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(57) ABSTRACT 
As may be implemented in accordance with one or more 
approaches herein, a plurality of metal alloy samples are 
formed on a surface, in which each sample has a different 
metal alloy composition relative to the others. Elemental 
metal powders are provided from hoppers at respective 
delivery rates and mixed, such that the mixture for each 
sample is set via the respective delivery rates and is different 
than the mixture for the other samples. Multiple layers of 
each mixture are deposited by dispensing and melting the 
mixture to form the respective samples, and one or more 
layer of each of the samples is remelted 

21 Claims, 3 Drawing Sheets 
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IN SITU ALLOYING 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH AND 

DEVELOPMENT 

This invention was made with government support under 
DE-NE0008678 awarded by the US Department of Energy. 
The government has certain rights in the invention. 

OVERVIEW 

Aspects of the present disclosure are directed to the 
design and implementation of such designs for alloyed 
components. 

Various aspects of the present disclosure are directed to 
addressing challenges to the formation of alloys having 
differing composition, and to the development of such alloys 
as may relate to testing and analysis thereof. For instance, 
development (including testing) and certification of alloys 
can be very time-consuming and expensive. High-entropy 
alloys (HEAs) are one class of alloys that have promising 
properties, which include multiple components, often in 
near-equimolar ratios. However, the vast space of possible 
compositional variants under the HEA definition make syn
thesis, characterization and optimization of compositions 
challenging. 

These and other matters have presented challenges to the 
development of alloys, for a variety of applications. 

SUMMARY 

Various example embodiments are directed to apparatuses 
and methods, which may address various challenges includ
ing those noted above. 

As may be implemented in accordance with one or more 
embodiments, a method includes forming a plurality of 
metal alloy samples on a surface, each sample having a 
metal alloy composition that is different than a metal alloy 
composition of the other samples. The samples are formed 
by, for each sample, supplying elemental metal powders 
from a plurality of hoppers at respective delivery rates, 
mixing the supplied elemental powders to create a mixture, 

2 
that remains unmelted, and a top one of the deposited layers 
is remelted via the energy source to melt the second portion 
of the dispensed materials in the top layer. Layers of a 
second combination of materials are deposited, relative to 
the surface, in which the second combination is different 
than the first combination, as follows. The rate at which at 
least one of the material sources dispenses metal-based 
material is adjusted, a mixture of the second combination of 
materials is supplied from the plurality of material sources 

10 via the adjusted rate, and the mixture of the second combi
nation of materials is conveyed to the deposition tool via the 
metal conduit. The second combination of materials is 
dispensed from the nozzle, the dispensed materials are 
melted via the energy source, and a top one of the deposited 

15 layers is remelted. 
Another embodiment is directed to an apparatus compris

ing a plurality of material sources, a material conduit and a 
deposition too. The material sources are configured to dis
pense metal-based material at a variable rate, and the mate-

20 rial conduit is coupled to the plurality of material sources 
and configured to receive, mix and convey (after mixing) the 
metal-based material dispensed by the plurality of material 
sources. The deposition tool is coupled to receive the mixed 
metal-based material via the material conduit, and includes 

25 control circuitry, a nozzle, and an energy source. The depo
sition tool is programmed and configured with the plurality 
of material sources to deposit layers of a first combination of 
the materials on a substrate surface by: supplying a mixture 
of the first combination of materials from the plurality of 

30 material sources, conveying the mixture to the deposition 
tool via the material conduit, dispensing the first combina
tion of materials from the nozzle, and melting a first portion 
of the dispensed materials via the energy source. In various 
contexts, each resulting layer has a second portion of the 

35 dispensed materials that remains unmelted upon deposition, 
and the deposition tool is progranmied to remelt one or more 
of the deposited layers. 

The above discussion/summary is not intended to describe 
each embodiment or every implementation of the present 

40 disclosure. The figures and detailed description that follow 
also exemplify various embodiments. 

BRIEF DESCRIPTION OF FIGURES 
the mixture for each sample being set via the respective 
delivery rates and being different than the mixture for the 45 

other samples, and depositing multiple layers of the mixture 
Various example embodiments may be more completely 

understood in consideration of the following detailed 
description and in connection with the accompanying draw
ings, in which: 

by dispensing and melting the mixture. A top layer of each 
of the samples is remelted. In some instances, other depos
ited layers are remelted one or more times. 

In accordance with another embodiment, a method is 50 

carried out as follows. Metal-based material is dispensed 
from a plurality of material sources, each source being 
operable to dispense the metal-based material at a variable 
rate. The metal-based material dispensed by the plurality of 
material sources is mixed and conveyed using a material 55 

conduit coupled to the plurality of material sources. A 
deposition tool is coupled to receive the mixed metal-based 
material via the material conduit, the deposition tool having 
control circuitry, a nozzle, and an energy source. The depo
sition tool is used to deposit layers of a first combination of 60 

the materials on a surface by supplying a mixture of the first 
combination of materials from the plurality of material 
sources, conveying the mixture to the deposition tool via the 
material conduit, dispensing the first combination of mate
rials from the nozzle, and melting a first portion of the 65 

dispensed materials via the energy source. Each layer as 
formed includes a second portion of the dispensed materials 

FIG. 1 shows an apparatus for depositing an ally using 
dynamically adjusted alloy components, as may be imple
mented in accordance with various embodiments; 

FIG. 2 shows an array of alloyed samples respectively 
having different alloy components, which may be formed via 
dynamically adjusting the alloy composition for each com
ponent, as may be implemented in accordance with various 
embodiments; and 

FIG. 3 shows a data flow diagram for a method of 
depositing material at various alloy composition via 
dynamic modification of alloy material supplied for the 
deposition, in accordance with one or more embodiments. 

While various embodiments discussed herein are ame
nable to modifications and alternative forms, aspects 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 the invention to the particular 
embodiments described. On the contrary, the intention is to 
cover all modifications, equivalents, and alternatives falling 
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within the scope of the disclosure including aspects defined 
in the claims. In addition, the term "example" as may be 
used throughout this application is by way of illustration, 
and not limitation. 

DETAILED DESCRIPTION 

Aspects of the present disclosure are believed to be 
applicable to a variety of different types of apparatuses, 
systems and methods involving in-situ alloying utilizing 10 

multiple material sources that supply material at variable 
rates. Various aspects of the present disclosure have been 
shown to be beneficial when used in the context of forming 
material of different compositions, by dynamically modify-
ing rates at which the respective materials are provided 15 

during a deposition process. 
As may be implemented in connection with one or more 

embodiments, a method and/or related apparatus involve 
forming multiple test samples on a surface, each test sample 
having a composition that is different than the other test 20 

samples, by supplying elemental metal powders from a 
plurality of hoppers at respective rates that are dynamically 
modified for setting the composition of each sample. For 
each sample, the elemental metal powders are mixed, the 
resulting mixture is dispensed, and the dispensed mixture is 25 

melted to form successive layers beginning at a bottom layer 
on the surface, and extending through a top/final layer. 
Initial layers including the bottom layer and thereafter 
provide for elemental separation from the underlying sur
face. The top layer of each sample is subsequently remelted 30 

to reduce an amount of urnnelted powder in the resulting 
layer, while the underlying layers may, if desired, be formed 
without such remelting. 

In connection with this embodiment, it has been recog
nized/discovered that remelting the top layer facilitates the 35 

generation of material at the top layer that is amenable to 
testing and analysis, while avoiding such a remelting step in 
the underlying layers saves production time. Further, build-
ing sufficient underlying layers in this context provides 
separation between the top layer and the underlying surface, 40 

and therein mitigates interdiffusion of substrate material into 
the top layer in a marmer that facilitates testing and analysis. 
Accordingly, a single remelting process on the top layer with 
sufficient underlying layers may produce a homogeneous 
layer of material sufficient for processes such as ion irra- 45 

diation, environmental (e.g., corrosion), and micromechani-
cal testing. 

As referred to herein, dynamically modifying rates at 
which materials are provided during a deposition process 
refers to modifying the rate at which materials are provided 50 

for mixing and subsequent deposition as a resulting mixture. 
This may involve dynamically modifying the rate of mate
rials to alter the resulting mixture as it is used to form a 
structure, or dynamically modifying the rate of materials to 
alter the resulting mixture used to form respective structures 55 

on a common surface, each respective structure having a 
material composition that is different from other ones of the 
respective structures. 

4 
print head, arbitrary geometries of material can be produced. 
Such an approach may utilize, for example, a LENS MR-7 
metal additive printer available from Optomec of St. Paul, 
Minnesota. In some implementations, thermo-mechanical 
properties of printed material are matched with build-plate 
material selection to minimize thermal stresses, for example, 
by using pure Mo, Nb, Ta, or W build plates when printing 
with these elements. 

In connection with one or more embodiments, it has been 
recognized/discovered that, when depositing layers of mate
rial using elemental powders, the deposited layers may 
contain a substantial amount of unmelted powder and 
exhibit porosity, which may make it unsuitable for certain 
applications. It has also been recognized/discovered that one 
or more added remelting steps for respectively deposited 
layers may facilitate melting of most or all such elemental 
powders and reduce porosity in the resulting layer. It has 
further been recognized/discovered that parameters such as 
hatch spacing, scan speed, mass flow rate, and laser power 
can be controlled to mitigate porosity and ensure that less 
unmelted material remains in each deposited layer. In this 
context, arrays of different alloys can be produced quickly 
with relatively low chemical segregation, and alloy samples 
may be produced in bulk quantities. Arrays of printed 
samples having different compositions can then tested and 
characterized to enable high-throughput screening and alloy 
development for a variety of applications, such as for 
coatings and structural materials. 

Accordingly, by changing the ratio of elemental powders 
used, sample arrays of nearly any combination of targeted 
compositions formed from a group of elemental (metallic) 
powders can be rapidly formed ( e.g., less than 5 minutes for 
printing). Moreover, by keeping the elemental powders in 
separate hoppers, compositions can be changed between 
samples in seconds, utilizing mixtures of different compo
sitions and/or different components (e.g., with one or more 
hoppers going unused). Samples may thus be produced in 
bulk quantities and arrays of differing compositions may be 
rapidly produced with low chemical segregation. Enhanced 
alloy development is provided, with high-throughput 
mechanical, irradiation, and corrosion testing and materials 
characterization while also supporting modeling efforts 
through experimental validation. 

Various embodiments are directed to and/or utilize a 
methodology of predicting a final composition of the printed 
material formed by mixing elemental powders in-flight, 
prior to depositing (via melting) a layer or layers of the 
mixture of the elemental powders. Generally, it has been 
recognized/discovered that the composition of a formed part 
may be different than that of an elemental powder mixture 
supplied to and exiting a nozzle or nozzles and used to form 
the part. 

Accordingly, various embodiments are directed to utiliz
ing predictive algorithms and/or tables corresponding to 
information that provides an indication of a final part 
composition, relative to a supplied mixture composition, 
deposition conditions. This information is then used to 
control the amount of material supplied from respective 
hoppers ( or other material sources), such as by setting a Various embodiments are directed to rapidly synthesizing 

arrays of bulk concentrated alloy coupons from separate 
elemental powders. Pure elemental powders, stored in sepa
rate independently controlled hoppers, are delivered to a 
print head via pressurized gas such as argon, which mixes 

60 speed at which material augers operate for dispensing 
elemental powder from each of a plurality of hoppers. The 
dispensed powders are then mixed (e.g., in-flight) and pre
sented to a nozzle via which the mixture is dispensed and 

the powders in-flight. The mixed powders are heated and 
melted using an energy source such as a continuous-wave 65 

laser, via which the material is deposited onto a surface such 
as metallic build plate. By translating the build plate and the 

melted for forming a part with a resulting composition. 
Various embodiments are directed toward mitigating or 

eliminating unmelted powder or other supplied material, and 
to enhancing chemical homogeneity, in deposited materials. 
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Unmelted powder retention may be minimized by adjusting 
printing parameters such as lowering powder flow rates, 
increasing laser power, lowering scan speed, and decreasing 
hatch spacing, and may involve increasing the amount of 
energy deposited per unit mass of powder as well as increas- 5 

ing the time during which each location remains molten 
during printing. 

rate (R;) as fitting parameters, and the constraint of o:s;R;:s;l 
is removed. To refine these fitting parameters, the least
squares fit of Equation 4 may be repeated using input RPMs 
and measured compositions from the second iteration. With 
the fitting parameters redefined, RPMs necessary to produce 
the same target compositions from the second iteration may 
be calculated and used for printing. 

In certain experimental-type embodiments, predicted 
compositions for a first printing iteration are based on the 
mass flow rate versus powder hopper RPM calibrations IO 

performed for each element (component) being mixed. The 
result of each powder calibration experiment is a relation
ship of the following form: 

In accordance with another embodiment, a method 
includes forming a plurality of metal alloy samples on a 
surface, each sample having a metal alloy composition that 
is different than a metal alloy composition of the other 
samples. The samples are formed by, for each sample, 
supplying elemental metal powders from a plurality of 
hoppers at respective delivery rates, mixing the supplied Equation I 

Here, m; is the mass flow rate of element i which is related 
to the RPM selected for that powder hopper by experimen
tally determined coefficients a; and ~;- From the mass flow 
measurements, the mass fraction of species i in the incoming 
powder is the ratio of the mass flow rate of species i over the 
total mass flow rate: 

m, a,• (RPM), + /3, Equation 2 
w-----

' °\'" °\'" 
Ui=I m1 Ui=I ai *(RPM\+ /3i 

Similarly, from Equation 2, using M; as the molar mass, the 
atomic fraction of species i can be written as: 

X; 
°\'" M,•m, 
Ui=l 

M, •[a,• (RPM),+ /3,] Equation 3 

For a first printing (deposition) iteration, compositions near 
an equimolar MoNbTaW composition are formed by vary-

15 elemental powders to create a mixture, the mixture for each 
sample being set via the respective delivery rates and being 
different than the mixture for the other samples, and depos
iting multiple layers of the mixture by dispensing and 
melting the mixture. A top layer of each of the samples is 

20 remelted. This may be carried out, for instance, to reduce an 
amount of unmelted powder mixture and porosity in the top 
layer. 

In some implementations, depositing the multiple layers 
includes depositing a set of layers underlying the top layer, 

25 and depositing the top layer on the set of layers. The set of 
layers have a thickness sufficient to prevent interdiffusion of 
material from the substrate into the top layer. In certain 
implementations, a first layer of the set of layers is deposited 
on the surface, and successive layers of the set of layers and 

30 the top layer are deposited thereon, without remelting any of 
the layers in the set of layers. 

In accordance with another more particular embodiment, 
a method is carried out as follows. Metal-based material 
(e.g., elemental powder or a mixture of metals in a powder 

35 form) is dispensed from a plurality of material sources that 
are operable to dispense the metal-based material at a 
variable rate. The metal-based material is mixed and con
veyed to a deposition tool, which deposits layers of a first 

ing powder hopper RPMs from the settings previously (e.g., 
empirically) determined to produce the equimolar 
MoNbTa W composition. Measured sample compositions 
may be compared retroactively to compositions predicted 40 

using Equation 3. 

combination of the materials on a surface, such as by 
dispensing the mixture via a nozzle and melting the dis
pensed mixture, as the nozzle is moved relative to a depo-
sition surface/structure. For instance, the mixture may be 
conveyed through a nozzle using a gas, and heated with a 
laser to melt the mixture and form layers thereof. In this 
context, the rate at which each material source dispenses its 
material can be dynamically modified, such that the amount 

For a second iteration, effects are lumped into a single 
fitting term, R, dubbed the retention rate. Using this fitting 
parameter, the predicted atomic fraction of each element in 
the printed material can be written as: 45 

R, •M,[a, •(RPM),+ /3,] Equation 4 

where 0 :5 Ri :5 1 

The retention rate for each element may be calculated by 
performing a least-squares fit on Equation 4 using the 
measured compositions, a; and ~; values from calibration 
experiments, and input RPMs. 

Possible compositions of four components denoted as the 
A20B30C20D30 type (e.g., Mo20Nb30Ta20W30, 

Mo3 aNb30Ta20W20), the A20B20C20D40 type (e.g., 
Mo2 aNb20Ta20W40, Mo2 aNb40Ta20W20), and equimolar 
composition can be targeted. Using retention rates calcu
lated from Equation 4, the RPMs necessary to achieve these 
final compositions may be calculated proactively and used 
for printing. 

A third iteration utilizes experimentally determined mass 
flow rate coefficients (a; and~;) in addition to the retention 

of respective materials supplied can be tuned on the fly, 
during a deposition process. 

The deposition tool can thus be used to deposit an array 
50 of samples, each having a different composition. The depo

sition tool may further be used to deposit samples or other 
structures having varied alloy compositions within. In cer
tain implementations, the deposition tool is utilized to repair 
a structure by depositing a metal alloy composition thereon. 

55 Further, the rate of material delivered by one or more of the 
delivery sources may be adjusted while depositing and 
melting the material delivered to a deposition tool, for 
forming a sample or part with different compositions in 
different regions. For instance, regions of a structure sub-

60 jected to stress may be provided with a greater material 
strength relative to other regions of the structure, by dynami
cally adjusting the rate of material delivered by at least one 
of the plurality of material sources while melting the mixture 
of materials to form the structure. 

65 In various contexts, each formed layer includes some 
unmelted materials of the mixture. This may for example, 
result from deposition characteristics that can leave some 



US 11,999,011 Bl 
7 

materials unmelted, yet provide for rapid layer formation. 
By remelting a top layer of a sample, testing of the sample 
can be facilitated with a more homogeneous composition 
that also exhibits lower porosity, relative to underlying 
layers. In this context, it has been recognized/discovered 
that, samples may be rapidly formed by generating several 
layers of material while avoiding a remelting step for all 
layers except a top layer, or a few layers near the top, yet still 
achieve desired testing characteristics. Further, such under
lying layers may mitigate interaction between the top 
layer(s) being tested and an underlying surface. 

Accordingly, layers of a second combination of materials 
can be deposited, relative to the surface, to form an addi
tional sample. Third, fourth and more sets of layers can be 
further deposited for additional samples, in which the sec
ond combination is different from the first combination. The 
rate at which one or more of the material sources dispenses 
metal-based material can be adjusted relative to other 
samples, such that a mixture of the combination of materials 
is supplied from the material sources via an adjusted rate, 
conveyed and deposited. 

As such, a plurality of discrete structures may be formed 
on a surface, each structure having a different composition 
relative to the other structures, by setting a different rate of 
material delivered by one or more of the plurality of delivery 
sources, relative to the rate of material delivered by the one 
or more of the plurality of delivery sources for forming the 
other structures. 

In some implementations, depositing the layers of each 
combination of materials may include depositing, for each 
sample/part, a set of layers including a first layer deposited 
directly on the surface and at least a second layer deposited 

8 
rality of material sources via the adjusted rate. The mixture 
is conveyed to the deposition tool via the metal conduit, 
dispensed from the nozzle and melted via the energy source. 
One or more of the deposited layers is remelted. 

The deposition tool may be programmed and configured 
with the plurality of material sources to deposit the layers of 
materials in a variety of manners. In some implementations, 
the deposition tool is programmed to deposit a set of layers 
including a first layer directly on the surface and at least a 

10 second layer deposited on the first layer, with the top layer 
being deposited on the set oflayers. The deposition tool sets 
the set of layers to be sufficiently thick to prevent interdif
fusion of material from the substrate into the top layer. The 
deposition tool may deposit the set of layers using a single 

15 melting of the material deposited for each layer in the set of 
layers, reducing time to manufacture the layers, while effect
ing remelting on the top layer to facilitate surface charac
teristics and/or testing. Additional remelting passes may also 
be used, in certain instances. In some implementations, the 

20 deposition tool forms a plurality of discrete structures on the 
surface, each structure having a different composition rela
tive to the other structures, by setting a different rate of 
material delivered by one or more of the plurality of delivery 
sources, relative to the rate of material delivered by the one 

25 or more of the plurality of delivery sources for forming the 
other structures. 

The material sources may include a hopper containing 
powdered metal-based material, each hopper having a dif
ferent type of powdered metal-based material, each material 

30 source having a mechanical component configured to deliver 
the powdered metal-based material from the hopper at a 
variable rate. This rate may be responsive to a control input 
received from control circuitry and adjusted for the first and 
second combination of materials. 

on the first layer. The top layer is deposited on the set of 
layers. The set of layers can be used as discussed above, to 
prevent interdiffusion of material from the substrate into the 35 

top layer. Each layer in the set may be deposited with a 
single melting, such as via laser deposition, and without any 
remelting step before deposition of a subsequent layer. 

The deposition tool may be programmed to form a 
plurality of different types of structures, such as an array of 
test samples, or a structure having a different composition of 
materials at different regions within the structure, by adjust
ing the rate of material delivered by at least one of the Another embodiment is directed to an apparatus as fol

lows. A plurality of material sources are configured to 
dispense metal-based material at a variable rate. A material 
conduit is coupled to the plurality of material sources and is 
configured to receive and mix the metal-based material 
dispensed by the plurality of material sources, and to convey 
the mixed metal-based material. A deposition tool is coupled 
to receive the mixed metal-based material via the material 
conduit. The deposition tool has control circuitry, a nozzle, 
and an energy source, and is further programmed and 
configured with the plurality of material sources to deposit 
layers of a first combination of the materials on a substrate 
surface by: supplying a mixture of the first combination of 
materials from the plurality of material sources, conveying 
the mixture to the deposition tool via the material conduit, 
dispensing the first combination of materials from the 
nozzle, and melting a first portion of the dispensed materials 
via the energy source. Each resulting layer has a second 
portion of the dispensed materials that remains unmelted. 
One or more of the deposited layers is remelted via the 
energy source, including melting the second portion of the 
dispensed materials in the deposited layer(s). Layers of a 
second combination of materials are deposited, relative to 
the surface, the second combination being different from the 
first combination, as follows. The rate at which at least one 
of the material sources dispenses metal-based material is 
adjusted, for example using a control output generated based 
on an intended alloy composition, and a mixture of the 
second combination of materials is supplied from the plu-

40 plurality of delivery sources while depositing and melting 
the material delivered to the deposition tool. For instance, 
consistent with the above the deposition tool may be pro
grammed to form a structure in which regions of the 
structure subjected to stress are provided with a greater 

45 material strength relative to other regions of the structure, by 
dynamically adjusting the rate of material delivered by at 
least one of the plurality of material sources while melting 
the mixture of materials to form the structure. Accordingly, 
cost and/or weight savings may be effected for regions of a 

50 part that are not subjected to as much stress, relative to other 
regions of the part subjected to stress. 

Turning now to the figures, FIG. 1 shows an apparatus 
100 for depositing an ally using dynamically adjusted alloy 
components, as may be implemented in accordance with 

55 various embodiments. The apparatus includes a gas supply 
110, and material source hoppers 120, 121, 122 and 123 
which each have an auger (125 labeled by example) that 
controls the rate at which material in the hopper is provided. 
The dispensed materials are then collected into a conduit 

60 132, and mixed in-flight by flow gas from the gas supply 110 
as the materials are delivered as a mixture to a deposition 
tool 140. Control circuitry 160 is utilized to control one or 
more of gas flow from the gas supply 110, auger speed for 
the hoppers 120-123, or aspects of the deposition tool 140 

65 such as positioning and laser activation. 
The deposition tool 140 may include one or more nozzles 

142 that dispense the mixture, and a laser source 144 that 
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melts the dispensed mixture to form a part 152 on an 
underlying surface 150, such as a part build plate. The 
deposition tool 140 and surface 150 may be moved relative 
to one another during the deposition process, to form the part 
152 with desired shape, and to form additional such parts on 
the surface. The laser 144 may be used in a remelting 
process for one or more deposited layers, such as by 
rastering across the sample surface without being fed pow
ders from the hoppers 120-123. As discussed further below 
with the inset of sample 210 of FIG. 2, the apparatus 100 10 

may be programmed to generate a sample having multiple 
layers in this regard. 

Accordingly, each hopper 120-123 may have a different 
type of powdered metal-based material, and the auger for 
each hopper delivers the powdered metal-based material 15 

from the hopper at a variable rate in response to a control 
input received from the control circuitry 160. This rate can 
be adjusted for the respective combinations of materials to 
be dispensed for different parts. For instance, the apparatus 
100 may be programmed to form an array of test pieces as 20 

characterized herein, such as by depositing each test piece 
via multiple layers in which underlying layers are not 
remelted (and include umnelted powder), with a top layer 
being remelted to reduce the amount of umnelted powder 
and mitigate porosity. Other approaches include one or more 25 

additional remelting passes for underlying layers, or remelt-
ing two or more layers with a single pass. 

The apparatus 100 may be utilized in a variety of man
ners, and as such may be utilized in connection with the 
various methods characterized herein. In one embodiment, 30 

arrays of different high-entropy alloy (HEA) compositions 
are rapidly produced with the apparatus 100, via additive 
manufacturing in the form of directed energy deposition 
(DED), which may be implemented as powder-based metal 
3D printing. Powders from each hopper 120-123 are drawn 35 

into a gas line conduit 132 using argon, by the rotation of the 
augers located at the base of each hopper. These powders are 
consolidated in the gas line and consequently mixed by 
turbulent gas flow during transit to the deposition tool 140. 
The mixed powder is sprayed out by nozzles, which may be 40 

carried out with rotational symmetry about the optic axis of 
the deposition tool 140. The laser 144 impinges on the 
surface 150, which heats and melts the powder mixture, 
forming a melt pool that can be dragged across the surface, 
for instance by moving a stage it is affixed to, leaving behind 45 

solidified material in its wake. By steering the path of the 
laser across the surface of the build plate through stage 
movements, material can be deposited in arbitrary geom
etries. 

In a particular implementation, the hoppers 120-123 are 50 

filled with a single elemental powder, respectively of Mo, 
Nb, Ta, and W, and can be used to form a four-component 
equimolar HEA Mo Nb Ta W, which may form a single-phase 
crystal structure that is stable over a broad temperature 
range. This can facilitate deposition by reducing the likeli- 55 

hood of phase transformations that may cause changes in 
geometry and additional stresses in the resulting part. By 
maintaining separation of elemental powders prior to print
ing, access to any linear combination of the four elements 
used is achievable. The use of separate elemental powders 60 

along with limiting remelting steps facilitates high-through-
put alloy synthesis. 

In a particular example, plasma spheroidized Mo, Nb, Ta, 
and W powders are used in the size range of -45 µm-150 µm 
(-100/+325 mesh). Deposition passes are performed with a 65 

laser power of 800 Wand a feed rate of 25.4 cm/min, and 
remelting passes are performed with a laser power of 1000 

10 
W and a feed rate of 177 .8 cm/min. It has been recognized/ 
discovered that the increased feed rate helps to avoid high 
back reflection from the laser. 

Calibrations may be performed to measure the mass flow 
rate of each elemental powder from the hoppers 120-123 as 
a function of auger RPM for their respective hoppers, the 
results of which can be stored and used in subsequent 
composition predictions. With subsequent printing itera
tions, predictability of a final sample composition can be 
improved using empirical fitting parameters (such as reten
tion rate) in the calculations. Such approaches may be 
carried out in the context of the iterative approach charac
terized hereinabove. 

FIG. 2 shows an array of alloyed samples formed on a 
surface 200, in accordance with one or more embodiments. 
Each sample has different alloy components relative to the 
other samples. The samples are formed by dynamically 
adjusting the alloy composition for each component. By way 
of example, samples 210, 220, 230 and 240 are labeled. 

Each sample may be formed with multiple layers, with a 
top layer being remelted. An inset of sample 210 is shown 
by example, with layers 211, 212, 213, 214 and 215. Layer 
211 is formed on the surface 200, with 212-215 subsequently 
stacked thereon. Layers 211-214 form a set of underlying 
layers, and layer 215 is a top layer. The set oflayers 211-214 
may be deposited without any remelting, with layer 215 
being remelted to reduce unmelted powder and porosity. In 
some implementations, the remelting of the top layer 215 is 
carried out during the same process in which top layers of 
the other samples are remelted, such that a single remelting 
step may be carried out for an entire array of samples, saving 
further time and cost. As characterized herein, such an 
approach may facilitate rapid and economical sample for
mation, with underlying layers sufficient to mitigate inter
action issues with regard to the surface 200 and the top layer 
215. 

FIG. 3 shows a data flow diagram for a method of 
depositing material at various alloy composition via 
dynamic modification of alloy material supplied for the 
deposition, in accordance with one or more embodiments. At 
block 300, empirical coefficients for predicting final 
(melted/alloyed) metal composition, relative to supplied 
metal powder composition in a mixture, are optionally 
established for use in dynamically modifying powder com
position for generating samples. At block 310, material 
delivery rates for respective materials are set, based on a 
target alloy composition. This may utilize, for example, 
empirical coefficients or other values as established in Block 
300. 

At block 320, material is dispensed according to the 
delivery rates set at block 310, and mixed to form a mixture. 
Such a mixture can be dynamically changed, for example 
after finishing a first sample and prior to formation of a 
second sample having a different composition. At block 330, 
the mixture is delivered to a deposition tool, which deposits 
the mixture while heating to melt and form layers of an alloy 
from the mixture. At block 340, a top layer formed at block 
330 is remelted. 

Multiple samples may be formed in this manner, by 
advancing to a next sample at block 335 (e.g., moving a 
deposition tool to a new region of a surface), and repeating 
the activities in blocks 310, 320 and 330. The remelting 
activity in block 340 may be performed on each sample as 
the sample is completed, or on a plurality of samples on a 
surface after the plurality of samples have been formed. In 
certain implementations, one or more underlying layers are 
remelted. 
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Various blocks, modules or other circuits may be imple
mented to carry out one or more of the operations and 
activities described herein and/or shown in the figures. In 
these contexts, a "block" (also sometimes "logic circuitry" 
or "module") is a circuit that carries out one or more of these 

12 
remelt a top one of the deposited layers via the energy 

source, including melting the second portion of the 
dispensed materials in the top layer, and 

or related operations/activities ( e.g., predicting elemental 
powder compositions for desired alloys, controlling material 
delivery, controlling auger RPM, controlling laser remelt
ing). For example, in certain of the above-discussed embodi
ments, one or more modules are discrete logic circuits or 10 

programmable logic circuits configured and arranged for 
implementing these operations/activities, as in the circuitry 
160 implemented with the deposition tool as shown in FIG. 

deposit layers of a second combination of materials 
relative to the surface, the second combination being 
different than the first combination, by: adjusting the 
rate at which at least one of the material sources 
dispenses metal-based material, supplying a mixture 
of the second combination of materials from the 
plurality of material sources via the adjusted rate, 
conveying the mixture of the second combination of 
materials to the deposition tool via the material 
conduit, dispensing the second combination of mate
rials from the nozzle, melting the dispensed materi-1. In certain embodiments, such a programmable circuit is 

one or more computer circuits progranmied to execute a set 15 

(or sets) of instructions (and/or configuration data). The 
instructions ( and/or configuration data) can be in the form of 
firmware or software stored in and accessible from a 
memory (circuit). As an example, a combination of a CPU 
hardware-based circuit and a set of instructions in the form 20 

als via the energy source, and remelting a top one of 
the deposited layers. 

2. The method of claim 1, wherein: 
depositing the layers of the first combination of materials 

includes depositing a set oflayers including a first layer 
deposited directly on the surface and at least a second 
layer deposited on the first layer; of firmware may be utilized, such as with a first module that 

includes a first CPU hardware circuit with one set of 
instructions and a second module includes a second CPU 
hardware circuit with another set of instructions. 

the top layer is deposited on the set of layers; and 
using the set oflayers to prevent interdiffusion of material 

from the substrate into the top layer. 
Certain embodiments are directed to a computer program 25 

product (e.g., nonvolatile memory device), which includes a 
machine or computer-readable medium having stored 
thereon instructions which may be executed by a computer 

3. The method of claim 2, wherein depositing the set of 
layers includes using a single melting of the material depos
ited for each layer in the set of layers. 

4. The method of claim 1, wherein depositing the layers 
of the first combination of materials and depositing the ( or other electronic device) to perform these operations/ 

activities. 
Based upon the above discussion and illustrations, those 

skilled in the art will readily recognize that various modi
fications and changes may be made to the various embodi
ments without strictly following the exemplary embodi
ments and applications illustrated and described herein. For 
example, more or fewer alloy components may be provided 
for deposition, with some approaches using fewer than all 
alloys in one or more regions of a part or set of parts being 
formed while dynamically modifying the alloy component 
supply and, therein, dynamically modifying the resulting 
structure(s) being formed. Such modifications do not depart 
from the true spirit and scope of various aspects of the 
invention, including aspects set forth in the claims. 

What is claimed is: 
1. A method comprising: 
dispensing metal-based material from a plurality of mate

rial sources, each source operable to dispense the 
metal-based material at a variable rate; 

mixing the metal-based material dispensed by the plural
ity of material sources, and conveying the mixed metal
based material using a material conduit coupled to the 
plurality of material sources; and 

30 layers of the second combination of materials includes 
forming a plurality of discrete structures on the surface, each 
structure having a different composition relative to the other 
structures, by setting, for each of the plurality of discrete 
structures, a different rate of material delivered by one or 

35 more of the plurality of delivery sources, relative to the rate 
of material delivered by the one or more of the plurality of 
delivery sources for forming the other structures. 

5. The method of claim 1, wherein depositing the layers 
of the first combination of materials and depositing the 

40 layers of the second combination of materials includes 
forming a structure having a different composition of mate
rials at different regions within the structure, and includes 
adjusting the rate of material delivered by at least one of the 
plurality of delivery sources while depositing and melting 

45 the material delivered to the deposition tool. 
6. The method of claim 1, wherein dispensing the metal

based material includes dispensing, from each material 
source, powdered metal-based material from a hopper in 
which each hopper has a different type of powdered metal-

50 based material, using a mechanical component to deliver the 
powdered metal-based material from the hopper at a variable 
rate in response to a control input received from the control 
circuitry and adjusted for the first and second combination of 
materials. using a deposition tool coupled to receive the mixed 

metal-based material via the material conduit, the depo- 55 

sition tool having control circuitry, a nozzle, and an 
7. The method of claim 1, further including forming a 

structure in which regions of the structure subjected to stress 
are provided with a greater material strength relative to other 
regions of the structure, by dynamically adjusting the rate of 
material delivered by at least one of the plurality of material 

energy source, to: 
deposit layers of a first combination of the materials on 

a substrate surface by: supplying a mixture of the 
first combination of materials from the plurality of 
material sources, conveying the mixture to the depo
sition tool via the material conduit, dispensing the 
first combination of materials from the nozzle, and 
melting a first portion of the dispensed materials via 
the energy source, each layer having a second por
tion of the dispensed materials that remains 
unmelted, 

60 sources while melting the mixture of materials to form the 
structure. 

8. The method of claim 1, wherein depositing the layers 
of the first combination of materials and depositing the 
layers of the second combination of materials includes 

65 moving the nozzle relative to the layers while dispensing 
and melting the first and second combinations of materials 
with a laser. 
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9. A method comprising: 
forming a plurality of metal alloy samples on a surface, 

each sample having a metal alloy composition that is 
different than a metal alloy composition of the other 
samples, by, for each sample: 
supplying elemental metal powders from a plurality of 

hoppers at respective delivery rates, 
mixing the supplied elemental powders to create a 

mixture, the mixture for each sample being set via 
the respective delivery rates and being different than 10 

the mixture for the other samples, and 
depositing multiple layers of the mixture by dispensing 

and melting the mixture; and 
for each sample, remelting a top one of the multiple 

layers. 
10. The method of claim 9, wherein depositing the mul

tiple layers of the mixture includes depositing a set oflayers 
underlying the top layer and depositing the top layer on the 

15 

set oflayers, the set oflayers having a thickness sufficient to 
prevent interdiffusion of material from the substrate into the 20 

top layer. 
11. The method of claim 10, wherein depositing the set of 

layers and the top layer includes depositing a first layer of 
the set of layers on the surface, and depositing successive 
layers of the set of layers and the top layer without remelting 25 

any of the layers in the set of layers. 
12. The method of claim 9, wherein remelting a top layer 

14 
material sources, conveying the mixture to the depo
sition tool via the material conduit, dispensing the 
first combination of materials from the nozzle, and 
melting a first portion of the dispensed materials via 
the energy source, each layer having a second por
tion of the dispensed materials that remains 
unmelted, 

remelt a top one of the deposited layers via the energy 
source, including melting the second portion of the 
dispensed materials in the top layer, and 

deposit layers of a second combination of materials 
relative to the surface, the second combination being 
different than the first combination, by: adjusting the 
rate at which at least one of the material sources 
dispenses metal-based material, supplying a mixture 
of the second combination of materials from the 
plurality of material sources via the adjusted rate, 
conveying the mixture of the second combination of 
materials to the deposition tool via the metal conduit, 
dispensing the second combination of materials from 
the nozzle, melting the dispensed materials via the 
energy source, and remelting a top one of the depos
ited layers. 

15. The apparatus of claim 14, wherein the deposition tool 
is programmed and configured with the plurality of material 
sources to deposit the layers of the first combination of 
materials by depositing a set of layers including a first layer 
deposited directly on the surface and at least a second layer 
deposited on the first layer, the top layer being deposited on 

of each of the samples includes reducing an amount of 
unmelted powder mixture and reducing porosity in the top 
layer. 

13. The method of claim 9, wherein supplying the elemen
tal metal powders from the plurality of hoppers at respective 
delivery rates includes: 

30 the set of layers, the set of layers being sufficiently thick to 
prevent interdiffusion of material from the substrate into the 
top layer. 

determining mass flow rate coefficients based on mea
surements of the mass of powder dispensed over a fixed 35 

time measured for a series of rotational speeds of an 
auger that dispenses the powder; 

deriving a retention rate by depositing layers of different 
metal alloy compositions using respective combina
tions of the elemental powders, and performing least- 40 

squares error minimization of a difference between a 
measured chemical composition the deposited layers 
and a predicted composition of the deposited layers as 

16. The apparatus of claim 15, wherein the deposition tool 
is programmed and configured with the plurality of material 
sources to deposit the set of layers using a single melting of 
the material deposited for each layer in the set of layers. 

17. The apparatus of claim 14, wherein the deposition tool 
is configured and arranged with the material sources to form 
a plurality of discrete structures on the surface, each struc
ture having a different composition relative to the other 
structures, by setting, for each of the plurality of discrete 
structures, a different rate of material delivered by one or 
more of the plurality of delivery sources, relative to the rate 
of material delivered by the one or more of the plurality of a sum of the respective mass flow rates, qualified for 

the different metal alloy compositions; 45 delivery sources for forming the other structures. 
predicting an atomic fraction of each element in deposited 

layers based on the retention rate and mass flow rate 
coefficients; and 

controlling augers to dispense the elemental powders 
from the plurality of hoppers based on the predicted 50 

atomic fraction. 

18. The apparatus of claim 14, wherein each material 
source includes a hopper containing powdered metal-based 
material, each hopper having a different type of powdered 
metal-based material, each material source having a 
mechanical component configured to deliver the powdered 
metal-based material from the hopper at a variable rate in 

14. An apparatus comprising: 
a plurality of material sources configured to dispense 

metal-based material at a variable rate; 

response to a control input received from the control cir
cuitry and adjusted for the first and second combination of 
materials. 

a material conduit coupled to the plurality of material 55 

sources and configured to receive and mix the metal
based material dispensed by the plurality of material 
sources, and to convey the mixed metal-based material; 
and 

19. The apparatus of claim 14, wherein the deposition tool 
is configured and arranged with the plurality of material 
sources to form a structure having a different composition of 
materials at different regions within the structure, by adjust
ing the rate of material delivered by at least one of the 

a deposition tool coupled to receive the mixed metal
based material via the material conduit, the deposition 
tool having control circuitry, a nozzle, and an energy 
source, and programmed and configured with the plu
rality of material sources to: 
deposit layers of a first combination of the materials on 

a substrate surface by: supplying a mixture of the 
first combination of materials from the plurality of 

60 plurality of delivery sources while depositing and melting 
the material delivered to the deposition tool. 

20. The apparatus of claim 14, wherein the deposition tool 
is configured and arranged with the plurality of material 
sources to form a structure in which regions of the structure 

65 subjected to stress are provided with a greater material 
strength relative to other regions of the structure, by dynami
cally adjusting the rate of material delivered by at least one 
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of the plurality of material sources while melting the mixture 
of materials to form the structure. 

21. The method of claim 9, wherein for each sample, 
depositing the multiple layers of the mixture includes depos
iting a set of layers underlying the top layer by, for each 5 

layer in the set of layers, melting a first portion of the layer 
while leaving a second portion of the layer unmelted, prior 
to remelting the top one of the multiple layers. 

* * * * * 
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