device 20
may deliver material from material stream 22 to the molten portion, where the material may

melt in the molten portion to form a combined molten composition, which may solidify to



form the first raised track 24a. Thus, energy beam 16 may transform material from material
stream 22 into a sintered, fused, or molten state by contact with the molten pool. In some
examples, energy beam 16 may be directly incident on a portion of material stream 22 and
may directly fuse or melt the portion of material stream 22 before it is deposited on
component 12. In some examples, material from one or both of material stream 22 or
component 12 may only melt or fuse within a focal region or substantially near a focal region
of energy beam 16. For example, material delivery device 20 may deliver a material along
the first path, and computing device 30 may focus energy beam 16 from energy source onto
the material, so that material and component 12 along the first path simultaneously melt to
form a molten region. Thus, in some examples, the first raised track 24a may be formed
substantially along the first path.

[0034] FIG. 1B is a conceptual diagram illustrating an example article modified by directed
energy deposition. A first raised track 24b may be deposited within deposited region 28 on
component 12 by example system 10 of FIG. 1A. First raised track 24b may have a width
W, a depth D, and an actual height H, as shown in FIG. 1B. The depth D may be measured
within a subsurface region immediately adjacent a surface 32 of component 12. Actual
height H may be measured as a distance between surface 32 of component and a track
surface 32’ of first raised track 24b. For example, first raised track 24b may exhibit a curved
surface in a direction transverse the first path, and the curved surface may exhibit a peak at or
adjacent a center of first raised track 24b. Computing device 30 may control various
dimensions of first raised track 24b, including W, D, H, track surface 32°, similar to that of
raised track 24a of FIG. 1A. Computing device 30 may control the dimensions of first raised
track 24b, for example, based on a target height of first raised track 24b. The target height of
first raised track 24b may depend on the intended thickness of a layer to be ultimately
deposited by example system 10 using directed energy deposition on deposited region 28. In
some examples, the actual height H may deviate from the target height, for example, by more
than or within £0.01%, +0.1%, £1%, £10%, or +£20%, because of process deviations from
target specifications that may affect the geometry of the molten pool, the amount of material
delivered to the molten pool, and eventually the dimensions of one or more raised tracks that
ultimately form the layer having the actual height. For example, one or more of pause time,

hatch spacing, average beam power, peak beam power density, beam heat input, a ratio of a

10



molten pool depth to the nominal height, material flux of the material, or displacement
between the beam spot and the first path may deviate from their target ranges, resulting in
deviation of the actual height from the target height.

[0035] Computing device 30 may at least one of control energy source 14, material delivery
device 20, and the position or orientation of component 12 to deposit a series of raised tracks
within deposited region 28 on component 12. Thus, in some examples, a layer deposited on
component 12 may include a plurality of raised tracks, and the plurality of raised tracks may
include first raised track 24a and a second raised track 26a. First raised track 24a may be
adjacent second raised track 26a. Second raised track 26a may be formed along a second
path. In some examples, computing device 30 may control the geometry or dimensions of
first raised track 24a, second raised track 26a, the plurality of raised tracks, or of the layer,
for example, by controlling one or more of component 12, energy source 14, or material
delivery device 20.

[0036] The target height of the layer to be deposited in region 28 may be predetermined
based on a target microstructure within one or more of first raised track 24a, second raised
track 26a, deposited region 28, the layer, or a region of component 12, since the target
microstructure may depend on energy transfer rates, temperature gradients, heating rates, and
cooling rates within region 28. As discussed above, the actual height may deviate from the
target height. For example, the actual height may influence rate of heat extraction and
cooling, which may affect solidification, and ultimately, the resultant microstructure.
Further, parameters that cause the actual height to deviate from the target height may also
affect the temperature profile in region 28. For example, deviations in one or more of pause
time, hatch spacing, average beam power, peak beam power density, beam heat input, a ratio
of a molten pool depth to the nominal height, material flux of the material, or displacement
between the beam spot and the first path may affect the rate of heat flow between different
regions in region 28, which may affect the local temperature profile within component 12.
[0037] Computing device 30 may control a cooling rate within deposited region 28 by
controlling one or more of energy source 14, material device 20, and component 12, for
example, by allowing one raised track of the plurality of raised tracks to cool before
depositing another raised track of the plurality of raised tracks. As discussed above, the

cooling rate may regulate the resultant microstructure. In some examples, computing device

11



30 may control a pause time between forming first raised track 24a and forming the second
raised track 26a to control the cooling rate. In some examples, computing device 30 may
control a hatch spacing between first raised track 24a and second raised track 26a. The hatch
spacing may be the spacing between the first path and the second path, or the minimum
spacing between the respective centers of first raised track 24a and second raised track 26a,
or the minimum spacing between respective crests or peaks of first raised track 24a and
second raised track 26a. In some examples, the hatch spacing may be the minimum spacing
between the paths of two successively deposited raised tracks of the plurality of raised tracks.
In some examples, one or both of controlling the pause time and controlling the hatch
spacing may regulate one or more of a molten pool temperature, a subsurface temperature of
a subsurface region of component 12 in or adjacent deposited region 28, and a surface
temperature of a surface region of component 12 in or adjacent deposited region 28. For
example, increasing the pause time may allow first raised track 24a and portions of
component 12 near first raised track 24a to cool before second raised track 26a is formed,
and reducing the pause time may allow first raised track 24a and portions of component 12
near first raised track 24a to maintain heat while second raised track 26a is formed. In some
examples, increasing the hatch spacing may reduce heat transfer between a region adjacent
first raised track 24a and a region adjacent second raised track 26a, and reducing the hatch
spacing may increase heat transfer between a region adjacent first raised track 24a and a
region adjacent second raised track 26a. For example, increasing the hatch spacing may
increase a distance between first track 24a and second raised track 26a, thus increasing a
volume of material available to dissipate heat, reducing the effective temperature increase of
the portion of component 12 near second raised track 24b due to heat from first raised track
24a. Thus, the pause time and the hatch spacing may affect the extent to which a region
adjacent first raised track 24a may draw heat from or contribute heat to a region adjacent
second raised track 26a, for example, at least one of a molten pool formed along second
raised track 26a, a subsurface temperature of a subsurface region adjacent second raised track
26a, or a surface temperature of a surface region adjacent second raised track 26a.

[0038] In some examples, computing device 30 may attempt to minimize the deviation of the
actual height from the target height. For example, system 10 may include one or more

sensors (not shown) that may capture data including temperatures along the energy beam,
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along the first path, at different regions on the surface or in subsurface regions of component
12, adjacent the molten pool, first raised track 24a, or second raised track 26a, or that may
capture locations, orientations, and dimensions of one or more of the molten pool, first raised
track 24a, second raised track 26a, or deposited region 28. In some examples, the sensors
may include a light sensor, a heat sensor, a visible light sensor, an ultraviolet sensor, an
infrared sensor, a laser scanner, an electron-beam scanner, a CCD (charge-coupled device), or
a camera. Computing device 30 may analyze data captured by the sensors to compare the
progress of the deposition and to evaluate deviation of individual parameters from the
specified targets, and the deviation of the actual height from the target height. In some
examples, if computing device 30 senses a deviation in a first parameter of a plurality of
parameters and a consequent deviation in the target height, computing device 30 may
compensate for the deviation by changing the magnitude of a second parameter of the
plurality of parameters to reduce the deviation of the actual height from the target height. For
example, if computing device 30 senses an decrease in the actual height, computing device
may reduce the pause time, so that a greater amount of heat is retained within the local repair
volume during deposition of subsequent tracks, which may promote melting, and thus
increase the actual height. As another example, reducing the material flux of the material
may reduce the amount of material added to the molten pool within a local region and which
eventually solidifies, thus reducing the actual height. Increasing the hatch spacing may
reduce the actual height. Increasing the pause time may reduce the actual height. Increasing
the average beam power may increase the actual height. Increasing the peak beam power
density may increase the actual height. Increasing the beam heat input may increase the
actual height. Increasing a ratio of a molten pool depth to the nominal height may reduce the
actual height.

[0039] As discussed above, the actual height may affect the cooling rate and resulting
solidification within deposited region 28, and the cooling rate affects the microstructure.
Thus, in some examples, computing device 30 may control the actual height to eventually
control the microstructure. Thus, in some examples, computing device 30 may control one
or more of component 12, energy source 14, and material delivery device 20, based on the

target height of the layer, to control the microstructure within deposited region 28.
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[0040] FIG. 1C is a conceptual diagram illustrating an example article modified by directed
energy deposition. As shown in FIG. 1C, a second raised track 26¢ may at least partially
overlap at least part of a first raised track 24c, for example, the region of overlap between
first raised track 24¢ and second raised track 26¢ may be at least 1%, 5%, 10%, 20%, 30%, or
50% of the width W. In some examples, second raised track 26¢c may substantially overlap
first raised track 24c, for example, at least 90%, 95% or at least 99% of first raised track 24c.
In some examples, the second path along which second raised track 26¢ is deposited may be
oriented in the same direction as the first path along which first raised track 24c¢ is deposited.
In some examples, the second path along which second raised track 26¢ is deposited may be
oriented in a different direction, for example, 30°, 45°, 90°, 180°, or any other relative
direction compared to the direction of the first path along which first raised track 24c is
deposited.

[0041] FIG. 1D is a conceptual cross-sectional diagram illustrating an example article
modified by directed energy deposition. In some examples, component 12 may have a layer
34 that was previously deposited, for example, by directed energy deposition or by any other
suitable technique. System 10 may deposit a first raised track 24d on the layer 34. In some
examples, system 10 may deposit a second layer including a second plurality of raised tracks
on layer 34. In some examples, system 10 may successively deposit a series of layers on
component 12. In some examples, system 10 may deposit some of the layers by directed
energy deposition, and deposit other layers by other suitable techniques. In some examples,
system 10 may initiate deposition of subsequent layers at different locations within the same
zone or region within deposited region 28 compared to layer 34, and system 10 may initiate
deposition of a subsequent layer in any location within region 28 or along the periphery of
the deposited region 28.

[0042] FIG. 1E is a conceptual diagram illustrating a high temperature gas turbine engine
component 12e modified by an example directed energy deposition technique. A repair
volume 38 deposited on component 12e may include a plurality of layers, each layer of the
plurality of layer including at least one raised track. In some examples, repair volume 38
could assume any suitable three-dimensional shape as required to repair component 12¢ to a
target operating geometry or shape. Thus, an area of component 12e, for example, a turbine

blade sealing feature, that may have suffered from wear may be repaired by adding material
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to the worn region to restore component 12e to restore a nominal geometry, that may include
repair volume 38.

[0043] FIG. 2 is a flow diagram illustrating an example technique for directed energy
deposition. The example technique of FIG. 2 may be performed by example system 10 of
FIG. 1A, and is described in some examples below with reference to example system 10 of
FIG. 1A. However, in some examples, one or more steps of the example technique of FIG. 2
may be performed by other example systems described in the disclosure. The example
technique may include controlling, by computing device 30, based on a target height of layer
34 to be deposited on a component 12 by directed energy deposition, energy source 14
directed at component 12 (52). Controlling energy source 14 may include controlling, by
computing device 30, energy source 14 to advance energy beam 16 along a first path to form
an advancing molten pool on component 12. The example technique may include
controlling, by computing device 30, material delivery device 20 (54). Computing device 30
may control material delivery device 20 to delivering a material, for example, material
stream 22, to the advancing molten pool. Material delivery device 20 may deliver material
by material stream 22 that may lead, accompany, or lag energy beam 16. Thus, in some
examples, material stream 22 may deliver material before energy source 14 melts a leading
front along the first path to form the leading edge of the advancing molten pool. In some

' examples, material stream 22 may deliver material simultaneously with the incidence of
energy beam 16 on component 12. In some examples, material stream 22 may deliver
material at a region along the first path after energy beam 16 has passed the region. In some
examples, the material may combine with the advancing molten pool to form first raised
track 24a having an actual height. In some examples, layer 34 may include first raised track
24a. In some examples, deposited region 28 of component 12 includes layer 34. In some
examples, the actual height may regulate a resultant microstructure within deposited region
28. In some examples, computing device 30 may select a target height from between about
0.001 inches and 1 inch. For example, computing device 30 may select the target height such
that the ratio of the track height to the track depth D is within a predetermined range. In
some examples, computing device 30 may select the target height such that the ratio of the

track height to the molten pool depth is between about 0.001 and about 1000.
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[0044] In some examples, the example technique of FIG. 2 may include optional preparatory
or pre-processing steps, such as cleaning an entire surface of component 12 or a selected
region of component 12 such as surface of deposited region 28 to remove oils, contaminants,
coatings or other material that may interfere with the repair process. The example technique
may optionally include machining component 12 to produce a suitable surface on deposited
region 28. The shape of the machined deposited region 28 may thus provide a line of sight
for energy beam 16 and for delivery of material through material stream 22. In some
examples, component 12 may be preheated. In some examples, the example technique of
FIG. 2 may include optional post-processing steps including one or more of machining,
HIPing (hot isostatic processing), heat treatment, surface blasting, and coating.

[0045] In some examples, the example technique of FIG. 2 may further include controlling,
by computing device 30, a cooling rate within deposited region 28, by controlling material
delivery device 20 and energy source 14. In some examples, the cooling rate may regulate
the resultant microstructure to avoid or limit flaws in the microstructure while still providing
target mechanical properties. Flaws to be avoided may include lack of fusion, pores, and
cracks. In some examples, by controlling the temperature of at least a portion of component
12, computing device 30 may be configured to control mechanical and chemical properties,
which ultimately may metallurgical properties such as hardness, shear and tensile stress,
work hardening, grain size and boundaries, rigidity, and stiffness of the repaired portion of
component 12. For example, computing device 30 may be configured to control of the
temperature of the deposited region 28 of component 12 to control a heat treatment process
of the deposited region 28, which may affect the microstructure of the at least a portion of
component 12. Computing device 30 may be configured to control of the temperature of the
deposited region 28 of component 12 to control a heat treatment process of the at least a
portion of component 12 to substantially reproduce (e.g., reproduce or nearly reproduce) the
originally manufactured mechanical and/or chemical properties of component 12 by
producing a predetermined microstructure. For example, the microstructure may be
substantially the same as the original portion of the component being repaired or may be a
microstructure resulting in substantially the same material mechanical and/or chemical

properties as the original portion of component 12.
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[0046] In some examples, computing device 30 may also control hatch length. Hatch length
may be a distance along which energy beam 16 travels along the first path during a period of
activation, after which energy beam 16 may be deactivated. In some examples, the hatch
length may be between about 0.01 inches to 10 inches. Material delivery device 20 may or
may not be deactivated when energy beam 16 is deactivated. The time for which energy
beam 16 is deactivated or motionless may be characterized as a pause time. In some
examples, the example technique of FIG. 2 may optionally further include, by computing
device 30, controlling a pause time between forming first raised track 24a and forming
second raised track 26a (56). In some examples, controlling the cooling rate may thus
include controlling the pause time. In some examples, the pause time may be between about
0.1 seconds to about 200 seconds. In some examples, the example technique of FIG. 2 may
optionally further include, by computing device 30, controlling a hatch spacing between first
raised track 24a and second raised track 26a (58). In some examples, the hatch spacing may
be between 0.001 inches and 1 inch. In some examples, controlling the pause time and
controlling the hatch spacing may regulate one or more of a molten pool temperature, a
subsurface temperature of a subsurface region of the component within the deposited region,
and a surface temperature of a surface region of the component within the deposited region.
For example, hatch spacing may serve to mitigate repair flaws, for example, lack of fusion,
and may affect the three dimensional temperature field of the repair. In some examples, the
control of energy source 14 by computing device 30 may include controlling one or more of
an average laser power, a peak laser power density, a laser heat input, a ratio of a molten pool
depth to the nominal height, and a material flux of the material. In some examples, laser
power applied at surface of component 12 by energy source 14 may be maintained between
50 W and 1000 W. The laser spot size may be selected to achieve a peak laser power density
on the order of 1 x 10> W/em? to 1 x 10° W/em?. Travel speed may be selected to limit
linear heat input to between 1 to 500 J/mm, where heat input is the ratio of the laser power in
Watts to the travel speed in mm/s.

[0047] In some examples, the first path may follow any suitable direction or tool path along a
surface of component 12. Thus, in some examples, the example technique of FIG. 2 may
include forming first track 24a along any suitable direction by advancing energy source 14

along a first direction. Similarly, forming second track 26a may include advancing energy
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source 14 along a second direction. In some examples, the second direction may be opposite
the first direction. In some examples, the second direction may be along any suitable angle
with respect to the first direction. In some examples, the example technique of FIG. 2 may
include forming a series of tracks or a tool path that may eventually cover deposited region
28 to form layer 34. The tool path used to form layer 34 on component 12 may affect
instantaneous volumetric heat content of the repair. For example, accumulation of heat
within a deposited region may influence solidification and cooling rates. In turn, the
solidification and cooling rates may establish grain morphology and various solid state phase
transformations which may change throughout the process of laser deposition. In some
examples, the three dimensional heat distribution within deposited region 28 and layer 34
may be managed using a predetermined tool path strategy that may include a target height.
The tool path strategy may including contouring and hatching.

[0048] The techniques described in this disclosure may be implemented, at least in part, in
hardware, software, firmware, or any combination thereof. For example, various aspects of
the described techniques may be implemented within one or more processors, including one
or more microprocessors, digital signal processors (DSPs), application specific integrated
circuits (ASICs), field programmable gate arrays (FPGAs), or any other equivalent integrated
or discrete logic circuitry, as well as any combinations of such components. The term
“processor” or “processing circuitry” may generally refer to any of the foregoing logic
circuitry, alone or in combination with other logic circuitry, or any other equivalent circuitry.
A control unit including hardware may also perform one or more of the techniques of this
disclosure.

[0049] Such hardware, software, and firmware may be implemented within the same device
or within separate devices to support the various techniques described in this disclosure. In
addition, any of the described units, modules or components may be implemented together or
separately as discrete but interoperable logic devices. Depiction of different features as
modules or units is intended to highlight different functional aspects and does not necessarily
imply that such modules or units must be realized by separate hardware, firmware, or
software components. Rather, functionality associated with one or more modules or units
may be performed by separate hardware, firmware, or software components, or integrated

within common or separate hardware, firmware, or software components.
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[0050] The techniques described in this disclosure may also be embodied or encoded in a
computer system-readable medium, such as a computer system-readable storage medium,
containing instructions. Instructions embedded or encoded in a computer system-readable
medium, including a computer system-readable storage medium, may cause one or more
programmable processors, or other processors, to implement one or more of the techniques
described herein, such as when instructions included or encoded in the computer system-
readable medium are executed by the one or more processors. Computer system readable
storage media may include random access memory (RAM), read only memory (ROM),
programmable read only memory (PROM), erasable programmable read only memory
(EPROM), electronically erasable programmable read only memory (EEPROM), flash
memory, a hard disk, a compact disc ROM (CD-ROM), a floppy disk, a cassette, magnetic
media, optical media, or other computer system readable media. In some examples, an article

of manufacture may comprise one or more computer system-readable storage media.

EXAMPLES
Example 1
[0051] FIG. 3 is a photograph of an example article modified by laser directed energy
deposition. A thin section 60 of a component was repaired by depositing repair volume 62

on the component.

Example 2

[0052] The effect of changing the pause time in laser directed energy deposition on a nickel
based superalloy was evaluated. FIGS. 4A and 4B are photographs of example articles
including a nickel based superalloy modified by laser directed energy deposition having the
same laser peak power density (8 x 10* W cm™), travel speed, target height, and hatch
spacing, with only the pause time being changed. The pause time used in the laser directed
energy deposition in the example article shown in FIG. 4B was 500% greater than in the
example article shown in FIG. 4A. Spurious grains such as columnar grains were reduced in
FIG. 4A compared to FIG. 4B, showing that decreasing the pause time improved the resultant

microstructure of the substrate.
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Example 3

[0053] The effect of changing the hatch spacing in laser directed energy deposition on a
nickel based superalloy was evaluated. FIGS. 5A and 5B are photographs of example articles
including a nickel based superalloy modified by laser directed energy deposition having the
same laser peak power density (2 x 10* W cm™), travel speed, target height, and pause time,
with only the hatch spacing being changed. The hatch spacing used in the laser directed
energy deposition in the example article shown in FIG. 5B was 30% greater than in the
example article shown in FIG. 5A. A finer grain structure was observed in FIG. 5B
compared to FIG. SA, showing that increasing the hatch time improved the resultant

microstructure of the substrate.

Example 4

[0054] The effect of changing the target height in laser directed energy deposition on a cobalt
based superalloy was evaluated. FIGS. 6A and 6B are photographs of example articles
including a cobalt based superalloy modified by laser directed energy deposition having the
same laser peak power density (8 x 10* W cm™), travel speed, target height, hatch spacing,
and pause time, with only the target height (nominal layer thickness) being changed. The
target height used in the laser directed energy deposition in the example article shown in FIG.
6B was 100% greater than in the example article shown in FIG. 6A. While relatively long
columnar grains were observed in the example article of FIG. 6A, a finer grain structure was
observed in FIG. 6B compared to FIG. 6A, showing that increasing the target height

improved the resultant microstructure of the substrate.

[0055] Various examples have been described. These and other examples are within the

scope of the following claims.
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CLAIMS:

1. A method comprising:

controlling, by a computing device, based on a target height of a layer to be deposited
on a component by directed energy deposition, an energy source directed at the component to
advance an energy beam along a first path to form an advancing molten pool on the
component; and

controlling by the computing device, based on the target height of the layer, a
material delivery device to deliver a material to the advancing molten pool;

wherein the material combines with the advancing molten pool to form a first raised
track having an actual height, wherein the layer comprises the first raised track, wherein a
deposited region of the component comprises the layer, and wherein the actual height affects

a resultant microstructure within the deposited region.

2. The method of claim 1, further comprising controlling, by the computing device, a
cooling rate within the deposited region by controlling the material delivery device and the

energy source, wherein the cooling rate regulates the resultant microstructure.

3. The method of claim 2, wherein controlling the cooling rate further comprises:
controlling a pause time between a time at which the first raised track is formed and a
time at which a second raised track is formed, and
controlling a hatch spacing between the first raised track and the second raised track,
wherein the layer comprises the second raised track, wherein controlling the pause time and
controlling the hatch spacing affects at least one of a molten pool temperature, a subsurface
temperature of a subsurface region of the component within the deposited region, or a surface

temperature of a surface region of the component within the deposited region.

4. The method of any one of claims 1 to 3, further comprising controlling, by the
computing device, at least one of an average beam power, a peak beam power density, a

beam heat input, a ratio of a molten pool depth to the nominal height, or a material flux of the

material.
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5. The method of any one of claims 3 or 4, wherein the first track at least partially

overlaps the second track.

6. The method of any one of claims 3 to 5, wherein the first track substantially overlaps

the second track.

7. The method of any one of claims 3 to 6, wherein forming the first track comprises
advancing the energy beam along a first direction, and wherein forming the second track

comprises advancing the energy beam along a second direction opposite the first direction.

8. The method of any one of claims 1 to 7, wherein the energy beam comprises a laser

beam or an electron beam.

9. A system comprising:
an energy source;
a material delivery device; and
a computing device, wherein the computing device is configured to:
control, based on a target height of a layer to be deposited on a component by
directed energy deposition, the energy source directed at the component to advance
an energy beam along a first path to form an advancing molten pool on the
component, and
control, based on the target height of the layer, a material delivery device to
deliver a material to the advancing molten pool,
wherein the material combines with the advancing molten pool to form a first raised
track having an actual height, wherein the layer comprises the first raised track, wherein a
deposited region of the component comprises the layer, and wherein the actual height

regulates a resultant microstructure within the deposited region.

10.  The system of claim 9, wherein the computing device is further configured to control
a cooling rate within the deposited region by controlling the material delivery device and the

energy source, wherein the cooling rate regulates the resultant microstructure.
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11.  The system of claim 10, wherein the computing device is further configured to

control the cooling rate by:

controlling a pause time between a time at which the first raised track is
formed and a time at which a second raised track is formed, and

controlling a hatch spacing between the first raised track and the second raised
track, wherein the layer comprises the second raised track, wherein controlling the
pause time and controlling the hatch spacing affects at least one of a molten pool
temperature, a subsurface temperature of a subsurface region of the component within
the deposited region, or a surface temperature of a surface region of the component

within the deposited region.

12.  The system of any one of claims 9 to 11, wherein the computing device is further
configured to control at least one of an average beam power, a peak beam power density, a

beam heat input, a ratio of a molten pool depth to the nominal height, or a material flux of the

material.

13.  The system of any one of claims 9 to 12, wherein the energy beam comprises a laser

beam or an electron beam.
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14. A computer readable storage medium comprising instructions that, when executed,
cause at least one processor to:
control, based on a target height of a layer to be deposited on a component by
directed energy deposition, an energy source directed at the component to advance an
energy beam along a first path to form an advancing molten pool on the component,
and
control, based on the target height of the layer, a material delivery device to
deliver a material to the advancing molten pool,
wherein the material combines with the advancing molten pool to form a first raised
track having an actual height, wherein the layer comprises the first raised track, wherein a
deposited region of the component comprises the layer, and wherein the actual height affects

a resultant microstructure within the deposited region.

15.  The computer readable storage medium of claim 14, further comprising instructions
that, when executed, cause the at least one processor to control a cooling rate within the
deposited region by controlling the material delivery device and the energy source, wherein

the cooling rate regulates the resultant microstructure.

15. The computer readable storage medium of 14, further comprising instructions that, when
executed, cause the at least one processor to control the cooling rate by:
controlling a pause time between a time at which the first raised track is
formed and a time at which a second raised track is formed, and
controlling a hatch spacing between the first raised track and the second raised
track, wherein the layer comprises the second raised track, wherein controlling the
pause time and controlling the hatch spacing regulates at least one of a molten pool
temperature, a subsurface temperature of a subsurface region of the component within
the deposited region, or a surface temperature of a surface region of the component

within the deposited region.
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