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movable in a build sleeve (131), the build platform (102) for supporting a bed
(104) of metal powder, a powder layer formation device for forming layers of
metal powder to form the bed (104), a scanner (106) for directing an energy
beam to selected regions of each layer to consolidate the metal powder and a
radio-wave generator (110, 150, 151, 152, 153, 154) arranged to surround the
metal powder and generate radio waves to heat the metal powder that forms the
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METAL POWDER BED ADDITIVE MANUFACTURING APPARATUS
AND METHODS

Field of Invention

This invention concerns a metal powder bed additive manufacturing apparatus and
method. The invention has particular application to the heating of metal powder in

a powder bed additive manufacturing apparatus using radio frequency heating.

Background

Powder bed fusion apparatus, such as selective laser melting (SLM) apparatus,
produce objects through layer-by-layer solidification of a material, such as a metal
powder material, using a high energy beam, such as a laser beam. A powder layer
is formed across a powder bed in a build chamber by depositing a heap of powder
adjacent to the powder bed and spreading the heap of powder with a wiper across
(from one side to another side of) the powder bed to form the layer. A laser beam
is then scanned across areas of the powder layer that correspond to a cross-section
of the object being constructed. The laser beam melts the powder to form a
solidified layer. After selective solidification of a layer, the powder bed is lowered
by a thickness of the newly solidified layer and a further layer of powder is spread
over the surface and solidified, as required. An example of such a device is

disclosed in US6042774.

During the build, forces produced as the solidified material contracts during cooling
can result in distortion of the part, such as curling of the part upwards. It is known
to build supports as part of the build for holding the part in place. However, such
supports can be difficult to remove at the end of the build. Furthermore, residual
stresses in the part can cause the part to distort when the part is released from the

supports.
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When melting/sintering the powder material it is desirable to bring the powder to
the sintering/melting temperature whilst vaporising as little of the material as
possible. However, heating of the powder layer with the laser produces a decreasing
temperature gradient throughout the layer thickness. Accordingly, to melt powder
throughout the layer thickness may require upper parts of the layer to reach a
temperature significantly above the sintering/melting temperature, potentially
resulting in vaporisation (potentially, explosive vaporisation) of the powder.
Vaporisation and, in particular, explosive vaporisation, can result in the formation
of voids in the part. Furthermore, defects may be formed in the part from vaporised
material solidifying at undesirable locations on the powder bed during part

formation.

Furthermore, rapid solidification of molten material can result in solidification

cracking of the material.

It is known to reduce the temperature gradients generated by the laser during part
formation by heating the entire powder bed to a temperature close to the melting or

sintering temperature before melting or sintering the powder with the laser.

US9616458 B2 discloses a selective laser melting apparatus comprising an

inductive heater for heating powder in a zone of the powder bed.

WO02016/051163 discloses an additive manufacturing apparatus comprising a
microwave or radio wave source controllable to generate a microwave or radio
wave field to differentially heat the material bed.

Summary of Invention

According to a first aspect of the invention a powder bed fusion apparatus

comprising a build platform movable in a build sleeve, the build platform for
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supporting a bed of metal powder, a powder layer formation device for forming
layers of metal powder to form the bed, a scanner for directing an energy beam to
selected regions of each layer to consolidate the metal powder and a radio-wave

generator arranged to generate radio waves to heat the metal powder.

The radio wave generator may be arranged to generate frequencies between 30MHz
to SOOMHz, more preferably between 100MHz to SOOMHz and most preferably
100MHz to 300MHz. It is believed that this range of frequencies is optimal for
heating of particles of the sizes used in powder bed fusion (e.g. 10-40um). Even
though the skin depth is still small (of the order of the particle size), large volumes
of powder can be almost fully penetrated (so heated) by the radio frequency (RF)
magnetic field, as each particle behaves independently, rather than collectively. In
this way a moderate power radio wave generator can be used, such as a radio wave

generator delivering 100W or less.

The direct heating of dense, large volumetric (bulk) metal structures by radio waves
having a frequency of 30MHz to SO0MHz is not effective due to the high
conductivity of the metal surface and a skin depth that is much smaller than the
sample size, leading to ineffective penetration of the RF magnetic field. This is not
the case with metal powder with significant inter-particle volume. Such metal
powder should be treated, at least from an electrical standpoint, as artificial
dielectrics—a composite of the metal powder and gas/vacuum. In a powder the
metal particles are separated by dielectric regions comprised of air, inert gas, or
vacuum, and, frequently, a thin oxide coating. These features significantly modify
the interaction from the pure metal case. The predominant interaction is eddy
currents induced on or near the particle surface. These currents can produce strong
coupling to the radio wave fields resulting in efficient, localized heat generation —
so called radio frequency heating. Ohmic currents between the particles may also
be generated directly by the RF electric field, if a coating, such as an oxide layer,
on the particles is weakly conducting, producing “dielectric heating”. As the radio

wave field is ineffective at heating large volumetric metal structures, such as metal
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walls of a build chamber, the metal powder is “selectively” heated to high
temperatures whilst unwanted heating of the large volumetric metal structures, such

as the build chamber walls, is avoided.

RF and dielectric heating is to be contrasted with inductive heating, in which a low
frequency (of the order of kHz) alternating magnetic field induces eddy currents in
an electrically conducting object. The eddy currents flow through the resistance of
the material to heat the material by Joule heating. Such inductive heating is

ineffective at heating the metal powders.

The apparatus may comprise a radio wave resonator arranged to surround the metal
powder and the radio wave generator is arranged to generate radio waves at a
resonant frequency of the radio wave resonator to heat the metal powder that forms

the bed.

By heating the powder within a radio wave resonator, a medium to low power radio
waves generator may be used to heat the powder to a required temperature, such as

above 400°C.

The radio wave generator may be arranged to generate radio waves at a resonant
frequency of the radio wave resonator when containing a bed of metal powder. The
radio wave generator may comprise a controller for altering the frequency of the
generated radio waves to match the resonant frequency to the powder of the bed
and the radio wave resonator. The controller may control a signal generator to set
the frequency of the generated radio waves in response to a user input, for example
of a type of powder used to form the bed, and/or in response to a signal generated
by a sensor, such as a signal analyser or a temperature sensor monitoring a
temperature of the bed. The controller may be arranged to control the signal
generator to sweep the frequency of the radio waves across a range of frequencies
to identify and/or track the resonant frequency. For example, the resonant

frequency of the radio wave resonator may change as the build platform is lowered
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and/or more powder is added to the bed. Accordingly, the controller may be
arranged to track the resonant frequency with changes within a volume surrounded
by the radio-wave resonator as the build progresses. The sensor may measure a
difference between forward and reflected power for the radio-wave resonator. The
controller may control the signal generator to switch between high and low power
states and adjust a frequency of the radio-waves based upon signals from the sensor
generated during the low power state. In the low power state, a frequency of the
radio waves may be swept across a range of frequencies to identify a resonant
frequency. The controller may be arranged to select a frequency of the radio waves

at which a peak loss is achieved between the forward and reflected power.

The radio wave generator may be arranged to produce pulsed radio wave power.
The controller may control the radio wave generator to vary a pulse width, for
example based upon an amount to powder in the powder bed and/or in response to
the sensor. The pulse width may be varied to control a temperature and temperature

rise of the powder.

The radio wave generator may comprise an impendence matching circuit. The
controller may be arranged to control the impedance matching circuit based upon
signals from a sensor, such as sensor measuring forward and reflected power for the
radio-wave resonator. In this way, the radio-wave generator may track the
impedance of the system as the load changes, for example due to the laying of
further powder layers and/or the solidification of powder by an energy beam

(creating solid matter that is not effectively heated by e radio waves).

The radio-wave generator and/or resonator may be arranged to surround at least a
portion of the bed such that the metal powder is heated when part of the bed. This
may be advantageous as the powder is heated in situ. Alternatively or additionally,
the radio-wave generator and/or resonator may be arranged to surround powder that
has yet to be formed in to layers of the bed. For example, the layer formation device

may comprise a recoating device for spreading powder in layers across the bed and
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the radio wave generator and/or resonator may be arranged to surround powder
when contained within a recoating device. Such a recoating device may comprise
two upstanding walls that define a cavity therebetween, an example of which is
disclosed in US6672343, and the radio-wave generator and/or resonator may be
arranged to surround powder contained in the cavity of the recoater. The layer
formation device may comprise a dosing mechanism for transferring a dose of
powder from a powder hopper to a processing plate from where the dose of powder
is spread by a recoater and the radio wave generator and/or resonator may be
arranged to surround powder when contained within the dosing mechanism. The
dosing mechanism may comprise a metering member sandwiched between first and
second retaining plates and movable relative thereto, the metering member
comprising one or more metering voids that extend through the metering member
with entrance openings defined in a first face of the metering member and exit
openings defined in a second face of the metering member, wherein relative
movement of the metering member moves the voids from a position in which the
entrance opening can receive powder from a powder hopper to a position in which
powder contained in the metering void can exit from the void via the exit opening.
An example of such a metering member is described in W0O2010/007396. The radio
wave generator and/or resonator may be arranged to surround powder when
contained within the or each metering void. In this way, the radio-wave generator

and/or resonator may preheat the powder before it is spread into layers of the bed.

The radio-wave generator may comprise a radio-wave cavity containing the
powder. Walls of the radio-wave cavity may be formed by walls of a build chamber,
the build sleeve and build platform. The build chamber may be arranged to maintain
an inert atmosphere surrounding an upper surface of the bed of powder, an upper
surface of the build platform. The build chamber, build sleeve and/or build platform
may be formed of an austenitic steel. Walls of the radio-wave cavity may be formed
by walls of a powder hopper of the powder layer formation device. Walls of the
radio-wave cavity may comprise walls of a recoater for spreading powder in layers

across the bed. Walls of the radio-wave cavity may comprise walls of a metering
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member that define the one or more metering voids

The radio-wave generator may further comprise a radio-wave source for generating
the radio-waves that extends into the radio-wave cavity. For example, the signal
generator may be coupled into the radio-wave cavity by a wire probe, loop and/or
coaxial cable. A conductive structure located within a build chamber having a
secondary function may form part of the coupling structure. The conductive

structure may direct gas flow through the build chamber.

The radio wave generator may comprise a coil connected to a source of alternating
current and optionally, radio wave shielding, such as a metal cage, surrounding the
coil to increase the Q factor of the radio wave resonator. The coil may surround or
be embedded in the build sleeve. The coil surrounding or embedded in the build
sleeve may be arranged to surround only a set number of layers from a top of the
powder bed (which is less than all the layers for a full height build). The set number
of layers may be less than 10, less than 100 or less than 1000 layers of the powder
bed. At frequencies between 100MHz to S00MHz a coil exhibits complex
electromagnetic behaviour due to the distributed nature of the magnetic and
electrical coupling between turns of the coil. As a result, at these frequencies there
are multiple resonant frequencies. The controller may be arranged to control the
radio wave generator to operate at a resonant mode higher than the self-resonant
mode (R1). Itis difficult to tune (impendence match) the self-resonant mode (R1)
for both empty and powder-loaded volumes and so there is little power delivery to
the powder at this resonant frequency. The controller may be arranged to control
the radio wave generator to operate at the next resonant mode (R2) from the self-
resonant mode (R1). It has been found that at the next resonant mode, the power
can be effectively coupled to the powder to heat the powder using an impedance

matching circuit.

According to a second aspect of the invention a powder bed fusion method

comprising lowering a build platform in a build sleeve, forming layers of metal
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powder to form the bed, operating a scanner to direct an energy beam to consolidate
the metal powder at selected regions on each layer and heating the powder with a

radio-wave generator.

The method may comprise heating the powder within a radio wave resonator that
surrounds the metal powder using radio waves at a resonant frequency of the

resonator.

The radio wave generator may be controlled to generate frequencies between
100MHz to S0O0MHz. The method may comprise operating the radio wave
generator at a resonant frequency above a self-resonant mode of the radio wave
resonator. The method may comprise altering the frequency of the generated
radio waves to match the resonant frequency to the powder of the bed. The
method may comprise sweeping the frequency of the radio waves across a range
of frequencies to identify and/or track the resonant frequency. For example, the
resonant frequency may change as the build platform is lowered and/or more

powder is added to the bed.

Description of the Drawings

Figure 1 is a schematic illustration of a powder bed fusion apparatus

according to one embodiment of the invention;

Figure 2 is a schematic illustration of the powder bed fusion apparatus

shown in Figure 1 viewed from a perpendicular direction;

Figure 3 is a schematic illustration of a circuit of the powder bed fusion

apparatus for generating radio waves;

Figure 4 is a schematic diagram of an experimental set up;
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Figure S shows a reflection coefficient [S11| measured for an empty coil

and a coil loaded with tungsten carbide (WC) powder;

Figure 6 shows COMSOL simulations of the magnetic field distribution in
a) the first resonant mode R1 at 60 MHz, showing the expected solenoidal
field, and b) the second resonant mode R2 at 190 MHz;

Figure 7 shows the reflection coefficient |[S11| measured for a) an empty
coil which has been tuned using the & network shown, b) for a coil loaded

with a virgin WC powder sample;

Figure 8 shows heating profiles of the three tungsten carbide powder
samples (When the pyrometer read 700°C the RF power was switched off,

and samples were allowed to cool naturally (in air));

Figure 9 are Plots of 1/Q during heating for the three WC samples - The
reduction in Q on heating is apparent, associated with the reduced

electrical conductivity of the powder particles; and

Figure 10 shows a) Virgin tungsten carbide sample and b)-d) Three
identical WC samples after heating, exhibiting the bright yellow/green
WO3 phase.

Description of Embodiments

25

With reference to Figures 1 to 3, a powder bed fusion apparatus 100 according to

an embodiment of the invention includes a build chamber 102 that can be sealed

from the external environment. The build chamber 102 is divided into an upper

processing chamber 120 and a lower chamber 121 by processing plate 115 and a

30  build platform 130 reciprocally movable within a bore 132 of a build sleeve 131.

The build platform 130 is moved by an elevator mechanism (lead screw 180 and
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drive mechanism 181) located in the lower chamber 121. The build platform 130
is sealably engaged with the bore 132 of the build sleeve 131 to prevent egress of
powder into the lower chamber 121. This is achieved by seals (not shown),
associated with an edge of the build platform 130, which physically engage with
the bore 132 of the build sleeve 131. The processing plate 115, build sleeve 131,
build platform 130 and associated seals function to form a barrier for the powder
such that the powder remains in the processing chamber 120 and does not travel to

the lower chamber 121.

The apparatus further comprises a hopper 136 for storing metal powder and a dosing
mechanism 137 for delivering powder from the hopper 136 into the processing
chamber 120. In this embodiment, the dosing mechanism 137 comprises a metering
member 138 sandwiched between first and second retaining plates 133, 134 and
movable relative thereto. The metering member 138 comprising one or more
metering voids 129 therein that extend through the metering member 138, the or
each metering void 129 having an entrance opening defined in a first, upper face of
the metering member 138 and an exit opening defined in a second, lower face of
the metering member 138. Relative movement of the metering member 138 moves
the void(s) 129 from a position in which the entrance opening can receive powder
from the powder hopper 136 to a position in which powder contained in the
metering void(s) 129 exits from the or each void 129 via the exit opening into the
processing chamber 120. An example of such a metering member is described in

WO02010/007396, which is incorporated herein by reference.

The processing chamber 120 houses a recoater 139 for spreading a layer of powder
over the build surface 135 from a location where the powder is dosed by the dosing
mechanism 137 across a working plane 135. In this embodiment, the recoater 139
comprises two wipers formed by upstanding walls 127, 128, which define a cavity
therebetween into which the powder is dosed. An example of such a wiper is

disclosed in US6672343.
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Optical access to the processing chamber 120 for one or more high-powered laser
beam 108 is provided via window 125. The one or more high-powered laser beams
108 is/are directed by a scanner 106 though the window 125 to the build plane 135
to melt selected regions of successive layers of powder. The scanner 106 comprises
titling mirrors 107 controlled by galvanometers (not shown) for directing the laser
beam(s) 108 to the required locations on the bed. In one embodiment, the optical
module is as described in W0O2017/085470, which is incorporated herein by

reference.

In use, the build platform 130 is lowered to accommodate the object as it is formed
layer by layer. The processing chamber 120 allows control of the atmosphere
directly above the build platform 130 and the upper surface of the build platform
130 is subject to the atmosphere of the processing chamber 120 even as the build
platform 130 is lowered. The build chamber 102 may be capable of holding a

vacuum, for example to at least -950millibar (relative to atmospheric pressure).

The lower chamber 121 allows the atmosphere below the build platform 130 to be
controlled and the lower surface of the build platform 130 is subject to the

atmosphere of the lower chamber 121 even as the build platform 130 is lowered.

The upper and lower chambers 120, 121 are coupled to each other via an opening
(not shown), which allows the pressure in each chamber to be equalised. This
arrangement provides the advantage that the pressure immediately above and below
the build platform 130 may be maintained at the same level. The pressure above
and below the build platform 130 may be maintained at a vacuum pressure during
the build or at a super-atmospheric pressure during the build, such as 10 millibar
(relative to atmospheric pressure). Such a super-atmospheric pressure may be
achieved by backfilling the build chamber 102 with an inert gas, such as argon or

nitrogen, via an inlet (not shown).

The build chamber 102 comprises a gas nozzle aperture 140 and a gas exhaust
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aperture 141 for generating a gas flow through the processing chamber 120 across
the working plane 135. The gas flow acts as a gas knife carrying condensate created
by the melting of the powder with the laser beam(s) 108 away from the build area.
The apparatus comprises a further gas nozzle 144 for injecting gas into an upper
portion of the build chamber 120. A conductive inner structure 179 (hereinafter
referred to as an insert) having apertures 175 in an upper region thereof is located
in the upper chamber 120 such that the further gas nozzle 144 injects gas into a
region 170 between a ceiling of the build chamber 120 and a top of the insert 179.
This gas then flows from region 170 down through apertures 175 is form a
downward gas flow from the window 125. This downward gas flow may prevent
condensate from rising up to and collecting on the window 125, which in turn could

affect the quality of the laser beam(s) 108 delivered through the window 125.

The gas flow circuit for forming the inert atmosphere and the gas knife may be as

described in W0O2016/079494, which is incorporated herein by reference.

The powder bed fusion apparatus 100 comprises a radio-wave resonator 110
comprising a radio wave cavity formed by the build chamber 102, processing plate
115, build sleeve 131 and build platform 130 surrounding the metal powder of the
bed. A radio wave generator for generating radio waves comprises a signal
generator 116 for generating signals at a frequency between 100MHz and S00MHz
and a coupling structure for coupling the signals into the radio wave cavity. In this
embodiment, the coupling structure is a coaxial cable 112 having an inner conductor
electrically connected to an outer conductor 114 via the conductive insert 179 to
form a coupling “loop” within the cavity. In this embodiment, the radio wave
generator further comprises an impedance matching circuit 117, such as a =«
matching network (as shown in Figures 4 and 7), a signal analyser 118 and a
controller 119. The controller 119 is arranged to control the signal generator 116
and impedance matching circuit 117 in response to signals from the signal analyser
118. The signal analyser 118 is arranged to generate signals, which are sent to the

controller 119, indicative of a Q factor of the radio wave cavity. The Q factor may
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be determined from comparing input and output powers of the coaxial cable 112.
The controller 119 is arranged to control the impedance matching circuit 117 to
maximise the measured Q factor for a given radio wave frequency, for example by
adjusting one or more variable capacitors of the impedance matching circuit 117.
The controller 119 is arranged to control the signal generator 116 to sweep the
frequency of the generated signals across a range of frequencies to find/track a
resonant frequency of the cavity. The sweep of frequencies may be carried out
periodically, such as after the build platform 130 has been lowered and/or during or
after formation of the powder layer so as to alter the frequency based upon a change
in geometry of the radio wave cavity and a change in the load that may change a
resonant frequency of the cavity. The change in the resonant frequency as the build
progresses may be sufficiently slow that a sweep of signal frequencies can be

carried out less often, such as more than every 10, 100 or 1000 layers.

Parts of the apparatus that are made of bulk metal, such as the build chamber 102,
build platform 130, processing plate 115, build sleeve 131 and recoater 139 will not
be significantly heating by the radio-waves. However, in one embodiment, the
build chamber 102, build platform 130, processing plate 115, build sleeve 131 and
recoater 139 are connected to ground to eliminate any heating that may occur due
to the radio waves. If a viewing window is provided in the build chamber 102, a
metal mesh structure may be provided over the viewing window to shield the viewer

from the radio waves in the upper build chamber 120.

In use, a user inputs into the controller using an interface (not shown) a type of
metal powder that is to be used in the build. The controller may have programmed
therein a set frequency about which a resonant frequency occurs for that type of
metal powder. At the start of the build, the controller 119 may control the signal
generator 116 to sweep the signals across a range of frequencies around this set
frequency for the identified metal powder and from feedback from the signal
analyser 118, identify the resonant frequency of the cavity. The impedance

matching circuit is then controlled to tune the circuit to the load present in the
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cavity. The power may then be increased to generate radio waves in the cavity that
heat the powder in the powder bed. The powder may be heated prior to, during
and/or after consolidation of the powder using the laser beams 108. The powder
may be heated to above 400°C, above 500°C and preferably above 700°C. Heating
of the powder bed before or whilst the powder is melted may allow lower powered
laser(s) to be used and therefore, reduce a magnitude of an energy impulse to which
the bed is subjected when powder is melted by the laser beam(s) 108. Heating of
the powder bed whilst or after the powder is melted may control (slow) a
solidification rate of the melt pool, potentially avoiding solidification cracking, and
control a cooling rate of the solidified material, potentially reducing the formation

of cracks due to thermal stress.

A potential advantage of the apparatus is that metal parts of the apparatus that it
would be undesirable to heat are not heated by the radio waves due to the minimal
penetration depth of the radio waves into these parts. Furthermore, if needed, parts
can be shielded from being heating by the radio waves by suitable grounding of the
components (as described above) and/or shielding. In particular, locating sensitive
components outside of the insert 179 may help to shield the sensitive components
from the radio waves generated within the volume surrounded by the insert 179.
This may be further facilitated by locating a cage around the outside of the insert
179 between the insert 179 and the walls of the build chamber 102.

The powder bed fusion apparatus 100 may comprise further radio wave resonators

150 to 154.

Radio wave resonator 150 (referred to hereinafter as “the hopper radio wave
resonator”) is similar to radio wave resonator 110 but provided in the hopper with
the hopper housing forming the resonant cavity. The hopper radio wave resonator
150 may have a control circuit similar to that shown in Figure 3. Like the radio
wave resonator 110, the hopper radio wave resonator 150 heats the powder using a

resonant frequency between 100MHz to 500MHz. The hopper radio wave
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resonator 150 heats powder in the hopper 136 before it is dosed and spread into
layers to form the powder bed. A potential advantage of heating powder in the
hopper instead of within the build chamber 102 is that it may be easier to avoid
unwanted heating of other components, such as components of the optical module
106. However, cooling of the powder can occur between the powder being heated
in the hopper 136 and the powder being formed into layers of the bed. The hopper
radio wave resonator 150 may be also be used in addition to the radio wave

resonator 110.

Radio wave resonator 151 (referred to hereinafter as “the metering radio wave
resonator”) comprises a coil embedded within or surrounding the metering member
138 and heats the powder contained in the metering void through radio-frequency
heating. Like the radio wave resonators 110 and 150, the metering radio wave
resonator 151 heats the powder using a resonant frequency between 100MHz to
500MHz. As the amount of powder in the void is consistent throughout the build,
a frequency of the radio waves may not have to be changed as the build progresses.
Walls of the metering member 138 are made of a material that is transparent to radio
waves. The metering hopper radio wave resonator 151 may be also be used as an

alternative or in addition to the radio wave resonator(s) 110, 150.

Radio wave resonator 152 (referred to hereinafter as “the recoater radio wave
resonator”) comprises a coil embedded within or surrounding the recoater 139 and
heats the powder contained in the recoater through radio-frequency heating. Like
the radio wave resonators 110, 150 and 151, the recoater radio wave resonator 152
heats the powder using a resonant frequency between 100MHz to SOOMHz. As the
amount of powder in the recoater before the powder is spread across the bed is
substantially consistent throughout the build, a frequency of the radio waves may
not have to be changed as the build progresses. Upstanding walls 127, 128 of the
recoater 139 are made of a material that is transparent to radio waves. The recoater
radio wave resonator 152 may be also be used as an alternative or in addition to the

radio wave resonator(s) 110, 150, 151.
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Radio wave resonator 153 (referred to hereinafter as “the processing plate radio
wave resonator”’) comprises a coil embedded within or held within a slot in the
processing plate 115 so as to surround a region of the processing plate 115 to one
side of the powder bed. The processing plate radio wave resonator 153 heats the
powder when located on the processing plate 115 through radio-frequency heating
before a dose of the powder is spread to form a layer. Like the radio wave resonators
110, 150, 151, 152, the processing plate radio wave resonator 153 heats the powder
using a resonant frequency between 100MHz to S00MHz. As the amount of dosed
powder is consistent throughout the build, a frequency of the radio waves may not
have to be changed as the build progresses. The processing plate 115, at least in the
region of the coil, is made of a material that is transparent to radio waves. The
processing plate radio wave resonator 153 may be also be used as an alternative or

in addition to the radio wave resonator(s) 110, 150, 151, 152.

Radio wave resonator 154 (referred to hereinafter as “the powder bed radio wave
resonator”) comprises a coil embedded within or held within a slot in the processing
plate 115 or embedded within or surrounding the build sleeve 131 to surround an
upper portion of the powder bed. The powder bed radio wave resonator 154 heats
the powder within this upper region of the powder bed through radio-frequency
heating. Like the radio wave resonators 110, 150, 151, 152, 153, the powder bed
radio wave resonator 154 heats the powder using a resonant frequency between
100MHz to S00MHz. As the amount of dosed powder in this upper region of the
powder bed is consistent throughout the build, a frequency of the radio waves may
not have to be changed as the build progresses. The processing plate 115 or build
sleeve 131, at least in the region of the coil, is made of a material that is transparent
to radio waves. The powder bed radio wave resonator 154 may be also be used as

an alternative or in addition to the radio wave resonator(s) 110, 150, 151, 152, 153.

In all of the embodiments of radio wave resonators 110, and 150 to 154 described

above, suitable shielding (not shown), such as a metal cage, may be used to confine
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the radio waves to a desired region and to increase the Q factor.

Example

A helical structure shown in Figure 4 was used to heat powder at VHF frequencies,
in the 100-500MHz range. The helical structure is a 5-turn coil having a diameter
of approximately SOmm. At VHF, the structure develops a more complex
electromagnetic behaviour than that of a common solenoid, due to the distributed
nature of the magnetic and electrical coupling between the turns; as such there are
multiple resonances (which we denote R1, R2, etc.) as seen in the plot of |S;;| in
Figure 5. In free space, the structure also acts as a significant radiator, so to enhance

the Q factor the helical structure is enclosed in a “cage” (not shown). Magnetic
field "H uniformity is shown in Figures 6a and 6b calculated using COMSOL

Multiphysics®. The lowest frequency, self-resonant mode (R1) of the coil occurs
at 60 MHz and can be modelled in the traditional way as a parallel RLC tank circuit.
At resonance the input impedance of R1 is both real and very high, representing a
near open circuit condition. It is difficult to tune (i.e. impedance match) R1 for both
empty and powder-loaded coils and so there is very little power delivery possible
to the sample, as is evident from Figure 5. For this reason, we turn our attention to
the next resonant mode R2 at around 190 MHz, which effectively couples RF power
to the powder sample and is easily tuned by the variable capacitors 201, 202 shown

in Figure 4.

One potential drawback of the use of R2 is the degradation in the H field
uniformity, as shown in Fig. 6(b), and the fact that the sample is bathed in both E

and H fields, but effective absorption of the input power by the sample occurs

nonetheless. Powdered tungsten carbide (WC) samples are used in the experiments
since the various tungsten oxides formed are coloured and so give an indication of
the temperatures reached. The electrical conductivity of WC is around 5x10° S/m,

giving a maximum magnetic dipole absorption in the VHF frequency range.
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Tuning circuit and power transfer to the sample

The coil 200 comprises 5 turns wound from 4mm copper tubing. The coil has an
inner diameter of 48mm and height of 50mm. Coil tuning was via a m matching
network 203 consisting of a fixed series inductor 204 and two variable shunt
capacitors 201, 202. The insertion loss at resonance can be tuned to less than -20
dB, meaning that > 99% of the input power is coupled to the system. Prior to
heating, the sample-loaded is deliberately untuned, such that on heating the Q factor
drops (as the conductivity decreases); it then “self-tunes” to achieve closer input
impedance matching. At all points in the heating cycle, the tuning can be adjusted

manually via the variable RF shunt capacitors.

Unloaded Q factors have been measured at low input power (0 dBm) using a vector
network analyser (Agilent ES071C); Q reduces from Qo = 896 + 1 when empty to
Qs = 236 + 2 when an approximate 40cm® powder sample of WC contained in a
50cm’ Pyrex beaker 205 is loaded coaxially into the coil operating in R2 mode. The
partition of power dissipated between the coil and sample can be quantified
approximately by the heating efficiency factor n=1-Qs/Qo, so for the WC powder
around 75% of the input power is dissipated as heat in the sample. A purpose-built,
dual directional coupler of directivity 20dB, with a coupling factor of 62dB, was
incorporated into the experiment to measure input and reflected powers using two

USB power meters.

Temperature measurement

One of the major challenges in RF heating is the measurement of sample
temperature. In these experiments, a Micro-epsilon pyrometer was mounted to the
top plate of the applicator, directly adjacent to the top surface of the WC powder,
for which an emissivity of 0.85 has been assumed. A wide-field view thermal

imaging camera was also used to monitor the surface temperature of the overall
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system. Both of these thermometers measure surface temperature only; the
temperature deep within the sample could be much higher. An attractive feature of
tungsten is the colour of'its oxides, which form on heating it in the air. For example,
WO:s is bright green/yellow, and its presence can be used to infer the temperature
attained. Another attractive property is that WOs is thermochromic, meaning that it
will exhibit different colours at different temperatures, which also provides an

inference of temperature.

Sample preparation and measurement procedure

Three Pyrex beakers were filled with 404 + 1g of virgin WC metal powder (supplied
by LPW Technology), sealed in an argon atmosphere, with particle sizes in the
range Sum — 25 um. Each sample-loaded beaker was placed inside an insulating
jacket made from 2mm thick calcium magnesium silicate (CaMgQO4Si) and centred
coaxially inside the applicator coil. Several tungsten oxides form on heating WC
in the air. The final phase is the yellow/green tungsten trioxide (WOs), forming
between temperatures of 516 - 646°C.

The 0dBm output power of a signal generator is amplified by a power amplifier (of
gain 49dB), operating in continuous wave mode, giving an available power of
approximately 75W after taking into account all system losses. The USB power
meters are used to determine the reflection coefficient and hence quantify the
efficiency of power delivery to the sample loaded coil during the heating process.
A frequency sweep across a bandwidth of 50 MHz allows the system to keep track
of the resonant frequency of R2 (at around 190 MHz) and also the quality factor
change (for which A(1/Q) quantifies the fractional change in the sample losses,
much in the same way as in conventional cavity perturbation theory. When the
system is initialized it locks onto the resonance frequency and backs off the input
power to measure |S11]; Q is extracted by fitting the resonance absorption curve 1-
|S11] in the frequency domain to a Lorentzian response and correcting for the effects
of coupling. Power is then switched to its maximum value, after which heating

commences. The surface temperature of the beaker is monitored via the pyrometer.
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Each sample was observed to behave very similarly, requiring re-tuning after an
initial self-tuning stage, based on the tuning adjustment described above. Sudden
jumps in the temperature for each sample during heating, as measured by the
pyrometer, are likely to be indicative of surface oxide formation. After heating for
around 20 mins, the RF power is switched off, and each sample is allowed to cool

naturally (in air) to ambient temperature.

Heating profiles and tungsten oxide formation

Each sample was exposed to the same processing conditions. Each sample exhibited
rapid heating during an initial linear stage, over which the system self-tunes. A
manual tuning stage is then operated by adjusting the shunt capacitors to maintain
good impedance matching, which accounts for the slight variations in the
temperature profiles shown in Figure 8. The RF power was switched off when
700°C was indicated by the pyrometer. The heating profiles for all three samples
exhibit qualitatively similar features. The rate of apparent temperature rise is
particularly acute after a heating time of 20 minutes and is likely to be due to the
change of emissivity of the top layer of the powder as oxides form, affecting the
apparent temperature reading of the pyrometer. The measurement system has the
very useful feature of being able to measure Q as the sample heats, as is shown in
Figure 9. Here, changes in 1/Q are plotted, as these relate to changes in resonant
bandwidth for R2, and are directly proportional to the power loss in the sample. In
addition to providing effective, intense heating of a powder sample, by tracking the
Q factor in this way allows the formation of the various oxides to be studied if a

flow of oxygen (or air) is passed through the sample during heating.

A photograph of the three batches of the processed powders is shown in Figure 10.
This clearly shows the WO; phase in the top layer, and also the grey-blue tungsten
oxides formed at intermediate temperatures in the layers immediately below the
WOs. No oxide is observed (via colour change) in the bulk of the powder. The virgin

powder has air gaps between its powder particles, but on heating, this oxygen is



WO 2020/240180 PCT/GB2020/051283

10

15

20

25

21

soon used up, and since there is no flow of oxygen through the sample, not enough
oxide is formed for any colour change to be seen. The presence of WOs is itself
evidence of a temperature of at least 646°C on the top surface of the powder, with
the likelihood of a much higher temperature having been achieved in the bulk of the

powder.

It will be understood that alterations and modifications to the above described
embodiments may be made without departing from the invention as defined herein.
For example, metal powders other than tungsten carbide may be heated using the
radio wave resonator. Other powder dosing mechanisms may be used, such as a
dosing piston, and the radio wave resonator may heat the powder in the dosing
piston. The outer sheath 114 of the coaxial cable may extend further into the cavity.
This may allow the coaxial cable to take a more tortuous route through the build
chamber 102 to avoid interference with the operating of the machine without
resulting in a highly asymmetric electromagnetic field (for example, the radiative
structure may be substantially confined to the insert 179 rather than including the
exposed portion of the inner conductor 113). The coaxial cable may be connected
with the build chamber 102 itself rather than the insert within the build chamber
102. In such an arrangement, the insert may be made of a material transparent to
the radio waves, such as a polymer. Other energy beams, such as electron beams,
may be used instead of laser beams. Use of such laser beams may require
modification of the operating environment, for example electron beams should be
used in a vacuum rather than an inert gas atmosphere, such as argon or nitrogen. In
one embodiment, the radio wave generator does not operate at a resonant frequency
of the cavity. The above described apparatus may still provide advantages, such as

a reduction in complexity, even when not operating at a resonant frequency.
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CLAIMS

1. A powder bed fusion apparatus comprising a build platform movable in a
build sleeve, the build platform for supporting a bed of metal powder, a powder
layer formation device for forming layers of metal powder to form the bed, a
scanner for directing an energy beam to selected regions of each layer to consolidate
the metal powder, a radio-wave generator arranged to surround the metal powder

and generate radio waves to heat the metal powder that forms the bed.

2. A powder bed fusion apparatus according to claim 1, wherein the radio-

wave generator is arranged to generate radio waves between 30MHz to SOOMHz.

3. A powder bed fusion apparatus according to claim 1 or claim 2, wherein the
radio-wave generator comprises a radio-wave resonator that surrounds the metal
powder and the radio wave generator is arranged to operate at a resonant frequency

of the radio wave resonator when containing a bed of metal powder.

4. A powder bed fusion apparatus according to claim 3, wherein the radio wave
generator comprises a signal generator and a controller arranged to control the
signal generator to alter a frequency of the generated radio waves to match the
resonant frequency of the radio wave resonator as the bed of metal powder is

formed.

5. A powder bed fusion apparatus according to claim 4, wherein the controller
is arranged to control the signal generator to alter the frequency of the generated
radio waves to track changes in the resonant frequency of the radio wave resonator

as the bed of metal powder is formed.

6. A powder bed fusion apparatus according to claim 4 or claim 5, wherein the
controller controls the signal generator to set the frequency of the generated radio

waves in response to a user input

7. A powder bed fusion apparatus according to any one of claims 4 to 6,
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wherein the controller controls the signal generator to set the frequency of the

generated radio waves in response to a signal generated by a sensor.

8. A powder bed fusion apparatus according to any one of the preceding
claims, wherein the radio-wave generator is arranged to surround at least a portion

of the bed such that the metal powder is heated when part of the bed.

9. A powder bed fusion apparatus according to any one of the preceding
claims, wherein the radio-wave generator is arranged to surround metal powder that

has yet to be formed in to layers of the bed.

10. A powder bed fusion apparatus according to any one of the preceding
claims, wherein the layer formation device comprises a hopper and the radio wave

generator is arranged to surround metal powder in the hopper.

11. A powder bed fusion apparatus according to any one of the preceding
claims, wherein the radio-wave generator comprises a radio-wave cavity containing

the metal powder.

12. A powder bed fusion apparatus according to claim 11, wherein walls of the
radio-wave cavity are formed by walls of a build chamber, the build sleeve and

build platform.

13. A powder bed fusion method comprising lowering a build platform in a
build sleeve, forming layers of metal powder to form the bed, operating a scanner
to direct an energy beam to consolidate the metal powder at selected regions on
each layer and heating the powder within a radio wave generator that surrounds the

metal powder.

14. A powder bed fusion method according to claim 13, wherein the radio wave
generator is controlled to generate resonant frequencies between 100MHz to

500MHz.

15. A powder bed fusion method according to claim 13 or claim 14 comprising
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heating the powder within a radio wave resonator that surrounds the metal powder
using radio waves at a resonant frequency of the resonator and the method may
further comprise sweeping a frequency of the radio waves across a range of

frequencies to identify and/or track the resonant frequency.
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