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(57) ABSTRACT

Direct-metal deposition (DMD), preferably under closed-
loop control, 1s used to fabricate alloy-variant material
structures which provide a combination of desirable physical
and mechanical properties. Use of the invention facilitates

the production of high-strength, high-wear, and 1mpact-
resistant structures which decrease the likelihood of erosion,
heat checking and brittle failure in imjection molds, die

casting, thixomolding and other, more exotic tooling. The

invention uses DMD to deposit a first material or alloy 1n an
arca exposed to high wear, such as the tooling gate area, with
a second material or alloy being used elsewhere 1n the tool
for greater impact resistance. Advantageously, the areas may
be of a user-defined thickness to further improve longevity.
The resulting composite material structure has mechanical
properties (1.e., yield strength, hardness and abrasion resis-
tance) which exceed that of the homogeneous compositions
currently used for mold materials, thereby enhancing pro-
ductivity while improving part quality in these and other
applications.
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FABRICATION OF ALLOY VARIANT
STRUCTURES USING DIRECT METAL
DEPOSITION

REFERENCE TO RELATED APPLICAITON

[0001] This application claims priority of U.S. provisional
patent application Serial No. 60/202,590, filed May 9, 2000,
and 1s a confinuation-in-part of U.S. patent application Ser.
No. 09/670,670, filed Sep. 27, 2000, the entire contents of

cach application being incorporated herein by reference.

FIELD OF THE INVENTION

10002] This invention relates generally to additive manu-
facturing processes and, in particular, to the formation of
alloy variant structures using laser-assisted direct metal
deposition (DMD) processes.

BACKGROUND OF THE INVENTION

[0003] In manufacturing, a critical, time-limiting step for
many products 1s the design and fabrication of “tooling,”
including molds and dies. Complex dies may take from
weeks to a year to perfect prior to manufacture of a product.
In present manufacturing processes, added steps are neces-
sary to overcome existing fabrication methods. For example,
molds and dies must be machined to provide cooling chan-
nels and an acceptable surface finish.

[0004] Traditional materials and fabrication methods used
to manufacture tooling plastic or metallic prototype or
production parts, utilize homogenous wrought or cast tool
steel alloy materials which, when machined, heat treated,
finished and assembled, form a mold, die or other compo-
nent. In many cases, the application requirements within a
mold or die component differ, resulting 1n a reduction 1n die
life requiring repair or replacement of the die or mold.

[0005] In an effort to facilitate the fabrication die compo-
nents and/or to accommodate variations 1n application
requirements, dies and molds often include multiple com-
ponents. Each section or mold component 1s fabricated from
a homogenous metal alloy, which results 1n homogenous
material properties within each die or mold component. The
variation 1n material property requirements within a mold or
die component, results 1n localized wear or and premature
failure of the mold or die component 1n the areas which the
application requirements exceed the material properties
(mechanical and physical properties) inherent to the homog-
enous metal alloy.

[0006] In many cases, molds or dies are assembled and
comprised of component parts to achieve the need for a
variation 1n material properties within a mold or die. For
example, section and 1nsert may be fabricated from dissimi-
lar materials, or processed differently, as through heat treat-
ment.

[0007] It haslong been recognized that additive processes,
wherein material layers are built up, could potentially be
beneficial in the fabrication of tooling by eliminating mul-
tiple component parts or fabrication steps. However, known
processes which deposit metal result 1n a sintered product,
due to trapping of oxides and inadequately bonded material.
One such process 1s laser cladding, wherein a laser 1s used
to generate a melt-pool on a substrate material while a
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second material, typically a powder or wire, 1s introduced,
melted, and metallurgically joined.

[0008] Cladding is generally distinguished from alloying
on the basis that cladding melts a relatively small amount of
the base substrate material relative to the amount of the
deposited material, and the powder system delivers a con-
trolled volume of metal particles into this molten volume.
The particles become dispersed throughout this molten
volume and form a deposition of a desired composition on
the outer layer of the substrate. Removal of the laser beam
from the molten volume, such as by advancement of the
substrate workpiece relative to the focal point of the beam,
causes the molten volume to be rapidly chilled. The chilling
occurs so rapidly that the volume often retains the charac-
teristics of the molten mix.

[0009] Conventional laser cladding techniques move the
metal article relative to the focal point through the use of
jigs, parts handlers, and the like. The beam focal point
therefore remains fixed 1n space, as does the powdering
point. Uniform movement of the metal article usually
requires a complicated j1g which 1s difficult to manufacture,
very expensive, and usually not very successtul, particularly
with 1mfricate geometries. For this reason, laser cladding of
metal parts having other than relatively flat geometries have
been nearly impossible to achieve on a consistent uniform
basis.

[0010] Close control of dimensions 1s necessary for the
production of parts and tools having close tolerances,
acceptable microstructures and properties, and which can be
produced at a reasonable cost and within a reasonable period
of time. A solution to the problem involves the use of
feedback-controlled, direct metal deposition (DMD) as
described 1n U.S. Pat. No. 6,122,564, the entire contents of
which are incorporated herein by reference. With DMD, a
laser 1s used to locally heat a spot on a substrate, forming a
melt pool into which powder 1s fed to create a deposit having
a physical dimension. Optical detection means, coupled to
an optoelectric sensor, are used to monitor the physical
dimension of the deposit, and a feedback controller is
operative to adjust the laser in accordance with the electrical
signal, thereby controlling the rate of material deposition.

[0011] Preferably, the monitored physical dimension is the
height of the deposit, and the system further includes an
interface to a computer-aided design (CAD) system includ-
ing a description of an article to be fabricated, enabling the
feedback controller to compare the physical dimension of
the deposit to the description and adjust the energy of the
laser 1n accordance therewith.

[0012] A DMD system for automatically fabricating an
article typically includes a computer-aided design database
including a description of the article to be fabricated, a work
table for supporting the substrate, and translation means for
moving the substrate relative to the laser and a raw material
feeder. In one arrangement, the worktable moves while the
laser and feed means remain stationary, whereas, 1n a
different configuration, the laser and feeder move while the
work table remains stationary. As a further alternative, both
the laser/material feed and work table/substrate could be
moved simultaneously, preferably under feedback control.

[0013] One distinct advantage of DMD is that material
composition may be varied during the deposition process.
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As disclosed 1n co-pending U.S. patent application Ser. No.
09/670,670, DMD 1s used to fabricate composite material
structures which provide a combination of desirable physical
and mechanical properties. In particular, the use of DMD
facilitates the production of high-strength, abrasion-resistant

laminate structures which also exhibit a high degree of

thermal conductivity. In particular, DMD 1s used to deposit
alternate layers or rows of a thermally conductive material,
such as copper or a copper alloy, and a high strength,
abrasion resistant thermal barrier material, such as tool steel.
The resulting composite material structure has mechanical
properties (1.e., yield strength, hardness and abrasion resis-
tance) which exceed that of pure copper or copper-based
alloys required for mold materials, thereby enhancing pro-
ductivity while improving part quality in these and other
applications.

SUMMARY OF THE INVENTION

[0014] This invention overcomes shortcomings in the
prior art through the use of direct-metal deposition (DMD)
to fabricate alloy-variant material structures which provide
a combination of desirable physical and mechanical prop-
erties. In particular, use of the invention facilitates the
production of high-strength, high-wear, and impact-resistant
structures which decrease the likelihood of erosion, heat
checking and brittle failure.

[0015] Fabrication of die or mold components using the
closed-loop DMD process and alloy variant materials may
be used to tailor material requirements 1n various applica-
fions, mncluding 1njection molds, die casting, thixomolding
and other, more exotic tooling. Fabrication of die or mold
components using the closed-loop DMD process and alloy
variant materials, may be used address the local application
requirements, including die component/insert configura-
fions.

[0016] In the preferred embodiment, the invention uses
DMD to deposit a first material or alloy 1n an area exposed
to high wear, such as the tooling gate area, with a second
material or alloy being used elsewhere 1n the tool for greater
impact resistance. Advantageously, the arecas may be of a
user-defined thickness to further improve longevity. The
resulting composite material structure has mechanical prop-
erties (i.e., yield strength, hardness and abrasion resistance)
which exceed that of the homogeneous compositions cur-
rently used for mold materials, thereby enhancing produc-
fivity while improving part quality 1n these and other appli-
cations.

BRIEF DESCRIPTION OF THE DRAWINGS

10017] FIG. 1 is a block diagram depicting equipment
assoclated with a DMD system applicable to the invention;
and

[0018] FIG. 2 is a simplified diagram representative of a
die or mold to which the invention 1s applicable.

DETAILED DESCRIPTION OF THE
INVENTION

10019] FIG. 1 illustrates a laser-aided, computer con-
trolled direct material deposition (DMD) system in sche-
matic form. The system 10 applies layers of material 20 on
a substrate 30 to fabricate an object or cladding. As dis-
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cussed above, the system 1s preferably equipped with feed-
back monitoring to control of the dimensions and overall
cecometry of the fabricated article. The geometry of the
article is provided by a computer-aided design (CAD) sys-
tem.

[0020] The deposition tool path is generated by a com-
puter-aided manufacturing (CAM) system for CNC machin-
ing with post-processing software for deposition, instead of
software for removal as in conventional CNC machining.
CAM software interfaces with a feedback controller 104.
These details of the laser-aided, computer controlled direct
material deposition system are disclosed in U.S. Pat. No.
6,122,564, and are therefore not all explicitly shown m FIG.
1.

[0021] The factors that affect the dimensions of material
deposition 1include laser power, beam diameter, temporal and
spatial distribution of the beam, interaction time, and pow-
der flow rate. Adequate monitoring and control of laser
power, 1n particular, has a critical effect on the ability to
fabricate completed parts and products with complex geom-
etries and within control tolerances. Accordingly, the feed-
back controller 80 of the direct material deposition system
typically cooperates directly with the numerical controller
90, which, 1tself, controls all functions of the direct material
deposition system, including laser power.

[10022] The laser source 110 of the DMD system 1is
mounted above the substrate 30 and a layer of material 20 1s
deposited according to the description of the object. The
laser has sufficient density to create a melt pool with the
desired composition of substrate or previously deposited
layer and cladding powder. The cladding powder, typically
metallic, 1s sprayed on the substrate preferably through a
laser spray nozzle with a concentric opening for the laser
beam, as described 1n U.S. Pat. No. 4,724,299, so that the
powder exits the nozzle co-axially with the beam.

[10023] A numerical controller 108 controls all operating
components of the DMD system of FIG. 1, including the
operating conditions of the laser, receiving direction from
the CAD/CAM system 106 for building the part or product.
The numerical controller 108 also receives feedback control
signals from the feedback controller 104 to adjust laser
power output, and further controls the relative position of the
substrate and laser spray nozzle. The CAD/CAM system 106
1s equipped with software which enables 1t to generate a path
across the substrate for material deposition.

[0024] The laser is used to locally heat a spot on a
substrate, forming a melt pool into which powder 1s fed to
create a deposit having a physical dimension such as height.
As described 1n U.S. Pat. No. 6,122,564, the extent of the
physical dimension 1s controlled using an optical feedback
loop. Optical detection means coupled to an optoelectric
sensor are used to monitor the deposit, and a feedback
controller 1s operative to adjust the laser 1n accordance with
the electrical signal, thereby controlling the rate of material
deposition. In the preferred embodiment, the physical
dimension 1s the height of the deposit, and the system further
includes an interface to a computer-aided design (CAD)
system including a description of an article to be fabricated,
enabling the feedback controller to compare the physical
dimension of the deposit to the description and adjust the
energy of the laser 1n accordance therewith.

[10025] In terms of specific apparatus, the optical detection
means preferably includes an apertured mask through which
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light from the deposit passes to reach the optoelectric sensor,
and the feedback controller includes circuitry for adjusting
the laser 1n accordance with the presence or absence of the
light from the deposit. This allows the system to optically
monitor the physical dimension of the deposit, and control
the physical dimension 1n accordance with the description of
the article to be fabricated: The deposition head, preferably
equipped with flying optics, 1s advanced to different local-
1zed region of the substrate until the fabrication of the article
1s completed, whether a finished piece or a tool such as a
mold or die.

10026] To address variations in material property require-
ments within a mold or die used to produce plastic, metallic
or composite material parts, DMD can be used to fabricate
mold and die components featuring non-homogenous alloy
variant materials.

10027] The process may be used to fabricate die or mold
component parts comprised of dissimilar materials, includ-
ing multiple metal alloys or cermets (ceramic/metal com-
posites), each tailored to meet the application requirements
assoclated with the localized area of the mold or die com-
ponent.

[0028] In the preferred embodiment, this is accomplished
by blending powders or depositing metal powders which
differ in composition to form an alloy variant structure.
Local deposition of alloy variant materials, with mechanical
and physical properties tailored to address the local appli-
cation material property requirements, will avoid premature
failure and increasing the useful purpose of the mold or die
component part.

10029] Conventional fabrication techniques result in a die
component comprised of a common metal alloy which 1s
subsequently heat-treated. This results 1n a homogenous
microstructure and uniform material properties throughout
the article. The variation 1n the process/application require-
ments associated with the homogenous die component/insert
primarily lead to three types of failure namely; erosion, heat
checking and brittle failure. Fabrication of die or mold
components using the closed-loop DMD process and alloy
variant materials, may be used address the local application

requirements, including die component/insert configura-
fions.

[0030] Fabrication of die or mold components using the
closed-loop DMD process and alloy variant materials may
be used to taillor material requirements in various applica-
fions, mncluding injection molds, die casting, thixomolding
and other, more exotic tooling.

10031] FIG. 2 is a highly simplified drawing representa-
five of a die or mold, having a gate 102 through which
material 1s mtroduced, and one or more ports 104 through
which excess material and/or trapped gas escapes. Those of
skill will readily appreciate that actual configurations are
substantially more complex, and include convoluted cavi-
fies, cooling channels, sensors and complex interfaces for
opening/closing to facilitate part removal.

10032] In many applications, the gate arca sees the highest
velocity of material due to high-speed 1njection, resulting in
a greater exposure to thermal gradients. Thus, 1t would be
advantageous to utilize a higher wear material 1n conjunc-
tion with the gate area, but a tougher, perhaps more ductile,
material 1 conjunction with other arecas, including the
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interface associated with exposing the cavity. According to
existing techniques, since a homogenous material must be
used throughout each integral component, 1t 1s undesirable
and 1mpractical to use a high-wear throughout, since such
materials tend to be brittle and unsuitable for other areas of
the tool, which require greater impact resistance.

[0033] Through the use of alloy variant DMD technology,
particularly closed-loop control deposition, a very precise
tool may be constructed with material, composition varying
from a high-wear material or alloy near the gate area, to a
tougher, more 1impact-resistant material or alloy 1n conjunc-
tion with other areas of the tool. For example in die casting,
where the gate area may experience heat checking through
over-tempering, the gate area may be deposited using H19
steel, with a less brittle material such as H13 being used
clsewhere 1n the tool. Moreover, through the use of DMD,
the transition between materials or alloys need not be abrupt,
but may vary gradually from one region to another, thereby
minimizing stress and other factors that may lead to cracking
or other forms of premature failure.

[0034] In thixomolding, exotic tool materials are used to
cast parts containing magnesium, which would otherwise
attack tools made from steel or other materials. Accordingly,
niobium- and tungsten-based materials/ceramic alloys are
used to coat surfaces susceptible to erosion. These materials
must be used sparingly due to their expense, however, 1t
would be advantageous to have thick layers in areas such as
the gate region to increase the life of the tool. Unfortunately,
with existing methods used to deposit these exotic materials,
such as physical vapor deposition, flame-hardening and
thermal spray techniques, true metallurgical bonds are not
formed. Rather, thin coatings are applied, and although these
provide for a certain level of wear and erosion resistance,
they do tend to wear away and delaminate 1n time, resulting
in the need for tool repair. The use of alloy variant DMD
may be used to address this problem by fabricating true,
metallurgically sound layers of a user-defined thickness 1n
areas such as the gate region which 1s exposed to the greatest
extremes 1n temperature and potential wear. Indeed, in
thixomolding and other exotic processes such as vacuum die
casting, the entire gate area may be made from a niobium-
or other rare-earth based material or ceramic based on
tungsten or other materials, with gradual transitions to other
parts of the tool, as desired for 1impact resistance and other
desirable characteristics.

[0035] In addition to a gradual transition in alloy compo-
sition 1n the bulk, the DMD process may alternatively be
used to deposit alternate layers or rows of materials which
are resistant to temperature, impact, and so forth. The
resulting composite material structure has mechanical prop-
erties (i.e., yield strength, hardness and abrasion resistance)
which also exceed that of the homogeneous materials and
alloys which are currently used for mold materials, thereby
enhancing productivity while improving part quality 1n these
and other applications.

[0036] In some cases, the composite structure may use
more than two alternating layers. For example, a structure
according to the invention may be comprised of three
materials, including a thermally resistant layer, an interface
or transition material, and a high strength mold material,
preferably tool steel. The mterface or transition material may
be used to provide a metallurgical bond between the dis-
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similar materials, thereby avoiding delamination, potential
crack formation and crack propagation during functional
use.

[0037] The fabrication of a thermally resistant composite
material comprised of two or more pure metals or metal
alloys provides the capability to maintain the required
structural and abrasion resistance associated with the mold-
ing process. Fabrication of alloy variant structures according
to the invention provides the capability to fabricate high-
strength, high-wear, and abrasion-resistant compositions at
user-defined thicknesses required for use as a mold material
for both plastic and metal molding processes.

We claim:
1. Aimproved tooling fabrication method, comprising the
steps of:

depositing a first metallic or ceramic alloy using a laser-
assisted direct metal deposition process in a {irst region
of the tooling requiring high thermal or wear resistance;
and

depositing a second metallic or ceramic alloy using a
laser-assisted direct metal deposition process 1n a sec-
ond area of the tooling requiring high strength or
impact resistance.
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2. The method of claim 1, wherein the tooling 1s used 1n
injection molding, die casting, or thixomolding.

3. The method of claim 1, wherein:
the tooling includes a gate area; and

the first metallic or ceramic alloy 1s deposited relative to
the gate area.

4. The method of claim 1, wheren:

the tooling includes 1n interface associated with opening,
and closing; and

the second metallic or ceramic alloy 1s deposited relative
to 1nterface.

S. The method of claim 1, wherein:
the tooling 1s die-cast mold having a gate area;

H19 steel 1s used 1n conjunction with the fabrication of the
gate area; and

H13 steel 1s used 1n conjunction with the fabrication of
non-gate areas.
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