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DESCRIPTION

METHOD FOR MANUFACTURING METAL PRINTED OBJECT

TECHNICAL FIELD
[0001]
The present invention relates to a method for manufacturing a metal printed

object.

BACKGROUND ART
[0002]

An additive manufacturing technology called "Additive Manufacturing” is
known. Additive manufacturing technology has attracted attention as a promising
technology in advanced technology fields such as the aircraft industry and medical care
because a three-dimensional structure having an arbitrary shape can be manufactured
with an arbitrary material.

A metal 3D printer is known as an example of an apparatus that uses an additive
manufacturing technique. A metal 3D printer can manufacture a metal printed object by
laminating metal layers obtained by heating metal powder with energy rays such as a

laser (Patent Document 1).

PRIOR ART DOCUMENTS

PATENT DOCUMENTS

[0003]
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Patent Document 1 Japanese Unexamined Patent Application, First

Publication No. 2017-170454

SUMMARY OF INVENTION

PROBLEM TO BE SOLVED BY THE INVENTION
[0004]

It takes a lot of time to manufacture a large-sized metal printed object in a metal
3D printer. This is because the thickness of one layer of the metal layer formed by laser
irradiation is as thin as 10 um to 100 um, and when the size of the metal printed object is
large, the number of laminations is very large.

[0005]

In the metal 3D printer, the output value of the laser may be set to be relatively
low because the mechanical strength of the metal printed object may decrease due to heat
storage in the metal printed object during the manufacturing process. If there is a limit
on the upper limit of the laser energy, it is difficult to maintain the interlayer bond
strength between the metal layers when the scanning speed of the laser is increased to
reduce the manufacturing time.

[0006]

Therefore, Patent Document 1 discloses a laser processing apparatus for the
purpose of improving energy efficiency in processing a metal powder. When the energy
efficiency is improved when processing metal powders, it is possible to shorten the time
required to print one metal layer, and shorten the overall manufacturing time of a metal
printed object.

However, the laser processing apparatus disclosed in Patent Document 1 has a
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plurality of laser light sources as essential components. Therefore, a large-scale
modification of the processing apparatus is required to provide a plurality of laser light
sources. Moreover, controlling a plurality of laser light sources in one manufacturing
process is not simple.
[0007]

An object of the present invention is to provide a method for manufacturing a
metal printed object, which can reduce the manufacturing time by a simple method

without requiring a large-scale modification of the manufacturing apparatus.

MEANS FOR SOLVING THE PROBLEM
[0008]

In order to solve the above problems, the present invention provides the
following methods for manufacturing a metal printed object.

[1] A method for manufacturing a metal printed object in which, in the
presence of a shielding gas supplied around a metal powder on a base plate, heat is
supplied to the metal powder using energy rays to print a metal layer on the base plate,
and the metal layer is subsequentially laminated,

wherein when modeling a first metal layer in contact with the base plate, mass
per unit volume of the shield gas at a temperature of 25°C and a pressure of 0.1 MPa is in
arange of 1.00x10* g/cm® to 1.3x107g/cm?.

[2] The method for manufacturing a metal printed object according to [1],

wherein the shielding gas contains 20% by volume or more of helium with
respect to 100% by volume of the shielding gas.

[3] The method for manufacturing a metal printed object according to [1]

or [2],
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wherein after modeling the first metal layer, when sequentially laminating the
metal layers from the surface of the first metal layer, the mass per unit volume of the
shield gas at a temperature of 25°C and a pressure of 0.1 MPa is the same as the mass per
unit volume of the shield gas at a temperature of 25°C and a pressure of 0.1 MPa when
the first metal layer is formed.

[4] The method for manufacturing a metal printed object according to [1]
or [2],

wherein after printing the first metal layer, as the metal layers are sequentially
laminated from the surface of the first metal layer, the mass per unit volume of the shield
gas at a temperature of 25°C and a pressure of 0.1 MPa is increased stepwise from the
mass per unit volume of the shield gas at a temperature of 25°C and a pressure of 0.1
MPa when the first metal layer is formed.

[5] The method for manufacturing a metal printed object according to [1]
or [2],

wherein after printing the first metal layer, as the metal layers are sequentially
laminated from the surface of the first metal layer, the mass per unit volume of the shield
gas at a temperature of 25°C and a pressure of 0.1 MPa is appropriately changed from the
mass per unit volume of the shield gas at a temperature of 25°C and a pressure of 0.1
MPa when the first metal layer is formed.

[6] The method for manufacturing a metal printed object according to any
one of [1] to [5],

wherein an output value of the energy rays is in a range of 100 W to 1500 W.

[7] The method for manufacturing a metal printed object according to any
one of [1] to [6],

wherein a scanning speed of the energy rays is in a range of 600 mm/s to 3000
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[8] The method for manufacturing a metal printed object according to any
one of [1] to [7],

wherein a scanning width of the energy rays is in a range of 0.01 mm to 0.20
mm.

[9] The method for manufacturing a metal printed object according to any
one of [1] to [8],

wherein a composition of the shield gas is selected according to the metal

powder.

EFFECTS OF THE INVENTION
[0009]

According to the method for manufacturing a metal printed object of the present
invention, the manufacturing time can be shortened by a simple method without requiring

a major modification of the manufacturing apparatus.

BRIEF DESCRIPTION OF DRAWINGS
[0010]

FIG. 1 is a schematic diagram showing a configuration of a metal printed object
manufacturing apparatus to which a method for manufacturing a metal printed object
according to an embodiment can be applied.

FIG. 2 is a schematic diagram explaining a configuration of an inside of a
chamber when the metal printed object manufacturing apparatus in FIG. 1 performs n-th
laser irradiation.

FIG. 3 is a graph showing a comparison of average penetration depths in
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Example 1, and Comparative Examples 1, 6, 11, and 16.
FIG. 4 is a diagram showing a relationship between a scanning speed of the laser

and average penetration depth in Examples 1 to 5 and Comparative Examples 1 to 20.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
[0011]

In the present description, the term “mass per unit volume [g/cm?]” of gas is a
value which is measured under the conditions of a temperature of 25°C and a pressure of
0.1 MPa using a gas density meter (manufactured by Yokogawa Electric Corporation).

In the present description, the term “gauge pressure” is a value which is
measured using a Bourdon tube pressure gauge at 25°C.

[I3Ed

In the present description, indicating a numerical range means a numerical
range in which the numerical values on the left and right sides thereof are the lower limit
value and the upper limit value, respectively.

[0012]

Hereinafter, a method for manufacturing a metal printed object according to this
embodiment will be described in detail with reference to the drawings. Note that, in the
drawings used in the following description, in order to make the features easy to
understand, there may be a case in which features are enlarged for convenience, and it is
not always the case that the dimensional ratios of the respective components are the same
as the actual ones.

[0013]
FIG. 1 is a schematic diagram showing a configuration of a metal printed object

manufacturing apparatus 20 to which the method for manufacturing a metal printed

object of the present embodiment can be applied. As shown in FIG. 1, the metal printed
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object manufacturing apparatus 20 includes a laser oscillator 1, an optical system 2, a
chamber 3, a first shield gas supply source 4, and a second shield gas supply source 5.

The configuration of the metal printed object manufacturing apparatus 20 will be
described below.
[0014]

The laser oscillator 1 is not particularly limited as long as it can irradiate a laser.
The laser oscillator 1 irradiates the laser into the chamber 3 via the optical system 2. As
a result, the metal printed object manufacturing apparatus 20 can sinter or melt and
solidify a metal powder at the position irradiated with the laser. Thereby, a layer
(hereinafter referred to as “metal layer”) containing a sintered product of the metal
powder or a molten solidified product of the metal powder is formed in the chamber 3.
[0015]

The optical system 2 is not particularly limited as long as the reflection position
of the laser emitted from the laser oscillator 1 to the metal powder can be controlled
according to the data input in advance. The optical system 2 can be composed of, for
example, one or more reflecting mirrors.

The metal printed object manufacturing apparatus 20 can control the laser
irradiation position on the metal powder by controlling the optical system 2 according to
the data input in advance. Thereby, the metal printed object manufacturing apparatus 20
can print the metal layer into an arbitrary shape.

[0016]

Examples of the metal powder include powders of various metals such as
carbon, boron, magnesium, calcium, chromium, copper, iron, manganese, molybdenum,
cobalt, nickel, hafnium, niobium, titanium, aluminum and alloys thereof.

When the metal powder is in the form of particles, the particle size of the metal
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powder is not particularly limited, but can be, for example, about 10 pm ~ 200 pm.
[0017]

The chamber 3 is a casing in which the operation of irradiating the metal powder
with the laser to print the metal layer and laminating the metal layers is repeated. The
chamber 3 is not particularly limited as long as the inside thereof can be filled with the
shield gas.

The upper side surface of the chamber 3 is connected to the pipeline 8. The
shield gas is introduced into the chamber 3 from the first shield gas supply source 4 and
the second shield gas supply source 5 via the pipeline 8.

The shield gas is a gas supplied around the metal powder in the chamber 3. A
control device (not shown) is provided in the pipeline 8. The control device is not
particularly limited as long as the composition of the shield gas supplied into the
chamber 3 via the pipeline 8 can be changed. Specific examples of the control device
include a flow rate controller that controls the flow rate of the shield gas supplied from
the first shield gas supply source 4 and the flow rate of the shield gas supplied from the
second shield gas supply source 5 to arbitrary values.

[0018]

The chamber 3 has a modeling stage 6. The modeling stage 6 is a place for
repeating the modeling of the metal layer and the lamination of the printed metal layer.
A base plate 7 is placed on the upper surface of the modeling stage 6.

The base plate 7 is a plate for mounting the metal printed object. The metal
powder is spread on the base plate 7.

The base plate 7 contacts the metal layer that constitutes the bottom layer of the
metal printed object. The metal layer forming the bottom layer of the metal printed

object is a metal layer formed by the laser that is first irradiated when manufacturing a
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[0019]

A method for manufacturing a metal printed object according to the present
embodiment will be specifically described by using the metal printed object
manufacturing apparatus 20 having the configuration above with reference to FIG. 1.

In the method for manufacturing a metal printed object of the present
embodiment, heat is supplied to the metal powder using energy rays in the presence of
the shielding gas, the metal layer is printed, and the metal layer is laminated on the base
plate 7.

[0020]

First, before printing the metal layer, a shield gas G is supplied from the first
shield gas supply source 4 into the chamber 3. This makes it possible to fill the
chamber 3 with the shield gas Gi.

However, in the method for manufacturing a metal printed object of the present
embodiment, it is preferable to purge oxygen remaining in the chamber 3 from the inside
of the chamber 3 before supplying the shielding gas G into the chamber 3.  This
improves the mechanical strength of the metal printed object. When purging oxygen,
the shield gas G1 may be used as a purge gas, and the purging method is not particularly
limited.

Specifically, purging is preferably performed until the content of oxygen in the
chamber 3 becomes 5% by volume or less. When the content of oxygen in the chamber
3 is 5% by volume or less, the metal powder is less likely to be oxidized and the
mechanical strength of the metal printed object is further improved.

[0021]

In the method for manufacturing a metal printed object of the present
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embodiment, the shield gas G1 preferably contains at least one selected from the group
consisting of hydrogen, helium, nitrogen, neon, argon and xenon. The shield gas more
preferably contains at least one selected from the group consisting of hydrogen, helium,
nitrogen and neon, more preferably contains one or both of hydrogen and helium, and
most preferably contains helium. The shield gas G| may contain one kind of these gas
components alone, or may contain two or more kinds in combination. Most preferably,
the shield gas contains G helium alone.
[0022]

In the method for manufacturing a metal printed object of the present
embodiment, the metal powder on the base plate 7 is irradiated with a laser to supply
heat. As aresult, a first metal layer X1, which is a metal layer in contact with the base
plate 7, is printed. Thus, the first metal layer X; is printed by the laser that is first
irradiated when manufacturing a metal printed object. That is, the first metal layer X; is
a metal layer forming the bottom layer of the metal printed object.

[0023]

In the method for manufacturing a metal printed object of the present
embodiment, the mass per unit volume of the shielding gas G; when printing the first
metal layer X; is adjusted in a range of 1.00x10* g/cm® to 1.3x107g/cm?®. When the
mass per unit volume of the shield gas Gi is 1.00x10™* g/cm? or more, it becomes
difficult for holes and the like to be formed in the metal printed object during
manufacturing. When the mass per unit volume of the shield gas G is 1.3x107g/cm?® or
less, the penetration depth can be increased when forming the first metal layer X;. That
is, since the melting degree of the metal powder can be increased, the scanning speed of
the laser can be maintained high and the manufacturing time of the metal printed object

can be shortened.
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When modeling the first metal layer Xi, it is preferable to maintain the mass per
unit volume of the shield gas Gi at 1.00x10* g/cm®. Depending on the printing
conditions, a higher value may be maintained in the range of 1.00x10~* g/cm?® to 1.3x103
g/cm’.

[0024]

In the method for manufacturing a metal printed object of the present
embodiment, the shield gas Gi preferably contains helium. When the shield gas G
contains helium, it becomes easy to control the mass per unit volume of the shield gas G
in the range above.

When the shield gas Gi contains helium, the content of helium in the shield gas
G is preferably 20% by volume or more, more preferably 50% by volume or more, and
most preferably 80% by volume or more, with respect to 100% by volume of the shield
gas G1.  When the content of helium in the shield gas Gy is 20% by volume or more
with respect to 100% by volume of the shield gas Gi, the penetration depth can be
increased, that is, the melting degree of the metal powder can be increased, and the
manufacturing time can be further shortened. The upper limit of the content of helium
is not particularly limited, but is preferably 100% by volume or less.

[0025]

In the method for manufacturing a metal printed object of the present
embodiment, the shield gas G may contain oxygen. However, even when the shielding
gas 1 contains oxygen, the content of oxygen in the shielding gas is preferably 5% by
volume or less, and ideally 0% by volume (that is, less than the detection limit value)
with respect to 100% by volume of the shielding gas G;. When the content of oxygen
in the shielding gas Gi1is 5% by volume or less, the mechanical strength of the metal

printed object is improved.
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[0026]

When the shield gas G1 contains helium and argon, the content of helium is
preferably in a range of 20% by volume to 100% by volume. The content of argon is
preferably in a range of 0% by volume to 80% by volume.

When the shield gas G1 contains helium and nitrogen, the content of helium is
preferably in a range of 20% by volume to 100% by volume. The content of nitrogen is
preferably in a range of 0% by volume to 80% by volume.

[0027]

When the printing of the first metal layer X1 is completed, the modeling stage 6
moves downward. Next, new metal powder is supplied on the upper side of the first
metal layer X;. By irradiating the newly supplied metal powder on the first metal layer
X1 with the laser again, a new metal layer is printed into an arbitrary shape, and the new
metal layer is laminated on the upper surface of the metal layer which has already been
printed. By repeating the laser irradiation, the downward movement of the modeling
stage 6, the supply of new metal powder, and the lamination of metal layers a number of
times in this order, the metal layers having any shapes are sequentially laminated. The
metal printed object can be manufactured as a three-dimensional structure.

[0028]

FIG. 2 is a schematic diagram explaining the configuration of an inside of the
chamber when the metal printed object manufacturing apparatus performs n-th laser
irradiation. However, n is an integer of 2 or more. When performing the n-th laser
irradiation, the n-1 metal layers are sequentially laminated on the upper side of the first
metal layer X;. The shield gas Gy is supplied around the metal powder on the (n—1)th
metal layer from the base plate 7.

[0029]
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In the method for manufacturing a metal printed object according to a first
embodiment, after printing the first metal layer X1, as the metal layers are sequentially
laminated from the surface of the first metal layer X, the mass per unit volume of the
shield gas Gy is adjusted to the same as the mass per unit volume of the shield gas G;
when the first metal layer is print.

For example, in the method for manufacturing a metal printed object, the
number of times of laminating metal layers is relatively small and the size of the metal
printed object in the height direction may be small in the initial to middle manufacturing
stages. In addition, in the middle to late manufacturing stages, the metal printed object
may have a large size in the height direction because it has undergone a certain number
of laminations.

The smaller the mass per unit volume of the shield gas G, (for example, about
1.00x107* g/cm?), the higher the melting degree of the metal powder, and the further the
manufacturing time can be shortened. Further, the larger the mass per unit volume of
the shield gas Gn (for example, 1.3x107 g/cm® or more), the less likely voids or the like
are formed in the metal printed object during manufacturing.

The number of the cycles in the initial, middle, and later stages in the
manufacturing and the total number of the cycles can be appropriately selected
depending on factors such as the size of the metal printed object and the material of the
metal powder, and are not particularly limited.

[0030]

In the method for manufacturing a metal printed object according to a second
embodiment, after printing the first metal layer X1, as the metal layers are sequentially
laminated from the surface of the first metal layer X1, the mass per unit volume of the

shield gas Guis increased stepwise from the mass per unit volume of the shield gas Gi.
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For example, in the method for manufacturing a metal printed object, the
number of times of laminating metal layers is relatively small and the size of the metal
printed object in the height direction may be small in the initial to middle manufacturing
stages. In addition, in the middle to late manufacturing stages, the metal printed object
may have a large size in the height direction because it has undergone a certain number
of laminations. It is preferable to increase the mass per unit volume of the shield gas Gy
stepwise in accordance with each stage from the initial stages to the later stages through
the middle stages in manufacturing. Even if the mass per unit volume of the shield gas
G is about 1.00x107* g/cm?, and the melting degree of the metal powder is high, as the
number of times of lamination increases, the melting degree of the metal powder may be
gradually lowered to reduce the penetration depth, which may lead to a reduction in
manufacturing time. As a result, in terms of quality, it becomes difficult for holes and
the like to be formed in the metal printed object during manufacturing. In addition,
economical gas utilization becomes possible.

The number of the cycles in the initial, middle, and later stages in the
manufacturing and the total number of the cycles can be appropriately selected
depending on factors such as the size of the metal printed object and the material of the
metal powder, and are not particularly limited.

[0031]

In the second embodiment, a case in which the mass per unit volume of the
shield gas Gy is increased stepwise from the mass value per unit volume of the shield gas
Gi1 to 1.3x1073 g/cm? will be described. In this case, the lower limit of the range of the
mass per unit volume of the shield gas G, is the mass per unit volume of the shield gas
Gi. The upper limit is 1.3x107% g/cm?.

It is preferable that the mass per unit volume of the shield gas Gy at the time of
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performing the n-th laser irradiation after the metal layer X is printed be determined by
the following formula (1). As a result, a suitable melting degree is obtained in stages,
and it becomes difficult for holes and the like to be formed in the metal printed object
during manufacturing.  Further, the scanning speed of the laser can be kept high even
after the metal layer X is printed, and the printing time can be shortened. In addition,
economical use of gas becomes possible.
[0032]

(Mass per unit volume of shield gas G,) = {1-(n/N)} x (mass per unit volume of
shield gas G1) + (n/N) x (1.3x107%) Formula (1)

In the formula (1), N is an integer, which is the number of laser irradiations
when the manufacturing of the metal printed object is completed.

[0033]

In the third embodiment of the method for manufacturing a metal printed object
of the present embodiment, after the first metal layer X; is printed, as the metal layers are
subsequentially laminated from the surface of the first metal layer, the mass per unit
volume of Gy is appropriately changed from the mass per unit volume of the shield gas
Gi.

For example, in the method for manufacturing a metal printed object, the
number of times of laminating metal layers is relatively small and the size of the metal
printed object in the height direction may be small in the initial to middle manufacturing
stages. In addition, in the middle to late manufacturing stages, the metal printed object
may have a large size in the height direction because it has undergone a certain number
of laminations. The mass per unit volume of the shield gas G, may be changed in
accordance with each stage from the initial stages to the later stages through the middle

stages in manufacturing.
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For example, even if the mass per unit volume of the shield gas Gy is about
1.00x107* g/cm?, and the melting degree of the metal powder is high, the mass per unit
volume of the shield gas G, may be selected in order to obtain the optimum melting
degree by gradually lowering or increasing the melting degree of the metal powder as the
number of layers is increased. As a result, it is possible to further improve the quality of
the metal printed object while considering the reduction of manufacturing time and the
economical use of gas. The number of cycles in the initial, middle, and later stages in
the manufacturing and the total number of cycles can be appropriately selected
depending on factors such as the size of the metal printed object and the material of the
metal powder, and are not particularly limited.

[0034]

In the third embodiment, a case in which the mass per unit volume of the shield
gas Gy is appropriately changed in the range of the mass per unit volume of the shield gas
Gito 1.3x107 g/cm® will be described. 1In this case, for example, the temperature and
humidity in the vicinity of the melting portion of the metal powder irradiated with laser
can be used as a reference. If the correlation between the reference and the mass per
unit volume of the shield gas Gy that can obtain the melting degree (or the penetration
depth) suitable for the reference is obtained in advance and a reference table is created, a
controller can automatically select the composition of the shield gas Gn. This makes it
possible to select the melting degree under appropriate conditions at the laminating stage.
Therefore, even if an unexpected environmental change occurs due to the stepwise
lamination operation, it becomes difficult for holes and the like to be formed in the metal
printed object during the manufacturing process. In addition, even after the metal layer
X is printed, the scanning speed of the laser can be kept high, the printing time can be

shortened, and the gas can be economically used.
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[0035]

For example, when the temperature is used as the reference above, the
temperature in the vicinity of the melting portion is measured with an optical sensor or
the like, and the mass per unit volume of the shield gas Gy can be changed appropriately
so that the melting degree suitable for the measurement temperature can be obtained.

Specifically, in the process of sequentially laminating the metal layers from the
surface of the first metal layer Xj, it is assumed that the temperature in the vicinity of the
melting portion may be relatively high. In this case, the mass per unit volume of the
shield gas G, may be changed larger, but the upper limit is 1.3x107% g/cm?, so that the
melting degree of the metal powder becomes relatively low (that is, the penetration depth
becomes small).  In this way, economical gas utilization may be achieved while
maintaining a high scanning speed of the laser and a short printing time.

In addition, regarding the physical property value serving as a reference, the
temperature and the humidity in the vicinity of the melting portion are used as an
example, but the present invention is not limited to these examples.

[0036]

In the method for manufacturing a metal printed object of the present
embodiment, the mass per unit volume of the shield gas Gy is changed stepwise as the
metal layers are sequentially laminated from the surface of the first metal layer X;. This
changing method can be performed by a control device (not shown). The mass per unit
volume of the shield gas Gn is controlled within the range above by operations such as
changing the mixed composition of the shield gas G, and changing the gas species by the
control device.

[0037]

In the method for manufacturing a metal printed object of the present
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embodiment, the shield gas G preferably contains helium. When the shield gas G
contains helium, it becomes easy to control the mass per unit volume of the shield gas Gy
within the range above.

When the shield gas G, contains helium, the content of helium in the shield gas
G is preferably 20% by volume or more, more preferably 50% by volume or more, still
more preferably 90% by volume or more, relative to 100% by volume of the shield gas
Gun.  When the shield gas Gy contains 20% by volume or more of helium with respect to
100% by volume of the shield gas Gn, the manufacturing time can be further shortened.
The upper limit of the content of helium is not particularly limited, but is preferably
100% by volume.

[0038]

In the method for manufacturing a metal printed object of the present
embodiment, the shield gas G, may contain oxygen. However, even when the shielding
gas G, contains oxygen, the content of oxygen in the shielding gas is preferably 5% by
volume or less with respect to 100% by volume of the shielding gas Gy, and ideally 0%
by volume (that is, less than the detection limit value). When the content of oxygen in
the shielding gas Gn is 5% by volume or less, the mechanical strength of the metal
printed object is improved.

[0039]

When the shield gas Gy contains helium and argon, the content of helium is
preferably in a range of 20% by volume to 100% by volume, more preferably in a range
of 50% by volume to 100% by volume, and most preferably in a range of 90% by volume
to 100% by volume, and the content of argon is preferably in a range of 0% by volume to
80% by volume, more preferably in a range of 0% by volume to 50% by volume, and

most preferably in a range of 0% by volume to 10% by volume.
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[0040]

When the shield gas Gn contains helium and nitrogen, the content of helium is
preferably in a range of 20% by volume to 100% by volume, more preferably in a range
of 50% by volume to 100% by volume, and most preferably in a range of 90% by volume
to 100% by volume, and the content of nitrogen is preferably in a range of 0% by volume
to 80% by volume, more preferably in a range of 0% by volume to 50% by volume, and
most preferably in a range of 0% by volume to 10% by volume.

[0041]

In the method for manufacturing a metal printed object of the present
embodiment, it is preferable to select a composition of the shield gas G and the shield
gas Gy according to the type of the metal powder used.

For example, metals with an austenitic structure such as austenitic stainless steel
and nickel alloys have low hydrogen embrittlement susceptibility. When the metal
powder contains an austenite structure metal, the metal powder easily oxidizes, which
easily deteriorates the corrosion resistance and the like. Therefore, when the metal
powder contains an austenitic structure metal such as austenitic stainless steel, and nickel
alloys, it is preferable to use a reducing gas such as hydrogen gas as the shield gas from
the viewpoint of preventing oxidation.

[0042]

When the metal powder contains an alloy containing iron as a main component,
it is preferable that hydrogen gas not be contained in the shield gas G and the shield gas
Gi from the viewpoint of preventing hydrogen embrittlement.

When the metal powder contains aluminum, titanium, or an alloy containing
these as the main components, it is preferable that the shield gas G and the shield gas Gy

not contain hydrogen gas from the viewpoint of preventing the formation of blowholes.
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[0043]

In the method for manufacturing a metal printed object of the present
embodiment, the output value of the laser is not particularly limited, but may be 100 to
1500 W, for example. When the laser output value is 100 W or more, the interlayer
bond strength of the metal layers is further improved. When the output value of the
laser is 1500 W or less, the mechanical strength of the metal printed object is improved.
[0044]

In the method for manufacturing a metal printed object of the present
embodiment, the scanning speed of the laser is preferably in a range of 600 mm/s to
3,000 mm/s, more preferably in a range of 800 mm/s to 2500 mm/s, and most preferably
in a range of 1,000 mm/s to 2,000 mm/s. In the method for manufacturing a metal
printed object of the present embodiment, the interlayer bond strength of the metal layers
can be maintained even when the scanning speed of the laser is 600 mm/s or more, and
the manufacturing time of the metal printed object can be further shortened. In the
method for manufacturing a metal printed object of the present embodiment, when the
scanning speed of the laser is 3,000 mm/s or less, the interlayer bond strength of the
metal layers is further improved.

[0045]

In the method for manufacturing a metal printed object of the present
embodiment, the scanning width of the laser is preferably in a range of 0.01 mm to 0.20
mm, more preferably in a range of 0.03 mm to 0.18 mm, and most preferably in a range
of 0.05 mm to 0.15 mm. If the scanning width of the laser is 0.01 mm or more, the
manufacturing time of the metal printed object can be further shortened. When the
scanning width of the laser is 0.20 mm or less, it becomes difficult to form holes or the

like in the metal printed object during the manufacturing.
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The gauge pressure in the chamber 3 is not particularly limited. The gauge
pressure may be, for example, in a range of 0 MPa to 0.1 MPa.
[0046]

(Effects)

In the method for manufacturing a metal printed object according to the present
embodiments described above, when the first metal layer X that is in contact with the
base plate 7 is printed, the mass per unit volume of the shield gas Gi is in the range of
1. 00x10™* g/em? 3 to 1.3x1073 g/cm®.  As a result, the laser penetration depth into the
surface of the molten pool of the metal powder increases. Therefore, when the laser
output value is about 100 W to 300 W and a laser having a relatively low energy is used,
even if the scanning speed of the laser is increased to about 600 mm/s to 1,600 mm/s, the
interlayer bond strength of the metal layers can be maintained.

As described above, according to the method for manufacturing a metal printed
object according to the present embodiments, the manufacturing time can be shortened
by a simple method without requiring a major modification of the manufacturing
apparatus.

[0047]

The reason why the laser penetration depth into the surface of the molten pool of
the metal powder is deep is not clear, but for example, it can be considered as follows.

In the metal printed object manufacturing apparatus 20, it is considered that the
metal powder on the surface of the base plate 7 is melted before the base plate 7, and a
molten pool of the metal powder is formed on the base plate 7. This is because the
metal powder easily reaches the melting point before the thermal energy transmitted to
the metal powder diffuses to the base plate 7.

Since the thermal energy transmitted to the base plate 7 is diffused throughout
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the base plate 7, the temperature is unlikely to rise, and the base plate 7 is unlikely to
melt. Therefore, when the molten pool exists on the surface of the base plate 7, a
depression is generated in the molten pool, and the laser light is easily concentrated. It
is considered that at this time, a deep penetration called a keyhole is formed due to the
concentration of the laser light.

It is considered that in the method for manufacturing a metal printed object of
the present embodiment, when the first metal layer X in contact with the base plate 7 is
printed, the mass per unit volume of the shield gas G is maintained to 1.3x10~* g/cm? or
less, and therefore, the cross-sectional area of the keyhole is reduced. As a result, it is
considered that the laser light is likely to concentrate on the keyhole, a narrow and deep
keyhole is formed, and the laser penetration depth into the surface of the molten pool
increases.

[0048]

As described above, in the method for manufacturing a metal printed object
according to the present embodiment, the laser penetration depth into the surface of the
molten pool increases. Therefore, when the laser output value is in the range of about
100 W to about 300 W and a laser having a relatively low energy is used, even if the
scanning speed of the laser is increased in the range of about 600 mm/s to 1,600 mm/s,
the interlayer bond strength of the metal layers can be maintained. As a result,
according to the method for manufacturing a metal printed object according to the
present embodiment, the manufacturing time can be shortened by a simple method
without requiring a major modification of the manufacturing apparatus.

[0049]
Further, in the method for manufacturing a metal printed object according to the

present embodiment, the mass per unit volume of the shield gas Gn can be changed by
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changing the composition of the shield gas Gn. Therefore, the laser penetration depth
into the surface of the molten pool can be controlled.  As a result, according to the
method for manufacturing a metal printed object of the present embodiment, it is possible
to reduce the manufacturing time of the metal printed object and prevent the formation of
holes and the like.
[0050]

Although some embodiments of the present invention have been described
above, the present invention is not limited to these particular embodiments. In addition,
the present invention may have additions, omissions, substitutions, and other
modifications of the configuration within the scope of the gist of the present invention
described in the claims.

[0051]

For example, in the present embodiments described above, the metal printed
object manufacturing apparatus has a mode in which the metal powder spread on the
upper side of the base plate is irradiated with the laser. However, in another
embodiment, the metal printed object manufacturing apparatus may have a mode in
which the metal powder is supplied while being sprayed at the laser irradiation position.
[0052]

Examples

Hereinafter, the present invention will be described specifically with reference to
Examples, but the present invention is not limited to the following description.

[0053]
(Measuring method)
As for the term “average penetration depth [um]”, a square metal melt described

later was cut in the direction perpendicular to the base plate 7 together with the base plate
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7 without separating from the base plate 7. The cut metal melt was embedded with a
resin, and after polishing with a grindstone or the like, the penetration depth was
measured by observing the cross section of the metal melt and the base plate 7. The
penetration depth was measured three times as described above, and the average value of
the three penetration depths was defined as the average penetration depth [pum].

The “gauge pressure” was measured under the conditions of 25°C using a
Bourdon tube pressure gauge.

[0054]

(Example 1)

A metal printed object was manufactured with the metal printed object
manufacturing apparatus 20. As the laser oscillator 1, a Red Power manufactured by
SPI Lasers was used.  As the optical system 2, a galvanometer mirror was used. The
base plate 6 used was made of pure titanium. As the metal powder, a titanium alloy
TisAlsV (LPW Technology Ltd., ¢ 10 um ~ 45 um) was used. The laser output value
was 200 W, the laser scanning width was 0.05 mm, and the scanning speed of the laser
was 800 mm/s. A layer of the metal powder having a thickness of 30 um was placed on
the base plate 6.

In Example 1, 100% by volume of helium gas was supplied as the shield gas
into the chamber 3 at a flow rate of 30 L/min. When printing the first metal layer in
contact with the base plate 7, the mass per unit volume of the shield gas G was
maintained at 1.60x10™* g/cm®.

Under the conditions above, a 10 mmx10 mm square metal printed object was
manufactured. In addition, the 10 mmx10 mm square metal printed object corresponds
to one metal layer in a metal printed object, that is, a first metal layer.

[0055]
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(Example 2)

In Example 2, a 10 mmx10 mm square metal printed object was manufactured
in the same manner as in Example 1 except that the scanning speed of the laser was 1,200
mm/s.
[0056]

(Example 3)

In Example 3, a 10 mmx10 mm square metal printed object was manufactured
in the same manner as in Example 1 except that the scanning speed of the laser was 1,600
mmy/s.
[0057]

(Example 4)

In Example 4, a 10 mmx10 mm square metal printed object was manufactured
in the same manner as in Example 1 except that the scanning speed of the laser was 2,000
mm/s.
[0058]

(Example 5)

In Example 5, a 10 mmx10 mm square metal printed object was manufactured
in the same manner as in Example 1 except that the scanning speed of the laser was 2,500
mm/s.
[0059]

(Comparative Example 1)

In Comparative Example 1, a 10 mmx10 mm square metal printed object was
manufactured in the same manner as in Example 1 except that a mixed gas of 20% by
volume of argon gas and 80% by volume of helium gas was used as the shield gas.

In Comparative Example 1, when the first metal layer in contact with the base
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plate 7 was printed, the mass per unit volume of the shield gas was maintained at
4.48x10~* g/cm’.
[0060]

(Comparative Example 2)

In Comparative Example 2, a 10 mmx10 mm square metal printed object was
manufactured in the same manner as in Comparative Example 1 except that the scanning
speed of the laser was 1,200 mny/s.

[0061]

(Comparative Example 3)

In Comparative Example 3, a 10 mmx10 mm square metal printed object was
manufactured in the same manner as in Comparative Example 1 except that the scanning
speed of the laser was 1,600 mny/s.

[0062]

(Comparative Example 4)

In Comparative Example 4, a 10 mmx10 mm square metal printed object was
manufactured in the same manner as in Comparative Example 1 except that the scanning
speed of the laser was 2,000 mm/s.

[0063]

(Comparative Example 5)

In Comparative Example 5, a 10 mmx10 mm square metal printed object was
manufactured in the same manner as in Comparative Example 1 except that the scanning
speed of the laser was 2,500 mmy/s.

[0064]
(Comparative Example 6)

In Comparative Example 6, a 10 mmx10 mm square metal printed object was
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manufactured in the same manner as in Example 1 except that a mixed gas of 50% by
volume of argon gas and 50% by volume of helium gas was used as the shield gas.

In Comparative Example 6, when the first metal layer in contact with the base
plate 7 was printed, the mass per unit volume of the shield gas was maintained at
8.80x10~* g/cm’.

[0065]

(Comparative Example 7)

In Comparative Example 7, a 10 mmx10 mm square metal printed object was
manufactured in the same manner as in Comparative Example 6 except that the scanning
speed of the laser was 1,200 mmy/s.

[0066]

(Comparative Example 8)

In Comparative Example 8, a 10 mmx10 mm square metal printed object was
manufactured in the same manner as in Comparative Example 6 except that the scanning
speed of the laser was 1.600 mm/s.

[0067]

(Comparative Example 9)

In Comparative Example 9, a 10 mmx10 mm square metal printed object was
manufactured in the same manner as in Comparative Example 6 except that the scanning
speed of the laser was 2,000 mm/s.

[0068]

(Comparative Example 10)

In Comparative Example 10, a 10 mmx10 mm square metal printed object was
manufactured in the same manner as in Comparative Example 6 except that the scanning

speed of the laser was 2,500 mny/s.



10

15

20

25

28
[0069]

(Comparative Example 11)

In Comparative Example 11, a 10 mmx10 mm square metal printed object was
manufactured in the same manner as in Example 1 except that a mixed gas of 80% by
volume of argon gas and 20% by volume of helium gas was used as the shield gas.

In Comparative Example 11, when the first metal layer in contact with the base
plate 7 was printed, the mass per unit volume of the shield gas was maintained at
1.30x10 ~* g/cm?,

[0070]

(Comparative Example 12)

In Comparative Example 12, a 10 mmx10 mm square metal printed object was
manufactured in the same manner as in Comparative Example 11 except that the
scanning speed of the laser was 1,200 mm/s.

[0071]

(Comparative Example 13)

In Comparative Example 13, a 10 mmx10 mm square metal printed object was
manufactured in the same manner as in Comparative Example 11 except that the
scanning speed of the laser was 1,600 mm/s.

[0072]

(Comparative Example 14)

In Comparative Example 14, a 10 mmx10 mm square metal printed object was
manufactured in the same manner as in Comparative Example 11 except that the
scanning speed of the laser was 2,000 mm/s.

[0073]

(Comparative Example 15)
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In Comparative Example 15, a 10 mmx10 mm square metal printed object was
manufactured in the same manner as in Comparative Example 11 except that the
scanning speed of the laser was 2,500 mm/s.

[0074]

(Comparative Example 16)

In Comparative Example 16, a 10 mmx10 mm square metal printed object was
manufactured in the same manner as in Example 1 except that 100% by volume of argon
gas was used as the shield gas.

In Comparative Example 16, when the first metal layer in contact with the base
plate 7 was printed, the mass per unit volume of the shield gas was maintained at
1.60x10 73 g/cm?.

[0075]

(Comparative Example 17)

In Comparative Example 17, a 10 mmx10 mm square metal printed object was
manufactured in the same manner as in Comparative Example 16 except that the
scanning speed of the laser was 1,200 mm/s.

[0076]

(Comparative Example 18)

In Comparative Example 18, a 10 mmx10 mm square metal printed object was
manufactured in the same manner as in Comparative Example 16 except that the
scanning speed of the laser was 1,600 mm/s.

[0077]
(Comparative Example 19)
In Comparative Example 19, a 10 mmx10 mm square metal printed object was

manufactured in the same manner as in Comparative Example 16 except that the
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scanning speed of the laser was 2,000 mm/s.
[0078]

(Comparative Example 20)

In Comparative Example 20, a 10 mmx10 mm square metal printed object was
manufactured in the same manner as in Comparative Example 16 except that the
scanning speed of the laser was 2,500 mm/s.

[0079]

(Reference Example 1)

In Reference Example 1, the base plate 7 was irradiated with the laser under the
same conditions as in Example 1 except that the metal powder layer was not placed on
the base plate 7.

[0080]

(Reference Example 2)

In Reference Example 2, the base plate 7 was irradiated with the laser under the
same conditions as in Comparative Example 1 except that the metal powder layer was
not placed on the base plate 7.

[0081]

(Reference Example 3)

In Reference Example 3, the base plate 7 was irradiated with the laser under the
same conditions as in Comparative Example 6 except that the metal powder layer was
not placed on the base plate 7.

[0082]
(Reference Example 4)
In Reference Example 4, the base plate 7 was irradiated with the laser under the

same conditions as in Comparative Example 11 except that the metal powder layer was
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not placed on the base plate 7.
[0083]

(Reference Example 5)

In Reference Example 5, the base plate 7 was irradiated with the laser under the
same conditions as in Comparative Example 16 except that the metal powder layer was
not placed on the base plate 7.

[0084]

FIG. 3 is a graph showing a comparison of average penetration depths in
Example 1, and Comparative Examples 1, 6, 11, and 16.

From the results shown in FIG. 3, it can be confirmed that when the scanning
speed of the laser is 800 mm/s, the average penetration depth increases as the mass per
unit volume of the shield gas becomes smaller.

FIG. 4 is a graph showing the relationship between the scanning speed of the
laser and the average penetration depth in Examples 1 to 5 and Comparative Examples 1
to 20. In FIG. 4, A indicates the results of Examples 1 to 5, o indicates the results of
Comparative Examples 1 to 5, o0 shows the results of Comparative Examples 6 to 10, x
indicates the results of Comparative Examples 11 to 15, and ¢ indicates the results of
Comparative Examples 16 to 20.

From the results shown in FIG. 4, even when the scanning speed of the laser was
2,500 mm/s, in Example 5, and Comparative Examples 5, 10, and 15 in which the mass
per unit volume of the shield gas was 1.3x107 g/cm? or less, since the average
penetration depth exceeds the average particle diameter of the material metal powder of

27.5 pm, it was confirmed that these gases are useful as a shield gas.
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[0086]

Table 1 shows the average penetration depths of Example 1, and Comparative
Examples 1, 6, 11, and 16, and Reference Examples 1 to 5. In Reference Examples 1 to
5, melting of the base plate 7 did not occur. Therefore, it is considered that a deep
penetration called a keyhole was not formed.

From the results shown in Table 1, it can be confirmed that in Reference
Examples 1 to 5, no penetration was formed regardless of the mass per unit volume of the
shield gas.

On the other hand, in Example 1, Comparative Examples 1, 6, 11, and 16, the
formation of the molten pool was confirmed, and the formation of a keyhole is suggested.
[0087]

The reason why there is a difference in the formation of the keyhole depending
on the presence or absence of the metal powder layer on the base plate 7 is considered as
follows.

If the metal powder is not on the base plate 7, no molten pool of metal powder is
formed. Therefore, the keyhole is formed on the base plate 7 only when the base plate 7
itself is melted by heat conduction to the base plate 7. However, there is a concern that
the mechanical strength will decrease due to heat storage in the metal printed object, so
in Examples 1 to 5, Comparative Examples 1 to 20 and Reference Examples 1 to 5, the
laser output value was set to a relatively low value of 200 W.  Under the condition that
the output value of the laser is 200 W, the energy density of the laser is low, so that the
base plate 7 is not melted and the keyhole is unlikely to be formed.

In this way, it is considered that it is difficult to from a keyhole in the method for

manufacturing a metal printed object because the upper limit of the thermal energy of the
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energy rays is limited.
[0088]

From the results of the Examples above, it is confirmed that when printing the
first metal layer in contact with the base plate 7,the average penetration depth became
deeper by setting the mass per unit volume of the shield gas in the range of 1.00x10~
g/em? to 1.3x1073 g/em?®.

When the laser output value is relatively low at 200 W, it is suggested that the
interlayer bond strength of the metal layers can be maintained and the manufacturing
time can be shortened even if the scanning speed of the laser is increased to about 800 to
2,500 mm/s.

[0089]

Helium gas used in Examples 1 to 5, Comparative Examples 1 to 15 and
Reference Examples 1 to 4 is a gas having a relatively high thermal conductivity.
Initially, under the conditions of Examples 1 to 5, Comparative Examples 1 to 15, and
Reference Examples 1 to 4, in which the thermal conductivity is relatively high, the
inventors of the present invention expected that the cooling effect of the molten pool was
likely to be high, and it was difficult to form keyholes. Nevertheless, it is completely
unexpected that when printing the first metal layer in contact with the base plate 7, the
effect of increasing the average penetration depth can be obtained by adjusting the mass

per unit volume of the shield gas in the range of 1.00x107* g/cm® to 1.3x107% g/cm?.

EXPLANATION OF REFERENCE NUMERALS
[0090]

1 laser oscillator



10

35
optical system
chamber
first shield gas supply source
second shield gas supply source
printing stage
base plate
pipeline
metal printed object manufacturing apparatus
shield gas used when irradiating laser for the first time
shield gas used when irradiating laser for n-th time

first metal layer
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CLAIMS
1. A method for manufacturing a metal printed object in which, in the presence of a
shielding gas supplied around a metal powder on a base plate, heat is supplied to the
metal powder using energy rays to print a metal layer on the base plate, and the metal
layer is subsequentially laminated,
wherein when modeling a first metal layer in contact with the base plate, mass
per unit volume of the shield gas at a temperature of 25°C and a pressure of 0.1 MPa is in

a range of 1.00x10* g/cm? to 1.3x103g/cm?.

2. The method for manufacturing a metal printed object according to Claim 1,
wherein the shielding gas contains 20% by volume or more of helium with

respect to 100% by volume of the shielding gas.

3. The method for manufacturing a metal printed object according to Claim 1 or 2,
wherein after modeling the first metal layer, when sequentially laminating the
metal layers from the surface of the first metal layer, the mass per unit volume of the
shield gas at a temperature of 25°C and a pressure of 0.1 MPa is the same as the mass per
unit volume of the shield gas at a temperature of 25°C and a pressure of 0.1 MPa when

the first metal layer is formed.

4, The method for manufacturing a metal printed object according to Claim 1 or 2,
wherein after printing the first metal layer, as the metal layers are sequentially
laminated from the surface of the first metal layer, the mass per unit volume of the shield

gas at a temperature of 25°C and a pressure of 0.1 MPa is increased stepwise from the
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mass per unit volume of the shield gas at a temperature of 25°C and a pressure of 0.1

MPa when the first metal layer is formed.

5. The method for manufacturing a metal printed object according to Claim 1 or 2,
wherein after printing the first metal layer, as the metal layers are sequentially
laminated from the surface of the first metal layer, the mass per unit volume of the shield
gas at a temperature of 25°C and a pressure of 0.1 MPa is appropriately changed from the
mass per unit volume of the shield gas at a temperature of 25°C and a pressure of 0.1

MPa when the first metal layer is formed.

6. The method for manufacturing a metal printed object according to any one of
Claims 1to 5,

wherein an output value of the energy rays is in a range of 100 W to 1,500 W.

7. The method for manufacturing a metal printed object according to any one of
Claims 1 to 6,

wherein a scanning speed of the energy rays is in a range of 600 mm/s to 3,000

mm/s.
8. The method for manufacturing a metal printed object according to any one of
Claims1to 7,

wherein a composition of the shield gas is selected according to the metal

powder.
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9. The method for manufacturing a metal printed object according to any one of
Claims 1 to 8,
wherein a molten pool and a keyhole in the molten pool are created when the

heat from the energy rays is supplied to the metal powder.

10. The method for manufacturing a metal printed object according to any one of
Claims1to 9,

wherein the energy rays are continuous waves.



