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Substrate for Additive Manufacturing

FIELD OF THE INVENTION

The present invention relates to a substrate for an additive manufacturing process, a
method of forming the substrate, a system including the substrate, and use of the

system for creating a part by an additive manufacturing process.
BACKGROUND OF THE INVENTION

Additive manufacturing is a process by which an article is produced by joining
materials together. Additive layer manufacturing (ALM) involves producing the
article layer by layer using 3D model data. The process may be used for producing

prototypes, samples, models, tooling or full scale components.

A known ALM technique uses a power beam, such as a laser or an electron beam for
example, to selectively sinter powdered material. A layer of the powdered material is
laid over a substrate (also known as a build plate, start plate, start platform or build
platform) in a sintering chamber to provide a “powder bed”. The powder is applied
using a re-coating blade. The power beam is used to selectively sinter the powder in a
desired pattern by scanning across the surface of the powder bed. The power beam is
controlled to produce the desired pattern according to cross-sections generated from

3D model data (e.g. a CAD file) of the article.

After each cross-section is scanned and the melted powder has solidified, the substrate
is lowered by one layer thickness (typically of the order of 0.1 mm) to prepare for
growth of the next layer. Another layer of the powder is applied on top of the
preceding layer in preparation for sintering. The process is repeated until the article is
completed. Thus as the process proceeds, a sintered article is constructed, supported
by unconsolidated powder. After the article has been completed it is removed from
the substrate and the unconsolidated powder is typically recycled to produce another

article by the same ALM process.
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Selective sintering may be used to produce shaped articles from powders of some

metals, ceramics, glasses and thermoplastic polymers.

Due to the thermal energy involved in sintering the powder it is generally necessary to
constrain the article during the build against thermal residual stresses which tend to
make the article curl up, clashing with the re-coating blade and causing the build to
fail. The article is generally constrained by fusing it to the substrate. In conventional
processing a thick, solid substrate is used and the first layer of powder is fused to this,
with subsequent layers being built on top. The fusion to the substrate provides the
desired constraint in the z-axis (through layers) but also applies an additional
constraint in the x-y plane, resulting in high residual stresses in the article which
cannot be relieved during the build process. This can lead to bending of the substrate,

and distortion and cracking of the article.

Currently, there are some ALM processes that make use of either a heated sintering
chamber, or a heated substrate in order to reduce the level of differential shrinkage
between the article and the substrate. This can reduce the level of residual stress, but
has other drawbacks. The heated nature of the process results in a significant increase
in system complexity, requiring heat shielding of sensitive electronics. It also changes
the environment of the process, changing cooling characteristics which can be
advantageous for some alloys, but can have a severe detrimental effect on other, e.g.

Scalmalloy ™, which requires fast solidification and high cooling rates.
SUMMARY OF THE INVENTION

A first aspect of the invention provides a substrate for an additive manufacturing
process, the substrate having a build surface for fusing to a part being formed on the
substrate by the additive manufacturing process, wherein the substrate is configured to
provide relatively high stiffness in a direction substantially perpendicular to the build

surface, whilst having a low longitudinal stiffness in the plane of the build surface.

A further aspect of the invention provides a substrate for an additive manufacturing
process, the substrate having a build surface for fusing to a part being formed on the
substrate by the additive manufacturing process, wherein the substrate has an upper

portion nearest the build surface and a lower portion, and wherein the upper portion



WO 2013/140146 PCT/GB2013/050686

10

15

20

25

includes an array of protrusions with their longitudinal axis aligned substantially

perpendicular to the build surface.

A further aspect of the invention provides a substrate for an additive manufacturing
process, the substrate having a build surface for fusing to a part being formed on the
substrate by the additive manufacturing process, and one or more slits extending from

the build surface through part of the thickness of the substrate.

A further aspect of the invention provides a substrate for an additive manufacturing
process, the substrate having a build surface for fusing to a part being formed on the
substrate by the additive manufacturing process, wherein the substrate has an upper
portion nearest the build surface and a lower portion, and wherein the upper portion

includes a different material to that of the lower portion.

A further aspect of the invention provides a system for creating a part by an additive
manufacturing process, the system including a substrate in accordance with one or

more aspects of the invention.

A further aspect of the invention provides a method of forming a substrate for an
additive manufacturing process, comprising providing a plate, and cutting one or more
slits extending from the upper surface of the plate through part of the thickness of the

plate.

A further aspect of the invention provides a method of forming a substrate for an
additive manufacturing process, comprising using an additive manufacturing process
to form a substrate having an upper portion and a lower portion, wherein the upper

portion includes an array of upstanding protrusions.

A further aspect of the invention provides use of a system according to the invention

for creating a part by an additive manufacturing process.

The invention is advantageous in that the substrate allows high strain deformation in
the plane of the build surface, but retains high stiffness in the direction of the build,
i.e. perpendicular to the build surface. This effectively creates a sliding constraint at
the interface between the substrate and the part being formed by the additive

manufacturing process, allowing the part to shrink in the plane of the build surface
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and thereby avoiding the build up of large residual stresses. Preferred embodiments of

the invention provide various ways in which this can be achieved.

The substrate may have an upper portion nearest the build surface and a lower portion,
wherein the upper portion includes a different construction and/or material to that of

the lower portion.

Where the upper portion includes an array of protrusions, the protrusions may be
arranged to deform like beams in the plane of the build surface, whilst being

substantially rigid in the direction perpendicular to the build surface.

The tops of the protrusions may provide at least a portion of the build surface. The
entire upper portion of the substrate may comprise the protrusions, in which case the
tops of the protrusions may provide the entire build surface. Alternatively, the
protrusions may be provided on only a portion of the build surface. The remainder of
the build surface may be solid. It may be advantageous to provide the protrusions only

at those regions of the build surface upon which the part is to be built.

The bases of the protrusions may be integrally formed with the lower portion of the
substrate. For example, the substrate may be a monolith. Alternatively, each
protrusion, or an array of protrusions, may be attached to the lower portion of the
substrate, e.g. by fastening. This may allow for use of a common lower portion with

one of a plurality of different upper portions than can be exchanged.

The protrusions may be slender, preferably having an aspect ratio of at least 3. The
aspect ratio is the ratio of the height of the protrusion vs. its width/depth. The larger
the aspect ratio of the protrusions, for a given material, the greater their ability to
deform as beams in the plane of the build surface. The aspect ratio may be in the range

3 to 10, preferably 4 to 8, and most preferably 5 to 6.

The protrusions may each have straight sides substantially perpendicular to the build
surface. Alternatively, the protrusions may each have a taper of increasing cross
section along their longitudinal axis. In particular, the protrusions may have a taper of

increasing cross section towards the build surface, i.e. an inverse taper. In this way the
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base of the protrusions provide great flexibility, whilst the top of the protrusions have

only a small gap to their neighbouring protrusions in the array.

The protrusions may take the form of pillars having a generally planar top. The pillars
may have any cross section, but are preferably regularly shaped such that the gap
between neighbouring pillars is substantially constant. For ease of manufacture, the
pillars may have a rectangular section, constant along the length of the protrusion.
Alternatively, a hexagonal, octagonal, circular, elliptical or other section may be

provided.

A gap between adjacent protrusions may be filled by a material dissimilar to that of
the protrusions. For example, the gap may be filled with a material of low stiffness as
compared with that of the protrusions. Alternatively the gap may be an air gap, i.e. a

material of negligible stiffness.

The protrusions may be formed by cutting slits in the substrate. The slits may be
provided in an upper portion of the substrate, and a lower portion of the substrate may

be substantially solid. The slits may take the form of a grid.

The build surface may be substantially rectangular and the grid may be aligned
substantially with an edge or a diagonal of the build surface. Aligning with the
diagonal may be preferable, such that the part being built by the additive
manufacturing process may be arranged diagonally on the build surface. In this way

larger parts can be built for a given size of substrate or ALM system.

The slits may be provided on only a portion of the build surface. The slits may have a
substantially uniform width. The slits may have a particularly small width, e.g.
approximately 0.1 mm, and a high aspect ratio. The aspect ratio is the length of the slit
in the direction extending from the build surface vs. the slit width. The aspect ratio
may therefore be at least 100, preferably at least 150, and may be up to approximately
500. Cutting the slits with such a high aspect ratio can be achieved using electrical
discharge machining (EDM), e.g. wire EDM. Alternatively laser cutting may be used,

for example.
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The base of each slit may have a radius corner so as to protect against stress
concentrations and crack propagation into the substrate from the end of the slit. The
radius may be generally U-shaped or generally tear drop shaped. The radius may be at
least 0.5 times the width of the slit, preferably at least 2 times.

In the case where the upper portion of the substrate has a different material to the
lower portion, the lower portion may have a higher stiffness than the upper portion.
The upper portion may be substantially solid, and free from slits, cuts, grooves,

indentations or the like.

The upper portion may include a material of high ductility and low yield strength as
compared with the material of the part intended to be fused to it during the additive

manufacturing process.

The upper portion may include a includes a material of low elastic modulus and high
strain to failure as compared with the material of the part intended to be fused to it

during the additive manufacturing process.

The upper portion may include a material that is weldable with the material of the part

intended to be fused to it during the additive manufacturing process.

Regardless of the material and/or construction of the substrate, the substrate may be
re-useable for building successive part(s) by the additive manufacturing process. In
particular, a top layer of the substrate may be adapted to be removed after each build
to redefine the build surface. The thickness and/or construction of the upper portion of
the substrate may be arranged to permit at least 5, and preferably at least 10, builds. A
thickness of approximately 1 mm may be milled, or otherwise removed, from the top
of the substrate to redefine the build surface after each build. Removing this material
from the substrate is intended to remove any material that may have plastically
deformed during the previous build, leaving only material that has elastically
deformed remaining in the substrate. The material properties, and/or the construction

(e.g. slit gap width) in the build surface may therefore be restored.

The additive manufacturing process typically progresses by creating the part layer by

layer. For example, the part may be created by selectively sintering successive powder
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layers. However, the substrate may alternatively be used with other additive

manufacturing processes.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will now be described with reference to the

accompanying drawings, in which:

Figure 1 illustrates schematically a powder bed ALM processing system;

Figure 2 illustrates a side view of the substrate of the system;

Figure 3 illustrates a detail view of region A of Figure 2;

Figure 4 illustrates a three-dimensional view of the substrate;

Figure 5 illustrates a plan view of another embodiment of the substrate, showing a part

built upon the substrate;

Figure 6 illustrates a schematic partial view of the slits in the substrate;

Figure 7 illustrates a partial schematic view of the substrate with a part built on the

build surface;

Figure 8 illustrates a schematic partial view of protrusions of another embodiment of

the substrate; and

Figure 9 illustrates a cross section view of another embodiment of the substrate having

upper and lower portions including different materials.

DETAILED DESCRIPTION OF EMBODIMENT(S)

Figure 1 illustrates a cold powder bed processing additive layer manufacturing (ALM)
system. The system is “cold” in that the processing environment is at ambient
temperature, and is not maintained at an elevated temperature. The system comprises a
pair of feed containers 10, 11 containing powdered metallic material such as
powdered Titanium. A roller 12 picks up powder from one of the feed containers (in

the example of Figure 1, the roller 12 is picking up powder from the right hand feed
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container) and rolls a continuous bed of powder over a substrate 13. A laser head 14
then scans over the powder bed, and a laser beam from the head is turned on and off to

melt the powder in a desired pattern.

The substrate 13 then moves down by a small distance (typically of the order of 0.1
mm) to prepare for growth of the next layer. After a pause for the melted powder to
solidify, the roller 12 proceeds to roll another layer of powder over substrate 13 in
preparation for sintering. Thus as the process proceeds, a sintered part 15 is
constructed, supported by unconsolidated powder parts 16. After the part has been
completed, it is removed from substrate 13 and the unconsolidated powder 16 is

recycled before being returned to the feed containers 10, 11.

Movement of the laser head 14 and modulation of the laser beam is determined by a

Computer Aided Design (CAD) model of the desired profile and layout of the part.

Various embodiments of the substrate 13 for use in the powder bed system shown in

Figure 1 will now be described in detail.

Figures 2 to 4 illustrate a first embodiment of the substrate 13’. The substrate 13° has
a build surface 20. The first layer of powder laid on the build surface 20 is fused to
the build surface across substantially the entire base area of the part to be formed by
the ALM process. This fixes the part to the substrate and substantially prevents curling
of the part during the build. The substrate 13’ is configured to provide relatively high
stiffness in a direction (z) substantially perpendicular to the build surface, whilst

having a low longitudinal stiffness in the plane (x-y) of the build surface.

The substrate 13” has an upper portion 21 nearest the build surface 20 and a lower
portion 22. The material for the upper and lower portions 21, 22 is the same, and in
this example is Titanium to provide a suitable match with the Ti 6-4 powder used to

create the part 15. This material match is important for fusing the part to the substrate.

The upper portion 21 of the substrate includes an array of slits 23 extending from the
build surface 20 through part of the thickness of the substrate. The slits 23 form a

rectangular grid pattern across the build surface 20 to define an array of protrusions 24
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with their longitudinal axis aligned with the build direction (z) and substantially

perpendicular to the build surface 20.

The slits 23 have a width s of approximately 0.1 mm and a depth d of approximately
15 mm. The slits are regularly spaced approximately 3 mm apart such that the
protrusions 24 are square section pillars, having a height of approximately 15 mm and
a 3 x 3 mm cross section with parallel sides aligned with the z direction. The tops 25

of the pillars make up the build surface 20.

The slits 23 are cut by spark erosion, such as wire EDM, or may alternatively be laser
cut. The substrate 13’ may initially be similar to a conventional Titanium plate
substrate for powder bed ALM. Cutting the slits 23 into the monolithic plate has the
effect of maintaining high stiffness in the z direction whilst introducing relatively low
longitudinal stiffness in the x-y plane of the build plate. Due to the slits 23 the
resultant base of the pillars remain integrally formed with the lower portion 22 of the
substrate, and the pillars act as beams for deflection in the x-y plane at the build

surface 20.

In this way, the material shrinkage which occurs as the sintered powder solidifies
during creation of each successive layer of the ALM part 15 is accommodated by
bending of the pillars about their respective bases. This has the effect of closing up at
least some of the slits 23, with this effect being most pronounced at the edges of the
part 15. Naturally, this slightly disturbs the planar build surface such that small steps
are created between adjacent pillars but this step is small due to the size (3 x 3 mm) of
the top of the pillars and the very high aspect ratio of the slits, which in this example
is 150. Generally, the higher the aspect ratio of the slits, the flatter the build surface

will be at maximum deflection of the pillars.

The base of the slits 23 has a radius r of approximately 0.05 mm so as to function as

crack inhibitors and prevent crack propagation through the substrate.

As shown in Figure 4 the substrate 13’ includes mounting holes 26, one at each corner
of the substrate for fixing, e.g. by bolting, the substrate to the ALM system transport

for raising/lowering the substrate.
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It may generally be observed that the lower portion 22 of the substrate 13’ is
substantially isotropic, whilst the upper portion 21 having the slits 23 is anisotropic.
The lower portion 22 is sufficiently stiff to prevent bending or curling of the substrate
13° during the build. The upper portion 21 maintains sufficient stiffness in the z-
direction, whilst having a low longitudinal stiffness in the x-y plane of the build
surface 20. The deformation in the upper portion 21 due to bending of the pillars is
mostly elastic but the design accommodates a limited degree of plastic deformation, if
particularly high residual stresses are created, e.g. due to the shape of the part being
built.

In a conventional manner, the top 1 mm or so of the substrate 13’ can be milled away
after each build so as to redefine the build surface. This beneficially removes any
material that may have plastically deformed during the last build. The substrate 13 is
thus re-useable a plurality of times. With sufficient depth of the slits 23 the substrate

13’ may be re-used up to approximately 5 to 10 times.

Figure 5 illustrates an alternative embodiment of the substrate 13°’, which differs in
that the slit grid occupies only a portion of the build surface 20 and in that the slit grid
is oriented approximately along the diagonal of the rectangular build surface. These
features may be provided independently or jointly as here. Providing the slits across
only a portion of the build surface where the part is to be built may save production
costs, as cutting the slits by spark erosion for example can be expensive. Orienting the
slit grid to the diagonal of the build surface provides greater movement in the primary
shrinkage directions of the part 15, which is typically oriented along the diagonal to

maximise the size of part that can be built for a given rectangular build surface area.

Figure 6 illustrates a schematic detailed view of the base of the slits 23’ in accordance
with another embodiment, in which the radiused base has a tear drop shape so as to
maximise the radius r, thus further improving resistance to crack propagation through

the substrate.

A gap between adjacent pillars defined by the slits 23 is typically air filled, but in an
alternative embodiment this gap may be filled with a material different than that of the

pillars, e.g. a ductile plastics material. Filling the slits may prevent the powder from
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falling into the slits. However, even with an air gap this is generally not problematic.
The very narrow slit width s of approximately 0.01 mm is approximately twice the
diameter of the powder particles used in the ALM process. This is beneficial as the
powder particles will tend to easily bridge the slits in the build surface during
application of the first or second powder layers. Figure 7 illustrates this bridging
effect, and also shows a cut line 30 for cutting the completed part 15 from the
substrate 13 by wire EDM, or similar. As can be seen, this cut line 30 is disposed just
above the bridging between adjacent pillars. This leaves a small thickness of the
sintered powder material fused to the substrate, which is removed when the top layer
of the substrate is milled after the build to redefine the build surface in readiness for a

subsequent build.

Figure 8 illustrates schematically a yet further design of the protrusions and slits in the
upper portion of the substrate. The protrusions 24°° have a tapered shape, as compared
with this straight sided protrusions described previously. The protrusions 24’ retain a
substantially rectangular cross section but have a taper of increasing cross section
towards the build surface 20. The slits 23" have a corresponding taper of increasing
cross section away from the build surface 20. The tapered protrusions are
advantageous in that the base has a reduced cross section, which promotes greater
bending of the beam like protrusions in the x-y plane at the build surface 20. The slits
23’> however may be more difficult to manufacture. Accordingly, it may be preferable
to manufacture the substrate having the protrusions in the upper portion by an ALM
process, such as that described above. Forming re-entrant or undercut projections is

generally straightforward in ALM.

Finally, Figure 9 illustrates a yet further embodiment of the substrate 13°’” having an
upper portion 41 of a first material and a lower portion 42 of a second material. By
contrast with the embodiments described above both the upper and lower portions are
solid, and the upper portion in particular is free from slits. The lower portion has a
higher stiffness than the upper portion. For example, the upper portion 41 includes a
material of high ductility and low yield strength such as grade 1 or grade 2 pure
Titanium. This provides a good match for the Titanium 6-4 material used to form the

part as the part will readily fuse to the substrate.
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Alternatively, the upper portion 41 may include a material of low elastic modulus and
high strain to failure as compared with the material of the part intended to be fused to
it during the additive manufacturing process. For example, a super-elastic material
such as the shape memory alloy Nitinol may be used, which includes approximately
50% Ni and 50% Ti. The upper portion 41 includes a material that is weldable with
the material of the part intended to be fused to it during the additive manufacturing
process. The large proportion of Titanium in Nitinol would satisfy this requirement

when building parts from Titanium powder by ALM.

Where different materials are provided for the upper and lower portions of the
substrate, the overall depth of the substrate may increase slightly as compared with the

embodiments described with reference to Figures 2 to 4.

Once the build has completed and the part has been removed from the substrate, the
part is typically heat treated to reduce any remaining residual stresses. So long as the
modified substrate in accordance with this invention can prevent crack initiation
during the build, due to the increased strain deformation across the build surface, then

the finished part should be free from stress induced defects.

Although the invention has been described above with reference to one or more
preferred embodiments, it will be appreciated that various changes or modifications
may be made without departing from the scope of the invention as defined in the

appended claims.
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Claims

A substrate for an additive manufacturing process, the substrate having a build
surface for fusing to a part being formed on the substrate by the additive
manufacturing process, wherein the substrate is configured to provide
relatively high stiffness in a direction substantially perpendicular to the build
surface, whilst having a low longitudinal stiffness in the plane of the build

surface.

A substrate according to claim 1, having an upper portion nearest the build
surface and a lower portion, wherein the upper portion includes a different

construction and/or material to that of the lower portion.

A substrate for an additive manufacturing process, the substrate having a
build surface for fusing to a part being formed on the substrate by the additive
manufacturing process, wherein the substrate has an upper portion nearest the
build surface and a lower portion, and wherein the upper portion includes an
array of protrusions with their longitudinal axis aligned substantially

perpendicular to the build surface.

A substrate according to claim 3, wherein tops of the protrusions provide at

least a portion of the build surface.

A substrate according to claim 3 or claim 4, wherein bases of the protrusions

are integrally formed with the lower portion of the substrate.

A substrate according to any of claims 3 to 5, wherein the protrusions are

slender, preferably having an aspect ratio of at least 3.

A substrate according to any of claims 3 to 6, wherein the protrusions each

have straight sides substantially perpendicular to the build surface.

A substrate according to any of claims 3 to 6, wherein the protrusions each

have a taper of increasing cross section towards the build surface.
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12.

13.

14.

15.

16.

17.

18.

19.

14

A substrate according to any of claims 3 to 8, wherein the substrate is a

monolith.

A substrate according to any of claims 3 to 8, wherein a gap between adjacent

protrusions is filled by a material dissimilar to that of the protrusions.

A substrate for an additive manufacturing process, the substrate having a build
surface for fusing to a part being formed on the substrate by the additive
manufacturing process, and one or more slits extending from the build surface

through part of the thickness of the substrate.

A substrate according to claim 11, wherein the slits are provided in an upper
portion of the substrate, and a lower portion of the substrate is substantially

solid.
A substrate according to claim 11 or 12, wherein the slits form a grid.

A substrate according to claim 13, wherein the build surface is substantially
rectangular and the grid is aligned substantially with an edge or a diagonal of

the build surface.

A substrate according to any of claims 11 to 14, wherein the slits are provided

on only a portion of the build surface.

A substrate according to any of claims 11 to 15, wherein the slits have a

substantially uniform width.

A substrate according to any of claims 11 to 16, wherein the substrate is a

monolith.

A substrate according to any of claims 11 to 17, wherein the base of each slit

has a radius corner.

A substrate for an additive manufacturing process, the substrate having a build
surface for fusing to a part being formed on the substrate by the additive

manufacturing process, wherein the substrate has an upper portion nearest the
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23.

24.

25.

26.

27.

28.

29.

15

build surface and a lower portion, and wherein the upper portion includes a

different material to that of the lower portion.

A substrate according to claim 19, wherein the lower portion has a higher

stiffness than the upper portion.

A substrate according to claim 19 or claim 20, wherein the upper portion
includes a material of high ductility and low yield strength as compared with
the material of the part intended to be fused to it during the additive

manufacturing process.

A substrate according to claim 19 or claim 20, wherein the upper portion
includes a includes a material of low elastic modulus and high strain to failure
as compared with the material of the part intended to be fused to it during the

additive manufacturing process.

A substrate according to any of claims 19 to 22 wherein the upper portion
includes a material that is weldable with the material of the part intended to be

fused to it during the additive manufacturing process.

A substrate according to any preceding claim, wherein the substrate is re-

useable for building successive part(s) by the additive manufacturing process.

A substrate according to claim 24, wherein a top layer of the substrate is

removed after each build to redefine the build surface.

A system for creating a part by an additive manufacturing process, the system

including a substrate in accordance with any preceding claim.
A system according to claim 26, configured to create the part layer by layer.

A system according to claim 27, configured to create the part by selectively

sintering successive powder layers.

A method of forming a substrate for an additive manufacturing process,
comprising providing a plate, and cutting one or more slits extending from the

upper surface of the plate through part of the thickness of the plate.
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30. A method according to claim 29, wherein the slits are cut by electrical

discharge machining (EDM) or by a laser.

31. A method of forming a substrate for an additive manufacturing process,
comprising using an additive manufacturing process to form a substrate having
5 an upper portion and a lower portion, wherein the upper portion includes an

array of upstanding protrusions.

32. Use of a system according to any of claims 26 to 28 for creating a part by an

additive manufacturing process.
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Figure 1
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