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(57) ABSTRACT 

A system and method for controlling an additive manufac
turing system to form a multi-material component. Operat
ing parameter values may be determined for the additive 
manufacturing system based on a first material and a second 
material used to form the multi-material component to 
ensure a requisite level of bonding between particles of a 
gradient between the first and second materials. Data or 
models for the first and second materials, along with 
observed data from a plurality of sample multi-material 
components formed from the first and second materials may 
be utilized to determine the operating parameter values. In 
some cases, the operating parameter values may be tuned to 
form a multi-material component having predetermined 
values for parameter objectives along the gradient of the 
multi-material component. The additive manufacturing sys
tem may be a selective laser melting system. 
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SYSTEMS AND METHODS FOR 
CONTROLLING ADDITIVE 

MANUFACTURING SYSTEMS 

TECHNICAL FIELD 

[0001] The present disclosure pertains to additive manu
facturing systems, and the like. More particularly, the pres
ent disclosure pertains to controlling operations of additive 
manufacturing systems to form multi-material components. 

BACKGROUND 

[0002] Additive manufacturing (e.g., metal additive 
manufacturing (MAM), etc.) has been used in industries to 
facilitate fabrication of designs that are difficult or not 
possible to form using conventional techniques. Typically 
additive manufacturing techniques allow for the fabrication 
of designs layer-by-layer, without the use of molds or dies. 
Of the known approaches and systems for additive manu
facturing, each has certain advantages and disadvantages. 

SUMMARY 

[0003] This disclosure is directed to several alternative 
designs for, devices of, and methods of additive manufac
turing systems. Although it is noted that additive manufac
turing approaches and systems are known, there exists a 
need for improvement to those approaches and systems. 
[0004] Accordingly, one illustrative instance of the dis
closure may include a method of controlling an additive 
manufacturing system to form a multi-material component. 
The method may include identifying a model of a first 
material, the model of the first material may be configured 
to output parameter values of the additive manufacturing 
system based on one or more parameter objectives for a 
component formed with the first material; identifying a 
model of a second material, the model of the second material 
may be configured to output parameter values of the additive 
manufacturing system based on one or more parameter 
objectives for a component formed with the second material; 
identifying observed data from a plurality of samples having 
a gradient of the first material and the second material, 
wherein for each sample of the plurality of samples, the 
observed data may include a set of parameter values used by 
the additive manufacturing system to form the sample and 
an associated measured value for each of one or more 
parameter objectives for the multi-material component; and 
establishing operating parameter values for the additive 
manufacturing system to form, at least in part, the multi
material component using the first material and the second 
material based on the model of the first material, the model 
of the second material, and the observed data. The operating 
parameter values may be configured to result in the multi
material component having predetermined values of at least 
one of the one or more parameter objectives for the multi
material component. 

[0005] Additionally or alternatively to any of the embodi
ments above, the method may further include identifying a 
model of multi-material components having the gradient of 
the first material and the second material for determining 
operating parameter values of the additive manufacturing 
system based on the one or more parameter objectives for 
the multi-material component, the model of the multi
material components having the gradient of the first material 
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and the second material is based on the model of the first 
material, the model of the second material, and the observed 
data. 
[0006] Additionally or alternatively to any of the embodi
ments above, the operating parameter values for the additive 
manufacturing system may be output from the model of the 
multi-material components having the gradient of the first 
material and the second material based on the predetermined 
values of each of the one or more parameter objectives for 
the multi-material component. 
[0007] Additionally or alternatively to any of the embodi
ments above, the samples of the plurality of samples may be 
formed using the additive manufacturing system. 
[0008] Additionally or alternatively to any of the embodi
ments above, the parameter values of the additive manufac
turing system may include values of one or more of a laser 
power, a laser velocity, and a laser hatch. 
[0009] Additionally or alternatively to any of the embodi
ments above, the one or more parameter objectives for one 
or more of the component formed with the first material, the 
component formed with the second material, and the multi
material component may include one or both of density and 
surface roughness. 
[0010] Additionally or alternatively to any of the embodi
ments above, the one or more parameter objectives for the 
component formed with the first material may be one of: 1) 
one or more parameter objectives for a component formed 
with only the first material and 2) one or more parameter 
objectives for a multi-material component at a location of 
the multi-material component formed with only the first 
material; and the one or more parameter objectives for the 
component formed with the second material may be one of: 
1) one or more parameter objectives for a component formed 
with only the second material and 2) one or more parameter 
objectives for a multi-material component at a location of 
the multi-material component formed with only the second 
material. 
[0011] Additionally or alternatively to any of the embodi
ments above, the observed data from the plurality of samples 
may have a gradient of the first material and the second 
material and may be taken along the gradient of the first 
material and the second material in the multi-material com
ponent at a same gradient mixture location of each sample 
of the plurality of samples. 
[0012] Additionally or alternatively to any of the embodi
ments above, the predetermined values of each of the one or 
more parameter objectives for the multi-material component 
may occur at a gradient mixture location of the multi
material component that is the same as the gradient mixture 
location at which observed data is taken from the plurality 
of samples. 
[0013] Additionally or alternatively to any of the embodi
ments above, the plurality of samples may include five (5) 
or more samples having the gradient of the first material and 
the second material. 
[0014] Additionally or alternatively to any of the embodi
ments above, the additive manufacturing system may 
include a selective laser melting (SLM) system. 
[0015] Another illustrative instance of the disclosure may 
include a computer readable medium having stored thereon 
in a non-transitory state a program code for use by a 
computing device, the program code causing the computing 
device to execute a method of operating an additive manu
facturing system comprising: receiving a selection of a first 
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material; receiving a selection of a second material; estab
lishing operating parameter values for the additive manu
facturing system based on the first material and the second 
material. The operating parameter values may be configured 
to cause the additive manufacturing system to form, at least 
in part, a component using the first material and the second 
material and having a gradient of the first material and the 
second material. 
[0016] Additionally or alternatively to any of the embodi
ments above, the method may further comprise receiving a 
selection of one or more objectives for parameters of the 
component; and wherein the establishing operating param
eter values for the additive manufacturing system is based 
on the first material, the second material, and the one or 
more objectives for parameters of the component. 
[0017] Additionally or alternatively to any of the embodi
ments above, the method may further comprise developing 
an algorithm based on the first material and the second 
material; and wherein the algorithm is configured to output 
the operating parameter values. 
[0018] Additionally or alternatively to any of the embodi
ments above, the algorithm may be developed based on the 
first material, the second material, and observed data from a 
plurality of sample components formed using the first mate
rial and the second material, each sample component of the 
plurality of sample components may have a gradient of the 
first material and the second material. 
[0019] Additionally or alternatively to any of the embodi
ments above, each sample component of the plurality of 
sample components was formed using a set of operating 
parameter values of the additive manufacturing system that 
is different than sets of operating parameter values of the 
additive manufacturing system used to form the other 
sample components of the plurality of sample components. 
[0020] Additionally or alternatively to any of the embodi
ments above, the method may further comprise outputting a 
control signal to cause the additive manufacturing system to 
form, at least in part, the component. 
[0021] Another illustrative instance of the disclosure may 
include a controller of an additive manufacturing system 
comprising: a processor; and memory configured to store in 
a non-transitory state instructions executable by the proces
sor to cause the processor to: accept a selection of a first 
material; accept a selection of a second material; identify 
one or more operating parameter values for the additive 
manufacturing system based on the first material and the 
second material; and controlling operation of the additive 
manufacturing system according to the one or more oper
ating parameter values to form a component using the first 
material and the second material. 
[0022] Additionally or alternatively to any of the embodi
ments above, the component may have a gradient of the first 
material and the second material and the one or more 
operating parameter values may be identified based on 
desired values of one or more parameter objectives at a 
gradient mixture location of the gradient of the first material 
and the second material. 
[0023] Additionally or alternatively to any of the embodi
ments above, the instructions executable by the processor 
may be further configured to cause the processor to: accept 
observed data associated with a plurality of sample compo
nents formed using the first material and the second material 
and having a gradient of the first material and the second 
material; and develop an algorithm configured to output the 
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one or more operating parameter values based on the first 
material, the second material, and the observed data. 
[0024] Additionally or alternatively to any of the embodi
ments above, a model of the first material for determining 
parameter values of the additive manufacturing system 
based on one or more parameter objectives for parameters of 
the component and a model of the second material for 
determining parameter values of the additive manufacturing 
system based on the one or more parameter objectives may 
be stored in a model database and used by the processor to 
determine the one or more operating parameter values in 
response to selection of the first material and selection of the 
second material. 
[0025] The above summary of some example embodi
ments is not intended to describe each disclosed embodi
ment or every implementation of the disclosure. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0026] The disclosure may be more completely under
stood in consideration of the following detailed description 
of various embodiments in connection with the accompa
nying drawings, in which: 
[0027] FIG. 1 is a schematic flow diagram of an illustra
tive additive manufacturing method; 
[0028] FIG. 2 is a schematic diagram of an illustrative 
selective laser melting system; 
[0029] FIG. 3 is a schematic flow diagram of an illustra
tive method of selective laser melting; 
[0030] FIG. 4 is a schematic box diagram of an illustrative 
system of controlling an additive manufacturing system to 
form multi-material components; 
[0031] FIG. 5 is a schematic diagram of an illustrative 
structure of forming a model for identifying operating 
parameter values of an additive manufacturing system to 
form multi-material components; 
[0032] FIG. 6 is a schematic flow diagram of an illustra
tive method of controlling an additive manufacturing system 
to form multi-material components; 
[0033] FIG. 7 is a schematic diagram of an illustrative 
multi-material component and associated graph; 
[0034] FIG. 8 is a schematic chart of illustrative values of 
operating parameters for an additive manufacturing system 
by composition of a multi-material component; and 
[0035] FIG. 9 is a schematic graph depicting the illustra
tive values for operating parameters presented in the chart of 
FIG. 8. 
[0036] While the disclosure is amenable to various modi
fications and alternative forms, specifics thereof have been 
shown by way of example in the drawings and will be 
described in detail. It should be understood, however, that 
the intention is not to limit aspects of the claimed disclosure 
to the particular embodiments described. On the contrary, 
the intention is to cover all modifications, equivalents, and 
alternatives falling within the spirit and scope of the claimed 
disclosure. 

DESCRIPTION 

[0037] For the following defined terms, these definitions 
shall be applied, unless a different definition is given in the 
claims or elsewhere in this specification. 
[0038] All numeric values are herein assumed to be modi
fied by the term "about", whether or not explicitly indicated. 
The term "about" generally refers to a range of numbers that 
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one of skill in the art would consider equivalent to the 
recited value (i.e., having the same function or result). In 
many instances, the term "about" may be indicative as 
including numbers that are rounded to the nearest significant 
figure. 
[0039] The recitation of numerical ranges by endpoints 
includes all numbers within that range (e.g., 1 to 5 includes 
1, 1.5, 2, 2.75, 3, 3.80, 4, and 5). 
[0040] Although some suitable dimensions, ranges and/or 
values pertaining to various components, features and/or 
specifications are disclosed, one of skill in the art, incited by 
the present disclosure, would understand desired dimen
sions, ranges, and/or values may deviate from those 
expressly disclosed. 
[0041] As used in this specification and the appended 
claims, the singular forms "a", "an", and "the" include plural 
referents unless the content clearly dictates otherwise. As 
used in this specification and the appended claims, the term 
"or" is generally employed in its sense including "and/or" 
unless the content clearly dictates otherwise. 
[0042] The following detailed description should be read 
with reference to the drawings in which similar elements in 
different drawings are numbered the same. The detailed 
description and the drawings, which are not necessarily to 
scale, depict illustrative embodiments and are not intended 
to limit the scope of the claimed disclosure. The illustrative 
embodiments depicted are intended only as exemplary. 
Selected features of any illustrative embodiment may be 
incorporated into an additional embodiment unless clearly 
stated to the contrary. 
[0043] As discussed above, additive manufacturing facili
tates fabrication of designs that are difficult to or impossible 
to fabricate using known techniques, such as using dies, 
molding techniques, extrusion techniques, conventional 
machining techniques, and/or other known fabrication tech
niques. Generally, additive manufacturing may refer to 
fabrication techniques for rapid prototyping and manufac
turing of parts that allow three-dimensional (3D) digital 
models (e.g., computer aided design (CAD) designs, etc.) to 
be converted to three dimensional objects or components by 
depositing multiple thin layers of material according to a 
series of two-dimensional (2D), cross-sectional deposition 
maps sliced from the 3D digital mode. Additive manufac
turing may comprise deposition of materials in a variety of 
different states including, but not limited to liquid, powder, 
fused material, etc. Example materials that may be pro
cessed using additive manufacturing techniques include, but 
are not limited to, metals, alloys, ceramics, polymers, com
posites (e.g., metal composites, polymer composites, metal
polymer composites, etc.), airy structures, multi-phase mate
rials, etc. 
[0044] FIG. 1 depicts an illustrative additive manufactur
ing technique or method 100. Method 100 may include 
creating 102 a 3D design of a geometry. In some cases, the 
3D design of the geometry may be created with a CAD 
software, stored in a file, and the file may be provided 104 
to an additive manufacturing system. Prior to ( e.g., by the 
CAD software and/or other suitable software) and/or after 
being provided to the additive manufacturing system, the file 
with the 3D design may be converted to a file that is readable 
by the additive manufacturing system to fabricate compo
nent from the created 3D design ( e.g., a stereo lithography 
(STL) format and/or other suitable formats). Once, the file is 
in a format readable by the additive manufacturing system, 
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the additive manufacturing system may fabricate 106 the 
geometry or component of the 3D design based on the file. 
Although not required, the fabricated geometry of the 3D 
design may be post-processed 108 to finalize the geometry 
or component. Example post-processing techniques include, 
but are not limited to, sanding, smoothing, sand blasting, 
plating, coating, painting, lathing, etc. 

[0045] There are a variety of additive manufacturing tech
niques. Example additive manufacturing techniques include, 
but are not limited to, stereolithography (SLA), digital light 
processing (DLP), fused deposition modeling (FDM), selec
tive laser sintering (SLS), selective laser melting (SLM) 
(e.g., also known as direct metal laser melting (DMLM) 
and/or laser powder bed fusion (LPBF)), electronic beam 
melting (EBM), etc. Although the concepts disclosed herein 
may be described primarily with respect to SLM, these 
concepts may be used in other suitable additive manufac
turing techniques. 

[0046] SLM may utilize a high power-density laser to melt 
and fuse powders (e.g., metallic powders). Using SLM, a 
component may be built by selectively melting and fusing 
powders within and between layers according to a pattern 
determined from a CAD file of 3D geometry design. SLM 
may be a desirable additive manufacturing technique 
because it has been shown to produce near full density 
functional components. 

[0047] Any suitable materials may be used in SLM tech
niques. Suitable materials include materials that exist in 
atomized (e.g., powder) form. Although it may be desirable 
to have powders in spherical form, this is not required. 
Example materials commonly used for SLM include, but are 
not limited to, copper, aluminum, tungsten, stainless steel, 
tool steel, cobalt chromium, titanium, ceramics, composites, 
and/or other suitable materials. 

[0048] FIG. 2 depicts an example SLM system 10 con
figured to fabricate 3D components based on a 3D design 
geometry in a CAD file. The SLM system 10 may include, 
among other features, a powder delivery bed 12, a fabrica
tion powder bed 14, a laser 16, a scanner system 18, a roller 
20 or other suitable powder moving component, and/or one 
or more other suitable components. 

[0049] The powder delivery bed 12 may be configured to 
deliver powder 22 to the roller 20 for transportation to the 
fabrication powder bed 14 in response to movement of the 
roller 20 in the direction of arrow 24. The powder delivery 
bed 12 may include a powder delivery piston 26 configured 
to move in the direction of arrow 28 to advance the powder 
22 to the roller 20. The powder delivery piston 26 may be 
configured to advance in a direction of arrow 28 at one or 
more predetermined continuous or non-continuous rates. In 
some cases, the powder delivery piston 26 may be biased to 
move in the direction of arrow 28 by a biasing element ( e.g., 
a spring, etc.), where a weight of the powder 22 may counter 
balance the biasing element. Alternatively or in addition, the 
powder delivery piston 26 may be in communication with a 
controller of the SLM system 10 and configured to advance 
in the direction of the arrow 28 in response to a control 
signal from the controller specifying an advancement dis
tance and/or rate configured to facilitate forming a layer of 
powder 22 of a predetermined thickness on the fabrication 
powder bed 14. Further, the roller 20 may be in communi
cation with the controller of the SLM system 10 to facilitate 
forming layers of powder 22 with the predetermined thick-
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ness. A thickness of a layer is connnonly in a range from 
about twenty (20) micrometers to about one hundred (100) 
micrometers. 
[0050] The fabrication powder bed 14 may be configured 
to receive powder 22 that is configured to be melted into a 
component 30 (e.g., a 3D component and/or other suitable 
component). Once a layer is formed on the fabrication 
powder bed 14, a laser beam 32 from the laser 16 may be 
directed by the scanner system 18 to one or more locations 
on the layer to melt the powder 22 at the one or more 
locations and form a layer of the component 30. The scanner 
system 18 may include and/or may be in connnunication 
with a controller of the SLM system 10 and may be 
configured to direct the laser beam 32 to locations on the 
layer of powder 22 based on a layer of the 3D geometry in 
the CAD file being used to create the component 30. The 
laser beam 32 may be configured to melt particles of powder 
22 forming the layer on the fabrication powder bed 14 to 
other particles of powder 22 in the layer and/or to particles 
of one or more previous layers of powder 22 on the 
fabrication powder bed 14 to form the component 30. 
[0051] In some cases, the scanner system 18 may include 
a motor and/or a mirror. When included, the motor may be 
configured to move and/or adjust the mirror to facilitate 
directing the laser beam 32 to one or more locations of the 
layer of powder on the fabrication powder bed 14. 
[0052] The fabrication powder bed 14 may include a 
fabrication piston 34 configured to move in a direction of 
arrow 36 to facilitate receiving additional layers of powder 
22 in response to movement of the roller 20 in the direction 
of arrow 24. The fabrication piston 34 may be configured to 
advance in the direction of arrow 36 at one or more 
predetermined continuous or non-continuous rates. In some 
cases, the fabrication piston 34 may be biased to move in a 
direction opposite of arrow 36 by a biasing element ( e.g., a 
spring, etc.), where a weight of the powder 22 and the 
component 30 at the fabrication powder bed 14 may counter 
balance the biasing element. Alternatively or additionally, 
the fabrication piston 34 may be in connnunication with a 
controller of the SLM system 10 and configured to advance 
in the direction of the arrow 36 in response to a control 
signal from the controller specifying an advancement dis
tance and/or rate configured to facilitate forming a layer of 
powder 22 of a predetermined thickness on the fabrication 
powder bed 14 and a resulting layer of the component 30. 
[0053] The SLM system 10 may have a variety of param
eters (e.g., operating parameters) configurable to obtain 
different values of one or more parameter objectives for the 
components 30 (e.g., objectives for parameters of the com
ponents 30). Example configurable parameters of the SLM 
system 10 may include, but are not limited to, parameters 
related to the laser 16, system operation parameters, and/or 
other suitable parameters. Example adjustable parameters 
relating to the laser 16 may include, but are not limited to, 
infill/core parameters (e.g., scan strategy, power, speed, 
spacing, beam diameter, beam offset, alternating angle, etc.), 
contour/boundary parameters (e.g., down/up skin power, 
down/up skin speed, thickness, beam offset, corridor, power, 
speed, etc.), support structure parameters (e.g., power, 
speed, etc.), and/or other suitable adjustable parameters 
relating to the laser 16. Example adjustable parameters 
relating to the system operations parameters include, but are 
not limited to, layer thickness parameters, gas flow param
eters, build plate temperature parameters, scaling factor 
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parameters, and/or other suitable adjustable parameters 
relating to the system operation. 

[0054] The parameter objectives for the components 30 
may include, among other types of parameters, mechanical 
property parameters, physical property parameters, and met
allurgical properties. Example mechanical properties of the 
components 30 may include, but are not limited to, ultimate 
tensile strength, yield strength, strains, fatigue life, hardness, 
surface roughness, etc. Example, physical property param
eters may include, but are not limited to, density, elastic 
modulus, etc. Example metallurgical property parameters 
may include, but are not limited to, features of crystal 
structure, grain size and morphology, etc. 

[0055] FIG. 3 depicts a method 200 of using an illustrative 
SLM system (e.g., the SLM system 10 and/or other suitable 
SLM system). The method 200 may include creating 202 a 
3D design of a geometry using CAD software and creating 
or providing 204 a file with the 3D design of the geometry. 
Once the 3D geometry has been created in a file, the 3D 
geometry may be sliced 206 and stored in the file or in a new 
file, where each slice of the 3D geometry may be used to 
map out laser positioning for a layer of a component formed 
from the 3D geometry. Once the 3D geometry has been 
sliced, a file containing the sliced 3D geometry may be 
inputted 208 to the SLM system for use in creating a 
component based on the 3D geometry. Alternatively, the 3D 
geometry may be sliced in the SLM system after a file 
containing the 3D geometry is provided to or formed in the 
SLM system. In some cases, the file provided to the SLM 
system may include one or more operating parameters for 
the SLM system. Additionally or alternatively, one or more 
operating parameters for the SLM system may be set at the 
SLM system ( e.g., at a user interface of a controller of the 
SLM system and/or at one or more other suitable locations). 

[0056] Once a file or data containing the sliced 3D geom
etry is located at the SLM system, a layer of powder ( e.g., 
the powder 22 and/or other suitable powder) may be coated 
210 on a fabrication powder bed (e.g., the fabrication 
powder bed 14 and/or other suitable powder bed) for pro
cessing based on operating parameters for the SLM system. 
In one example, the operating parameters in the file con
taining the sliced 3D geometry and/or as set at or by the 
SLM system may specify a value for a layer thickness, a 
value for a laser speed/velocity, a value for a laser power, 
and a value for a laser hatching ( e.g., row spacing for 
consecutive rows of the laser) and/or other suitable operat
ing parameters. Once the layer has been coated on the 
fabrication powder bed, a laser beam ( e.g., the laser beam 32 
and/or other suitable laser beam) from a laser ( e.g., the laser 
16 and/or other suitable laser) may be applied 212 to the 
layer of material on the fabrication powder bed to form a 
layer of the component based on the map created by a slice 
of the 3D geometry and the operating parameters in the file 
containing the sliced 3D geometry and/or as set at the SLM 
system. 

[0057] After the laser has been applied to the layer of 
material according to the slice of the 3D geometry and the 
operating parameters, the SLM system may determine 214 
if the component is completed. If the component is not 
completed, the method 200 may include coating 210 another 
layer of material and the laser may be applied 212 to form 
the next layer of the component using the next sequential 
slice of the 3D geometry as a map. This process repeats until 
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all of the slices of the 3D geometry have been addressed and 
the component is complete 216. 

[0058] Additive manufacturing techniques and SLM tech
niques, in particular, require operating parameters for the 
additive manufacturing system that have values which are 
dependent on material to be used for forming a component 
and parameter objectives for the formed component. For 
example, in SLM systems, parameter values for the laser 
may depend on a type of material to be used to form a 
component and particular parameter objectives for the com
ponent. Such parameter values for the laser include, but are 
not limited to, values for laser power, laser velocity, and 
hatch spacing of the laser (e.g., spacing between lines of the 
laser). 
[0059] When a component is to be made from a single 
material, setting values for operating parameters of the 
additive manufacturing system may be relatively straight 
forward as it is necessary to only consider how a single 
material will be affected by different values or sets of values 
of operating parameters for the additive manufacturing 
system. However, when two or more materials are used by 
an additive manufacturing system to form multi-material 
components having predetermined values for component 
parameter objectives, it may be difficult to determine values 
of operating parameters for the additive manufacturing 
system to achieve predetermined values for the parameter 
objectives of the end-component due to, among other com
plications, mixing of materials at interfaces between two or 
more materials and the various operating parameters 
required ( e.g., that change) along the interfaces between two 
or more materials to achieve the desired values of the 
parameter objectives. For example, when making a compo
nent of two or more materials with a SLM system, graded 
interfaces ( e.g., a gradient, as discussed in greater detail 
below) bond heterogeneous materials together and due to the 
composition of the graded interface gradually changing with 
respect to location, any given point on the graded interface 
may require a unique set of laser parameters ( e.g., the laser 
parameters may change as a function of the composition of 
the graded interface) to achieve predetermined values for 
component parameter objectives (e.g., based on levels of 
bonding between the heterogeneous materials). 
[0060] Predetermined values of component parameter 
objectives may be any desired values. In one example, the 
predetermined values of component parameter objectives 
may be desired set values (e.g., inputted into the additive 
manufacturing system or obtained from a database of or in 
communication with the additive manufacturing system) for 
one or more component parameter objectives. Alternatively 
or in addition, one or more predetermined values of com
ponent parameter objectives may be optimized values given 
a set of one or more component parameter objectives to 
consider when producing the component. For example, if 
surface roughness and material density operating parameters 
of the component are to be considered, values of operating 
parameters for the additive manufacturing system may be set 
to achieve a component with a best possible combination of 
surface roughness and material density. 
[0061] As more materials are used to form the multi
material component, as more values of operating parameters 
are to be determined, and/or as more parameter objectives of 
the end-component are considered, establishing values of 
operating parameters becomes computationally too complex 
for a user to determine without a computing device. As 
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discussed in greater detail below, a technique is provided for 
establishing values of operating parameter values for addi
tive manufacturing systems ( e.g., SLM systems) based, at 
least in part, on knowing the materials to be used in forming 
a multi-material component with the additive manufacturing 
system to form a component having predetermined values 
for one or more component parameter objectives. The tech
niques discussed herein may be used by additive manufac
turing systems to improve the precision with which a 
multi-material component may be made therefrom. 
[0062] FIG. 4 depicts a schematic box diagram of an 
illustrative additive manufacturing system 40 (e.g., an SLM 
system and/or other suitable additive manufacturing system) 
configured to form a multi-material component having pre
determined values of end-component parameter objectives. 
In some cases, the additive manufacturing system 40 may 
include a controller 42 ( e.g., a computing device) configured 
to establish values 44 for operating parameters of the 
additive manufacturing system 40. Further, the controller 42, 
in some cases, may be configured to control the operation of 
the additive manufacturing system 40 by establishing con
trol signals 46 for setting values for operating parameters 
and/or forming a multi-material component based on estab
lished values for the operating parameters and then, sending 
out or otherwise outputting these control signals to associ
ated components of the additive manufacturing system 40 to 
effect the forming of the multi-material component in com
munication with the SLM system 10. 

[0063] The controller 42 may be any suitable computing 
device configured to process data of or for the additive 
manufacturing system 40. The controller 42 may be a 
component of, or otherwise included in, the additive manu
facturing system 40, as depicted in FIG. 4, and/or the 
controller 42, or a portion of the controller 42, may be a 
component separate from and in communication with the 
additive manufacturing system 40. In some cases, the con
troller 42 may communicate with a remote server and/or 
may be included in a remote server. When the controller 42, 
or at least a part of the controller 42, is a component separate 
from a structure of the additive manufacturing system 40, 
the controller 42 may communicate with electronic compo
nents of the additive manufacturing system 40 over one or 
more wired or wireless connections or networks ( e.g., local 
area networks (e.g., LAN) and/or wide area networks 
(WAN)). 
[0064] The illustrative controller 42 may include, among 
other suitable components, one or more processors 48, 
memory 50, and/or an I/O unit 52. Example other suitable 
components of the controller 42 that are not depicted in FIG. 
4 may include, but are not limited to, communication 
components, a user interface, a touch screen, a display 
screen, selectable buttons, a housing, and/or other suitable 
components of a controller. As discussed above, one or more 
components of the controller 42 may be separate from the 
additive manufacturing system 40 and/or incorporated into 
the additive manufacturing system 40, as depicted in FIG. 4. 

[0065] The processor 48 of the controller 42 may include 
a single processor or more than one processor working 
individually or with one another. The processor 48 may be 
configured to execute instructions, including instructions 
that may be loaded into the memory 50 and/or other suitable 
memory. Example components of the processor 48 may 
include, but are not limited to, microprocessors, microcon
trollers, multi-core processors, graphical processing units, 
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digital signal processors, application specific integrated cir
cuits (ASICs), field progrannnable gate arrays (FPGAs), 
discrete circuitry, and/or other suitable types of data pro
cessing devices. 

[0066] The memory 50 of the controller 42 may include a 
single memory component or more than one memory com
ponent each working individually or with one another. 
Example types of memory 50 may include random access 
memory (RAM), EEPROM, FLASH, suitable volatile stor
age devices, suitable non-volatile storage devices, persistent 
memory (e.g., read only memory (ROM), hard drive, Flash 
memory, optical disc memory, and/or other suitable persis
tent memory) and/or other suitable types of memory. The 
memory 50 may be or may include a non-transitory com
puter readable medium. The memory may include instruc
tions executable by the processor 48 to cause the processor 
to perform one or more of the methods and/or techniques 
described herein. 

[0067] The I/0 units 52 of the controller 42 may include 
a single I/0 component or more than one I/0 component 
each working individually or with one another. Example I/0 
units 52 may be or may include any suitable types of 
communication hardware and/or software including, but not 
limited to, communication ports configured to communicate 
with electronic components of the additive manufacturing 
system 40, and/or configured other suitable computing 
devices or systems. Example types of I/0 units 52 may 
include wired ports, wireless ports, radio frequency (RF) 
ports, Low-Energy Bluetooth ports, Bluetooth ports, Near
Field Communication (NFC) ports, HDMI ports, WiFi ports, 
Ethernet ports, VGA ports, serial ports, parallel ports, com
ponent video ports, S-video ports, composite audio/video 
ports, DVI ports, USB ports, optical ports, and/or other 
suitable ports. 

[0068] The controller 42 may be configured to establish 
operating parameter values for the additive manufacturing 
system 40 to form, at least in part, the multi-material 
component using two or more materials ( e.g., a first mate
rial, a second material, an Nth material, etc.). To facilitate 
establishing the operating parameter values for the additive 
manufacturing system 40, the controller 42 may have, may 
be configured to determine, and/or may be configured to 
receive a model 54 of a first material to be used in the 
multi-material component, a model 56 of a second material 
to be used in the multi-material component, and models of 
materials through a model 58 of an Nth material to be used 
in the multi-material component. The models 54, 56, 58 may 
be configured to output parameter values (e.g., values of 
operating parameters) of the additive manufacturing system 
40 based on one or more parameter objectives for a com
ponent formed with a material associated with the model. 
Further, the controller 42 may be configured to receive data 
60 (e.g., observed data) from a plurality of multi-material 
sample components formed from the first material, the 
second material, and through the Nth material. Based on the 
models 54, 56, 58 of the materials to be used to form the 
multi-material component and the data from the multi
material sample components, the controller may determine 
one or more operating parameter values 44 and, optionally, 
send out control signals 46 setting values for operating 
parameters and/or for forming the multi-material component 
using the determined values of the operating parameters of 
the additive manufacturing system 40. The models 54, 56, 
58 of the materials used to form the multi-material compo-
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nent may be stored at any suitable location including, but not 
limited to, the memory 50 and/or a remote server. Although 
FIG. 4 depicts the models 54, 56, 58 of the materials used 
to form the multi-material component as being inputted into 
or received by the controller 42, the controller 42 may be 
configured to develop models 54, 56, 58 from data obtained 
from components (e.g., samples) made with a material (e.g., 
components made with a single material and/or multi
material components at a location formed with only the 
single material) for which the model 54, 56, 58 is being 
developed. Additionally or alternatively, one or more com
puting devices other than the controller 42 may be utilized 
to develop the models 54, 56, 58 and once developed, the 
models may be provided to the controller 42. The data used 
to form the models 54, 56, 58 may be stored in the memory 
50 of the controller 42, at a remote server, and/or at one or 
more other suitable locations in communication with the 
controller 42. In some cases, the data usable to form the 
models 54, 56, 58 may be directly used by the controller 42, 
rather than or in addition to, using the models. 
[0069] The data used to form the model (e.g., models 54, 
56, 58) of a material may include any suitable data for 
modeling a material to produce a component using the 
additive manufacturing system 40. In one example, the data 
used to form a model of a material may include, but is not 
limited to, data from one or more components formed from 
the material and formed using an additive manufacturing 
system, where data from a component may include, among 
other suitable data, the material of the component, values of 
one or more operating parameters used to form the compo
nent and for which the model is to be formed, and values for 
one or more parameter objectives of the component formed 
using the values of the one or more operating parameters. 
Data to form a model for a component formed from a 
particular material may be relatively simple to obtain when 
compared to obtaining data from a multi-material compo
nent, as single-material components historically have been 
simpler to form using additive manufacturing techniques 
than multi-material components. 
[0070] A model ( e.g., the models 54, 56, 58) of a material 
may be developed based on the data from one or more 
components formed from the material and formed using an 
additive manufacturing system with any suitable model 
development techniques. In some case, the model of the 
material may be formed using data from a plurality of 
components formed from the material and from the additive 
manufacturing system using a regression analysis and/or 
other suitable model development techniques. In one 
example, the data from the one or more components may be 
inputted into a computing device and software may be 
configured to develop a model that fits to the data. 
[0071] A number of components from which data is to be 
obtained to form a model of material may vary based on a 
desired accuracy of the model. In one example, using more 
components from which the data may be obtained, may 
result in a more accurate model. Example numbers of 
components from which data may be obtained to form a 
model of material may include ten (10) components, twenty 
(20) components, thirty (30) components, fifty (50) compo
nents, and/or other suitable numbers of components. 
[0072] In some cases, different models may be developed 
for each set of operating parameters for the additive manu
facturing system 40 and/or different models may be devel
oped for each set of parameter objectives for a component 
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formed with the additive manufacturing system 40. Alter
natively or in addition, a master model may be developed or 
utilized for a particular material taking into account all 
possible operating parameters for the additive manufactur
ing system 40 and/or all of the parameter objectives for a 
formed component using the particular material. 
[0073] In an example model for when a material density 
and surface roughness are important parameter objectives 
for a component made of copper by the additive manufac
turing system 40, the model may be configured to model 
how different parameter values of the additive manufactur
ing system 40 change values of the material density and 
material roughness of copper components formed with the 
additive manufacturing system 40. Further, the model in the 
example may be configured to output a parameter value or 
a set of parameter values of the additive manufacturing 
system 40 that are configured to achieve a particular or 
desired value of one or both of the material density and the 
material roughness. For instances, parameter values may be 
determined to achieve an optimal or otherwise a desired 
combination of material density and material toughness. As 
such, data to create the model in the example may be taken 
from sample copper components and for each component, 
have a set of operating parameters for the additive manu
facturing system 40 that were used to form the sample 
copper component and resulting values from the sample 
copper components for the one or more parameter objec
tives. 
[0074] The data 60 from a plurality of multi-material 
sample components may be stored at any suitable location 
including, but not limited to, the memory 50, a remote 
server, and/or one or more other suitable locations in com
munication with the controller. In some cases, a user may 
enter the data directly into ( e.g., into a database of) the 
additive manufacturing system 40 (e.g., the controller 42 
and/or other suitable component of the additive manufac
turing system 40) and/or the controller 42 may be configured 
to pull the data 60 from a database of a computing device 
(e.g., a database of a remote server or other suitable com
puting device) in communication with the controller 42. 
[0075] The data 60 from a plurality of multi-material 
sample components may be data from multi-material sample 
components having a gradient of a first material and a 
second material. The gradient of the first material and the 
second material may be a mixture of the first material and 
the second material that gradually changes from one hun
dred percent of the first material to one hundred percent of 
the second material. For each sample component having the 
gradient of the first material and the second material, data 
may be obtained that includes a set of parameter values used 
by the additive manufacturing system 40 to form the sample 
and an associated measured value for each of the one or 
more parameter objectives for the multi-material compo
nent. 
[0076] The measured value for each of the one or more 
parameter objectives for a sample multi-material component 
may be obtained along the gradient of the first material and 
the second material. For example, the measured value for 
each of the one or more parameter objectives may be 
measured or taken along the gradient of the first material and 
the second material in the sample multi-material component 
at a desired gradient mixture location. In some cases, for 
each sample multi-material component of the plurality of 
sample multi-material components, the measured value for 
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each of the one or more parameter objectives may be 
measured or taken along the gradient of the materials at a 
same gradient mixture location. The gradient mixture loca
tion may be defined in any suitable manner including, but 
not limited to, by a distance from a location of a one hundred 
percent concentration of one of the materials forming the 
gradient, by a percent mixture (e.g., by atomic weight, by 
particle number, etc.), and/or by one or more other suitable 
manner of identifying a location along a gradient of two or 
more materials. 

[0077] Data 60 from any suitable number of sample multi
material components having a gradient of the first material 
and the second material may be identified and/or otherwise 
obtained. In some cases, data 60 from a minimum prede
termined number of sample multi-material components may 
be obtained for each set of the one or more parameter 
objectives of multi-material components. In some cases, the 
minimum predetermined number of multi-material compo
nents may be determined as a balance between needing 
enough samples to reduce errors in producing parameter 
values for the additive manufacturing system 40 to form a 
multi-material component having desirable values of param
eter objectives and the difficulty in creating multi-material 
components usable as sample components. Example mini
mum predetermined numbers of multi-material components 
may be at least one (1 ), at least two (2), at least three (3), at 
least four ( 4), at least five ( 5), at least six ( 6), at least ten (10) 
or more sample multi-material components having a gradi
ent of the first material and the second material. In one 
example, the minimum predetermined number of sample 
multi-material components may be at least five (5) sample 
multi-material components to determine parameter values 
for the additive manufacturing system 40 that facilitate 
creating a multi-material component having predetermined 
values for the parameter objectives. In an example in which 
stainless steel 316L and copper are the two materials used to 
form multi-material components, it has been found that 
using data from five (5) sample multi-material components 
formed from stainless steel 316L and copper as the data 60 
may be sufficient to produce parameter values for the 
additive manufacturing system 40 that may result in forming 
a stainless steel 316L and copper multi-material component 
having desired values of parameter objectives that are within 
an acceptable level of accuracy ( e.g., have a low error rate). 

[0078] In an example of establishing operating parameter 
values for the additive manufacturing system to form, at 
least in part, a multi-material component using copper and 
stainless steel 316L and having predetermined and/or 
desired values for material roughness and material density 
parameter objectives, the controller 42 may be configured to 
identify the model of the copper, identify the model of the 
stainless steel 316L, identify the data from sample compo
nents having a gradient of the copper and the stainless steel 
316L that includes operating parameter values and associ
ated values of material roughness and material density for 
each sample, and then, establish operating parameter values 
for the additive manufacturing system 40 to form, at least in 
part, the multi-material having a gradient of copper and 
stainless steel 316L. In some cases, the formed multi
material component may have the predetermined and/or 
desired values for material roughs and material density at a 
location along a gradient of the copper and the stainless steel 
316L (e.g., at a gradient mixture location common to the 
gradient mixture location at which the data was obtained). 



US 2021/0260829 Al 

[0079] A model may be configured to output parameter 
values ( e.g., values of operating parameters) for the additive 
manufacturing system 40 based on values of one or more 
parameter objectives for a multi-material component formed 
using the outputted parameter values. The model may be a 
model of the gradient of two or more materials. The model 
may be based on a model of each of the two or more 
materials (e.g., models 54, 56, 58 and/or other suitable 
models) and data 60 from a plurality of sample multi
material components formed from the two or more materials 
and including measured values of the one or more parameter 
objectives that are to be used for the multi-material compo
nent formed using the outputted parameter values. 
[0080] In some cases, a different model of the multi
material component having the gradient of the two or more 
materials may be developed for each set of operating param
eters for the additive manufacturing system 40 and/or a 
different model of the multi-material component having the 
gradient of the two or more materials may be developed for 
each set of parameter objectives for a component formed 
with the additive manufacturing system 40. Alternatively or 
in addition, a master model of the multi-material component 
having the gradient of the two or more materials may be 
developed or utilized for a particular set of two or more 
materials taking into account all possible operating param
eters for the additive manufacturing system 40 and/or all of 
the parameter objects for a formed component using the 
particular material. 
[0081] The model (e.g., the master model and/or other 
suitable model) of the multi-material component having the 
gradient of the two or more materials, when utilized, may be 
developed in any suitable manner. In some cases, a Gaussian 
Process may be used to develop the model. In one example, 
the models 54, 56, 58 of the material forming the multi
material component may be modeled in a defined a-D (a is 
the dimension of space) using the following signal decom
position: 

R;(s)~h;(sfi3;+f;Cs)+E;(s),iEI (1) 

where h,(s)=[h,i(s), h,is), ... , h,v(s)] is a fixed set of 
regression functions with regression'. parameters ~,=[~, 1 , 

~, 2 , ••• , ~, vf, f,(s) represents a mean zero Gaussian 
Process (GP), 'and E,(s) represents measurement noise with 
zero mean and aE2 variance. Here sEDcR"' represents a 
location over a bounded study region D in a multi-dimen
sional parameter space. 
[0082] One principle of the model of the multi-material 
component having the gradient of the two or more materials 
may be to use information from the models 54, 56, 58 ( e.g., 
training models or training data) and the data 60 (e.g., 
process parameter observations from a target signal r) to 
make accurate predictions of how operating parameters of 
the additive manufacturing system 40 will affect values of 
parameter objectives. To achieve accurate predictions, a 
shared representation of all material properties ( e.g., a 
shared representation of the models 54, 56, 58) may be 
defined as: 

R(s) = (2) 

r1 (s) h1(sl /31 Ji (s) Ej (s) 

hN(sl /3N 
+ + = h(sl /3 + f(s) + c(s) 

rN(s) fN(s) EN(s) 

Rr(s) hr(sl /3r fr(s) Er(s) 
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where h(s)=diag[h1 (s), ... , hN (s), hr (s)], and~=[~/, ... 
, ~Nr, ~rr]r. The stochastic term f (s) is a mean zero 
Multi-variate Gaussian Process (MGP) with covariance 
cov,/(s,s')=cov,/f,(s), f,(s')) that characterizes the inherent 
variability and stochastic deviations in process property, 
both within a material and across different materials. One 
feature provided by equation (2) may be that all or substan
tially all historical observations from training input (e.g., 
models 54, 56, 58 of single materials and/or data associated 
therewith) and limited observations from target material 
(e.g., data 60 from a plurality of sample multi-material 
components) to make predictions for the entire span of target 
material properties (e.g., parameter objectives of the multi
material component). Based on eq. (2), predictions of target 
material properties for the target material (e.g., the multi
material component formed by the additive manufacturing 
system 40) at any new input point in space s are a weighted 
combination of all historical observations and the target 
signal observations (e.g., the data 60 and/or other suitable 
observations). This weighted combination is characterized 
by a flexible covariance function cov,/(f,(s), f/s')), an 
additive noise term E(s), and a material-specific mean 
function h(sf~-

[0083] The function f (s) may use a convolution processes 
(CP) to borrow information from the historical observations 
from the training input (e.g., models 54, 56, 58 and/or data 
associated therewith) and account for non-trivial common
alities in the data. This construction enables a highly flexible 
covariance structure that can handle heterogeneity in 
observed operating parameters for the additive manufactur
ing system 40. More specifically, multiple independent 
Gaussian white noise processes {Xm(s): mEI} may be 
shared between the model or function f r(s) for the multi
material component and functions or models 54, 56, 58 of 
materials used to form the multi-material component in a 
historical database {f,(s): iEIH} (e.g., stored in the control
ler 42, a remote server, and/or at one or more other suitable 
computing devices) Since latent functions are drawn from a 
GP, and if the latent functions are shared across all models 
54, 56, 58 of materials used to form the multi-material 
components, then all models 54, 56, 58 can be expressed as 
a jointly distributed GP (e.g., the master model of the 
materials used to form the multi-material component). More 
specifically, outputs {R,(s):iEI} may be constructed as fol
lows: 

Rr(s)~hrC, f l>r + f r(s)+Er(s )~hr(s)Tl>r +Lmdmr(s)* xm 
(s)+Er(s) 

R;(s)~h;(s)+i3;+f;Cs)+E;(s)~h;(sfi3;+k;;(s)*X;(s)+E;(s), 

;g(J-f 

(3) 

(4) 

where * defines a kernel convolution km,(s )*Xm( s )=J_= +=km, 
(s-u)Xm (u)du, k,,'s are the kernels connecting latent func
tion X, to output R,, and k,/s are the kernels connecting the 
latent function X, to Rr. 

[0084] As shown in FIG. 5 structure 70 of model or 
function (e.g., an algorithm), f" 72 for establishing operat
ing parameter values for the additive manufacturing system 
40 to form, at least in part, the multi-material component 
having predetermined values of each of one or more param
eter objectives for the formed multi-material component 
may be quite flexible. The structure 70 may allow the model 
or function, f" 72 to possess unique properties encoded in 
Xr ( e.g., observed data 60) and Km and shared features with 
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trammg materials ( e.g., data for models 54, 56, 58 of 
materials forming the multi-material component) are 
encoded in X, (e.g., X, may be data for a first material and 
f 1 may be the model based on the data for the first material, 
X, may be data for an ith material and f, may be the model 
based on the data for the ith material, and XN may be data for 
an N th material and f N may be the model for the N th material) 
and k," iEIH, where X, may be used to predict parameter 
values of the additive manufacturing system 40 to form a 
single-material component having predetermined values of 
one or more parameter objectives. In addition, the structure 
may allow the information from the same latent function to 
be shared through different smoothing kernels (K,r vs. k,,). 
As a result, the model or function 72 may have the ability to 
use useful knowledge from training inputs and observations 
through the different covariance parameters, resulting in a 
curve that may be used to predict operating parameters for 
the additive manufacturing system 40 to form a multi
material component having predetermined values of one or 
more parameter objectives. 
[0085] Models (e.g., algorithms or functions) specific to a 
gradient mixture location may be developed according to the 
techniques discussed herein to establish operating param
eters at each desired gradient mixture location in view 
parameter objectives for the multi-material components. In 
some cases, such models for each desired gradient mixture 
location may be combined to form a combined model 
configured to establish operating parameters at any desired 
gradient mixture location. 
[0086] FIG. 6 depicts a schematic flow diagram of an 
illustrative method 300 for establishing values of operating 
parameters for an additive manufacturing system ( e.g., the 
additive manufacturing system 40 and/or other suitable 
additive manufacturing system). The method 300 may 
include receiving and/or accepting 302 a selection of a first 
material and receiving or accepting 304 a selection of a 
second material. In some cases, a user interface of the 
additive manufacturing system may be configured to receive 
selections of materials for use in forming a multi-material 
component and a controller (e.g., the controller 42 and/or 
other suitable controller) may receive and/or accept those 
selections of the first and second materials. Although 
method 300 discloses two selections, it is contemplated that 
a selection of a set of materials including the first material 
and the second material may be a selection of a first material 
and a selection of a second material that are received and/or 
accepted by the controller. At the time of receiving the 
selection of the materials and/or in addition to receiving the 
selection of the materials, a selection of one or more 
objective parameters for the multi-material component may 
be received (e.g., at the controller and/or at a user interface 
of the additive manufacturing system). 
[0087] In response to receiving the selections of the first 
and second materials, the controller may be configured to 
identify models ( e.g., obtain models or develop models from 
historical data) of the first and second materials ( e.g., models 
54, 56 and/or other suitable models). The models may be 
stored at the controller, at one or more other suitable storage 
locations of the additive manufacturing system, at a remote 
server, and/or at one or more other computing devices. 
[0088] Further, in response to receiving the selections of 
the materials, the controller may be configured to identify or 
otherwise obtain data (e.g., the data 60 and/or other suitable 
data) from sample multi-material components made with the 
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selected materials. In some cases, this data may be obtained 
from a database in the controller, a database at any other 
suitable location in the additive manufacturing system, a 
database at a remote server, and/or a database at or of one or 
more other suitable computing devices. Alternatively or in 
addition, the controller may request a user to enter data from 
sample multi-material components made with the selected 
materials. 

[0089] The method 300 may further include identifying or 
establishing 306 one or more operating parameter values for 
the additive manufacturing system based on the first material 
and the second material. In one example, the controller may 
be configured to identify or establish the one or more 
operating parameters based on the first material, the second 
material, and the one or more parameter objectives for a 
formed component, where the operating parameter values 
may be configured to produce a multi-material component 
having predetermined values of the one or more parameter 
objectives, in the manners discussed herein. In another 
example, the controller may be configured to identify or 
establish the one or more operating parameter values for the 
additive manufacturing system based on the model of the 
first material selected, the model of the second material 
selected, the one or more objective parameters and/or the 
data obtained from sample multi-material components made 
with the first and second materials, where the operating 
parameter values are configured to produce a multi-material 
component having predetermined values of the one or more 
parameter objectives, in the manners discussed herein. Once 
the operating parameter values have been determined, one or 
more control signals may be outputted from the controller to 
control 308 operation of the additive manufacturing system 
according to the operating parameter values. 

[0090] FIGS. 7-9 schematically illustrate an example uti
lizing the methods and techniques described herein to form 
a multi-material component from stainless steel 316L 
(SS316L) and copper (Cu) having been configured for a 
desired material density and a desired material roughness, in 
view of one another, using an SLM system. FIG. 7 sche
matically depicts a multi-material component 80 formed 
from stainless steel 316L and copper and having a gradient 
of stainless steel 316L and copper, which is shown sche
matically in graph 82. FIG. 8 depicts a chart 84 of predicted 
values 90 for operating parameters 86 of the SLM system by 
material composition 88 for forming the multi-material 
component 80. FIG. 9 depicts a graph 92 showing the 
predicted values 90 chart 84 in FIG. 8 with respect to one 
another as the composition of the multi-material component 
80 in FIG. 7 changes along the gradient of stainless steel 
316L and copper. 

[0091] As depicted in FIG. 7, the multi-material compo
nent 80 may have a gradient 81 of stainless steel and copper. 
The graph 82 depicts a distance in percent of a total distance 
or length of the multi-material component 80 on an x-axis 
and an atomic weight by percentage on the y-axis. As is 
shown in the graph 82, the material composition of the 
multi-material component changes as a function of a loca
tion along the gradient 81 or as a function along a distance 
of the multi-material component 80. For example, at 25% of 
a distance of the multi-material component 80, the mixture 
composition by atomic weight may be 0.75% stainless steel 
316L and 0.25% copper ( e.g., where one or both of a percent 
of a distance of the multi-material component 80 and the 
mixture composition may be examples of a gradient mixture 
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location), at 50% of a distance of the multi-material com
ponent 80, the mixture composition by atomic weight may 
be 0.50% stainless steel 316L and 0.50% copper, and at 75% 
of a distance of the multi-material component 80, the 
mixture composition by atomic weight may be 0.25% stain
less steel 316L and 0.75% copper. 

[0092] As depicted in FIG. 8, values for operating param
eters of a laser ( e.g., power (watts, W), velocity (millimeters 
per second, mm/sec), and hatch spacing (mm)) may be 
determined for gradient mixture locations along the gradient 
of stainless steel 316L and copper based on desired param
eter objectives of density (kilograms per meter (kg/m3

), 

surface roughness Sa (micrometer (µm), and Surface rough
ness Wa (µm). The values for operating parameters of the 
laser when the multi-material component is 100% stainless 
steel 316L or 100% copper may be determined based on 
observed data and/or a model of the stainless steel 316L or 
on observed data and/or a model of the copper, respectively, 
and desired material density and desired surface roughness 
in view of one another ( e.g., maximizing material density of 
the multi-material component and minimizing material 
roughness of the multi-material component in view of one 
another). The values for laser parameters to form the 100% 
stainless steel 316L portion of the multi-material component 
are 120 W, 800 mm/sec, and 0.11 mm to achieve material 
density of7889 kg/mg, surface roughness Sa of7.2 µm, and 
surface roughness Wa of 14.0 µm. The values for laser 
parameters to form the 100% cooper portion of the multi
material component are 370 W, 400 mm/sec, and 0.07 mm 
to achieve material density of 8706 kg/mg, surface rough
ness Sa of 7.9 µm, and surface roughness Wa of 10.4 µm. 

[0093] The predicted values for the power, velocity, and 
hatch spacing of the laser may be based on the model of the 
stainless steel 316L, the model of the copper, and observed 
data from five sample multi-material components formed 
from stainless steel 316L and copper at each of the noted 
material compositions ( e.g., gradient mixture locations) for 
desired values of material density, surface roughness Sa, and 
surface roughness Wa at each of the noted material compo
sitions of the multi-material component formed using the 
predicted values of parameter objectives. As shown in the 
chart 84, the predicted values 90 for a material composition 
of 75% SS316L and 25% Cu are 120 W, 800 mm/sec, and 
0.11 mm to achieve material density of7783 kg/mg, surface 
roughness Sa of 6.9 µm, and surface roughness Wa of 8.2 
µm. The predicted values 90 for a material composition of 
50% SS316L and 50% Cu are 195 W, 940 mm/sec, and 0.09 
mm to achieve material density of 8299 kg/mg, surface 
roughness Sa of 6.1 µm, and surface roughness Wa of 11.6 
µm. The predicted values 90 for a material composition of 
25% SS316L and 75% Cu are 195 W, 1083 mm/sec, and 
0.07 mm to achieve material density of7783 kg/mg, surface 
roughness Sa of 6.2 µm, and surface roughness Wa of 12.0 
µm. A model for establishing operating parameters of an 
additive manufacturing system for forming multi-material 
components and developed in the manner discussed herein 
and based on the structure 70 depicted in FIG. 5 was used 
to determine the predicted values 90 for the operating 
parameters of the SLM system in the chart 84 of FIG. 8, but 
other suitable models are contemplated. 

[0094] As can be seen from the chart 84 and the graph 92 
in FIG. 9, if one were to interpolate values for operating 
parameters ( e.g., power 94, velocity 96, and hatch spacing 
98, in FIG. 9) at different gradient mixture locations along 
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the gradient of the multi-material component 80 based on 
observed values of operating parameters at 100% stainless 
steel 316L and 100% copper, significant error would be 
introduced into the result multi-material component. That is, 
the values for the operating parameters do not appear to 
change linearly with changes in compositions along the 
gradient. As such, using the techniques disclosed herein to 
predict values of operating parameters at gradient mixture 
locations may facilitate forming multi-material components 
that have values of parameter objectives that are closer to 
desired, predetermined or optimized, values of parameter 
objectives than if interpolation is used to determine values of 
operating parameters of the SLM system. 
[0095] Those skilled in the art will recognize that the 
present disclosure may be manifested in a variety of forms 
other than the specific embodiments described and contem
plated herein. Accordingly, departure in form and detail may 
be made without departing from the scope and spirit of the 
present disclosure as described in the appended claims. 

What is claimed is: 
1. A method of controlling an additive manufacturing 

system to form a multi-material component, the method 
comprising: 

identifying a model of a first material, the model of the 
first material is configured to output parameter values 
of the additive manufacturing system based on one or 
more parameter objectives for a component formed 
with the first material; 

identifying a model of a second material, the model of the 
second material is configured to output parameter val
ues of the additive manufacturing system based on one 
or more parameter objectives for a component formed 
with the second material; 

identifying observed data from a plurality of samples 
having a gradient of the first material and the second 
material, wherein for each sample of the plurality of 
samples, the observed data includes a set of parameter 
values used by the additive manufacturing system to 
form the sample and an associated measured value for 
each of one or more parameter objectives for the 
multi-material component; and 

establishing operating parameter values for the additive 
manufacturing system to form, at least in part, the 
multi-material component using the first material and 
the second material based on the model of the first 
material, the model of the second material, and the 
observed data, and 

wherein the operating parameter values are configured to 
result in the multi-material component having prede
termined values of at least one of the one or more 
parameter objectives for the multi-material component. 

2. The method of claim 1, further comprising: 
identifying a model of multi-material components having 

the gradient of the first material and the second material 
for determining operating parameter values of the addi
tive manufacturing system based on the one or more 
parameter objectives for the multi-material component, 
the model of the multi-material components having the 
gradient of the first material and the second material is 
based on the model of the first material, the model of 
the second material, and the observed data. 

3. The method of claim 2, wherein the operating param
eter values for the additive manufacturing system are output 
from the model of the multi-material components having the 
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gradient of the first material and the second material based 
on the predetermined values of each of the one or more 
parameter objectives for the multi-material component. 

4. The method of claim 1, wherein the samples of the 
plurality of samples are formed using the additive manufac
turing system. 

5. The method of claim 1, wherein the operating param
eter values of the additive manufacturing system include 
values of one or more of a laser power, a laser velocity, and 
a laser hatch. 

6. The method of claim 1, wherein the one or more 
parameter objectives for one or more of the component 
formed with the first material, the component formed with 
the second material, and the multi-material component 
include one or both of density and surface roughness. 

7. The method of claim 1, wherein: 
the one or more parameter objectives for the component 

formed with the first material is one of: 1) one or more 
parameter objectives for a component formed with only 
the first material and 2) one or more parameter objec
tives for a multi-material component at a location of the 
multi-material component formed with only the first 
material; and 

the one or more parameter objectives for the component 
formed with the second material is one of: 1) one or 
more parameter objectives for a component formed 
with only the second material and 2) one or more 
parameter objectives for a multi-material component at 
a location of the multi-material component formed with 
only the second material. 

8. The method of claim 1, wherein the observed data from 
the plurality of samples having a gradient of the first material 
and the second material and are taken along the gradient of 
the first material and the second material in the multi
material component at a same gradient mixture location of 
each sample of the plurality of samples. 

9. The method of claim 8, wherein the predetermined 
values of each of the one or more parameter objectives for 
the multi-material component occur at a gradient mixture 
location of the multi-material component that is the same as 
the gradient mixture location at which observed data is taken 
from the plurality of samples. 

10. The method of claim 1, wherein the plurality of 
samples includes five (5) or more samples having the 
gradient of the first material and the second material. 

11. A computer readable medium having stored thereon in 
a non-transitory state a program code for use by a computing 
device, the program code causing the computing device to 
execute a method of operating an additive manufacturing 
system comprising: 

receiving a selection of a first material; 
receiving a selection of a second material; 
establishing operating parameter values for the additive 

manufacturing system based on the first material and 
the second material; and 

wherein the operating parameter values are configured to 
cause the additive manufacturing system to form, at 
least in part, a component using the first material and 
the second material and having a gradient of the first 
material and the second material. 

12. The computer readable medium of claim 11, wherein 
the method further comprises: 

receiving a selection of one or more objectives for param
eters of the component; and 
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wherein the establishing operating parameter values for 
the additive manufacturing system is based on the first 
material, the second material, and the one or more 
objectives for parameters of the component. 

13. The computer readable medium of claim 11, wherein 
the method further comprises: 

developing an algorithm based on the first material and 
the second material; and 

wherein the algorithm is configured to output the operat
ing parameter values. 

14. The computer readable medium of claim 13, wherein 
the algorithm is developed based on the first material, the 
second material, and observed data from a plurality of 
sample components formed using the first material and the 
second material, each sample component of the plurality of 
sample components having a gradient of the first material 
and the second material. 

15. The computer readable medium of claim 14, wherein 
each sample component of the plurality of sample compo
nents was formed using a set of operating parameter values 
of the additive manufacturing system that is different than 
sets of operating parameter values of the additive manufac
turing system used to form the other sample components of 
the plurality of sample components. 

16. The computer readable medium of claim 11, wherein 
the method further comprises: 

outputting a control signal to cause the additive manu
facturing system to form, at least in part, the compo
nent. 

17. A controller of an additive manufacturing system 
comprising: 

a processor; and 
memory configured to store in a non-transitory state 

instructions executable by the processor to cause the 
processor to: 
accept a selection of a first material; 
accept a selection of a second material; 
identify one or more operating parameter values for the 

additive manufacturing system based on the first 
material and the second material; and 

controlling operation of the additive manufacturing 
system according to the one or more operating 
parameter values to form a component using the first 
material and the second material. 

18. The controller of claim 17, wherein the component has 
a gradient of the first material and the second material and 
the one or more operating parameter values are identified 
based on desired values of one or more parameter objectives 
at a gradient mixture location of the gradient of the first 
material and the second material. 

19. The controller of claim 17, wherein the instructions 
executable by the processor are further configured to cause 
the processor to: 

accept observed data associated with a plurality of sample 
components formed using the first material and the 
second material and having a gradient of the first 
material and the second material; and 

develop an algorithm configured to output the one or more 
operating parameter values based on the first material, 
the second material, and the observed data. 

20. The controller of claim 17, wherein a model of the first 
material for determining parameter values of the additive 
manufacturing system based on one or more parameter 
objectives for parameters of the component and a model of 
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the second material for determining parameter values of the 
additive manufacturing system based on the one or more 
parameter objectives are stored in a model database and used 
by the processor to determine the one or more operating 
parameter values in response to selection of the first material 
and the selection of the second material. 

* * * * * 
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