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ELECTRON BEAM LAYER MANUFACTURING USING

SCANNING ELECTRON MONITORED CLOSED LOOP CONTROL

STATEMENT OF GOVERNMENT RIGHTS

[0001] The present subject matter was supported, at least in part by SBIR Contract No.

FA8650-09-M-5209. The United States government may have certain rights in the invention.

CLAIM OF BENEFIT OF FILING DATE

[0002] The present application claims the benefit of the fiNng date of U.S. Provisional

Application No. 61/261,090, fi d November 13, 2009, the contents of which are hereby

expressly incorporated by reference.

FIELD OF THE INVENTION

[0003] The present invention relates generally to layer manufacturing of articles and, more

specifically, to additive manufacturing, direct manufacturing or solid freeform fabrication of

articles using electron beam energy and closed loop control technology that relies upon electron

phenomena detection for deposition condition monitoring.

BACKGROUND OF THE INVENTION

[0004] Free form fabrication (FFF), direct manufacturing (DM) and additive manufacturing (AM)

are names for a general class of layer manufacturing (LM), in which a three-dimensional (3-D)

article is made by the sequential buiW-up of layers of material. One or more suitable LM

techniques may be utilized for making articles, (e.g.. such as by creating one or more device

patterns directly on a substrate). The LM technique usualy includes a step of selectively

depositing material layer by layer, selectively removing material layer by layer, or a combination

thereof. Many LM techniques are attractive in that they avoid the need for masks, for pre¬

existing three-dimensional patterns, and/or expensive tooling.

[0005] Historically. LM processes that use electron beams for melting a metal have been

generally performed in an open loop fashion, which relies throughout substantially the entirety of

the process upon human intervention, and particularly an operator, to adjust operating

parameters. For example, an operator typically is obliged to visually observe the LM process



throughout the layer by layer buildup, generally external of an LM apparatus and through a

viewing port of the LM apparatus. rf and when an operator detects a peroaived departure from

the buildup process, as forecasted, the operator needs to immediately change operating

parameters. This approach may pose potential for complications due to the subjectivity of the

observations of the operator, due to any delay experienced between an observation and any

adjustment in operating parameters, and/or due to improper selection of parameters.

[0006] In recent years, there has been a growing need for a reliable system that reduces

reliance upon human operators of LM processes and equipment. Among the difficulties

encountered in attempting to implement dosed loop controls for LM techniques, and espeoiaiy

in the area of LM that employs layer by layer build up of articles using molten metal, has been

the ability to suitably monitor deposits of metal. This is a particularly acute difficulty when

attempting to conduct LM at relatively high output rates. Accordingly, there continues to be a

need in the art for an improved system for monitoring layer manufacturing to provide feedback

controls for forming a three-dimensional article.

[0007] U.S. Application No. 61/243,242 now U.S. Application No. 12/883.340 (incorporated by

reference) discloses various unique approaches to layer manufacturing. In general, the

approaches address deposition condition monitoring by use of optical approaches, such as by

monitoring with digital camera equipment. Notwithstanding the early success of such a system,

there remains a need for other robust approaches to deposition condition monitoring.

[0008] Examples of efforts to provide layer manufacturing of articles and processes include

those disclosed in US Patent Nos. 5,534,314; 5,669,433; 5,736,073; 5,871,805; 5,960,853;

6,401,001; 6,193,923; 6,405.095; 6,459.951; 6.680.456; 7,073,561; 7.168,935; and 7,326,377;

and US Patent Application Nos. 20030075836; 20050173380; and 20050288813, ail of which

are incorporated by reference for ail purposes. The possibility of closed loop controls for

additive manufacturing of articles by electron beam fabrication processes is identified at col. 1

lines 8-15 in U.S. Patent No. 7,168,935 (incorporated by reference). In Seufzer and Taminger.

"Control of Space-based electron Beam Free Form Fabrication * (accessed at

r nasa.g v/ r iv nasa asi .ntrs.nasa.gov/20070030306_2007030399.pdf) (incorporated by

reference), the authors address a possible approach to a closed-loop control system. See also,

Sharma, O n Electron Beam Additive Manufacturing Process for Titanium Al ys (Abstract for

Session on April 27, 2009 Spring 2009 AIChE National Meeting) (incorporated by reference).

[0009] U.S. Patent No. 6,091 .444 (incorporated by reference) elaborates on some of the

difficulties faced in imaging high temperature melts. The patent illustrates an example of a high



temperature melt view camera that Includes a water cooled enclosure with a pinhole in it

through which a gas is passed.

[0010] An example of an electron image detector configuration is Itustrated in U.S. Patent No.

4,794,259 (incorporated by reference).

[0011] There also remains a need for system that provides automatic alteration of processing

conditions based on information obtained from monitoring the layer manufacturing of the three-

dimenstonal article, pursuant to which the same beam generating device that is used for

depositing metal is also used for detecting conditions of the deposited metal. Such system has

the potential to allow for reduction in the overall stze of the system and/or the number of

components.

SUMMARY OF THE INVENTION

[0012] The present invention seeks to improve upon prior LM apparatus and processes by

providing a unique process and apparatus for fabrication of articles utilizing the same

component, namely an electron beam generator, to perform the functions of melting metal for

deposit and scanning for substantially contemporaneously monitoring the condition of a

resulting melt deposit as part of a closed loop control system. The invention makes

advantageous use of one or more unique features for allowing rapid article builds, especially

aided by use of detection of one or more electron phenomena that occurs from emission from

the electron beam generator and interaction with a mett pool deposit.

[0013] As the following discussion will illustrate, the present teachings relate to a process (and

associated apparatus for performing the process) for layer manufacturing a three-dimensional

work piece comprising the steps of: feeding raw material in a solid state to a first predetermined

location; exposing the raw material to an electron beam to liquefy the raw material; depositing

the raw material onto a substrate as a molten pool deposit, the deposit having a forward edge

region in an x-y plane with a forward edge region width and a trailing edge region in the x-y

plane with a trailing edge region width, under at least one first processing condition; monitoring

the molten pool deposit for at least one preselected condition using detecting of an electron

phenomena (e.g., scatter) from a scanning electron beam substantiaBy contemporaneously with

the depositing step (which may include a step of comparing information about the preselected

condition of the monitored molten pool deposit with a predetermined desired value (e.g., a value

for the preselected condition of the monitored molten pool deposit)); solidifying the molten pool

deposit; automatically altering the first processing condition to a different processing condition

based upon information obtained from the comparing step; and repeating steps at one or more



second locations for building up layer by layer, generally along a z-axis that is orthogonal to the

x-y plane, a three-dimensional work piece.

[0014] One unique aspect of the present teachings is that the scanning electron beam that

provides for a detectable electron phenomena may be a beam emitted from an electron beam

generating device (e.g., one that is translatable over multiple axes relative to a work piece,

which work piece may be in a fixed position) that also emits the electron beam to liquefy the raw

material. Thus, during consecutive steps of exposing and monitoring, the same beam may be

employed for both operations, and/or during which, the beam may be rastered according to a

predetermined pattern (e.g., a generally spiral pattern). The monitoring step generally will

include a step of detecting electrons scattered by a region proximate the molten pool deposit

during build-up of the work piece. One approach to monitoring may employ measuring width of

the molten pool (e.g., measuring the trailing edge region width of the molten pool deposit). It is

thus possible that (i) upon detection of a width that exceeds a certain predetermined value, the

power of the beam is reduced, (ii) upon detection of a width that is below a certain

predetermined value the power of the beam is increased, or both (i) and (ii).

[0015] It is possible that the scanning electron beam may be consecutively switched back and

forth between a first condition for melting and a second condition for monitoring at a rate of at

least 5 times per second. More likely, however, the scanning electron beam is maintained at

one or more generally constant power levels, and particularly a power level greater than about

500 watts, 1 kilowatt (kW), 2 kW or higher during the monitoring step. The scanning electron

beam may be maintained at a suoetantialy constant width for a period (e.g., at least about 5

seconds, 10 seconds, 30 seconds, 1 minute. 5 minutes, 0.25 hour, 0.5 hour, 1 hour or longer)

during consecutive steps of exposing and monitoring. The monitoring may involve detecting

electrons scattered in the region proximate the molten pool deposit during bu8d-up of the work

piece, by use of at least one detector (e.g., one that Includes an antenna plate or a solid state

detector) for measuring data (e.g., consecutively) from at least about 4000 beam deflection

location points (e.g., greater than about 5000, 8000, 10,000, 13,000, 6,000 25,000, 50,000 or

even 100,000 points or higher) on a target. The monitoring may involve detecting electrons

scattered in the region proximate the molten pool deposit during build-up of the work piece, by

use of at least one shielded detector device. Any detection device for detecting electron scatter

may be configured and operated so that it filters electrons having a predetermined energy level

prior to detection by a detector, thereby preventing oversaturation of the device by scattered

electrons. For example, it ay employ a detector that is at least partially surrounded by a cage

or other structure (e.g., a structure having the functional and/or structural components as taught



herein) which may be electrically biased to selectively allow passage through the structure (to

the detector) of electrons of a predetermined energy level.

[0016] Monitoring may also involve use of a device (e.g., a device for monitoring a laser beam,

a device for optical image monitoring) for monitoring the distance of an electron beam

generating device to the work piece during build-up of the work piece, and altering a processing

condition based upon detection of a distortion in the z-axis. This may include a step of

triangulating the distance. For example, the step of monitoring the distance of an electron beam

generating device to the work piece may include detection by optical image monitoring with a

digital camera that includes a vapor protection device, a thermally regulated housing or both,

such as that described in U.S. Patent Application No. 61/243,242, now U.S. Patent Application

No. 12/883.340.

[0017] By way of Illustration, the step of automatically altering may be performed by at least one

control device that is in electrical signaling communication with the electron beam generation

device (e.g., an electron beam gun). During the monitoring, a detection signal may be

transmitted to the at least one control device upon detection of an electron phenomena (e.g.,

scatter) and which is indicative of a characteristic of the phenomena. The detection signal

information from the signal may be compared with a predetermined value, and based upon such

comparison the control device may issue a control signal to the electron beam generating

device. For example, it may cause a reduction or increase in power, current or voltage supplied

to the electron beam generation device.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] Figs. 1A-C is a schematic of components of a system in accordance with the present

teachings.

[0010] Fig. 2 is a perspective view illustrating o e example of a system for electron beam

manipulation and detection of an electron phenomena.

[0020] Fig. 3 is an illustration to depict edge locations in a pool.

[0021] Fig. 4A-4E are various views of an illustrative detector housing structure in accordance

with the teachings herein, with Fig. 4c being a sectional view and the others being perspective

elevational views (with underlying structure also depicted in phantom).

DETAILED DESCRIPTION OF THE INVENTION

[0022] The present invention provides an apparatus and process for layer manufacturing (LM)

of a three-dimensional artide. The invention is particularly directed at an apparatus and



process for LM that provides high output rates. For example, it is possible that article (e.g.,

metallic article) build rates of at least about 0.5, .0, .5. 2.5, 3.5, or even 4.0 cm /hr. or higher,

may be employed. It is also possible that, article (e.g., metallic article) build rates of at least

about 2.5, 3.0, 3.3, 5, or even 6.8 kg/hour (e.g. having an average bead width of about 10 to

about 15 mm) may be employed.

[0023] In general, the apparatus may include combinations of at least two or more of a

material defivery device, an energy emission device (namely an electron beam generation

device) that applies energy to liquefy a material (e.g., a metal) delivered by the materia) delivery

device, a work piece support onto which liquefied material is deposited, a closed loop control

device (e.g., one that is in signaling communication with at least one or more of the material

delivery device, energy emission device or work piece support), a detector (e.g., one including

an electron phenomena detecting mechanism) that operates for detecting a condition of material

that has been deposited and supplies information about the condition to the control device so

that the control device can change an operating parameter in response to the detected

condition, and a housing that at least partially encloses some or all of the above components.

[0024] In general, the process may include supplying a material (e.g., a wire feed material),

liquefying the material (e.g., by applying energy, such as from an electron beam), depositing

liquefied material onto a work piece support as a molten pool deposit monitoring the molten

pool deposit by use of detection of one or more electron phenomena that occurs from emission

from the electron beam generator and interaction with the molten pool deposit, and controfling

operation of the process using a closed loop control system for changing an operating

parameter in response to a detected condition of the molten pool deposit. The process may be

performed to fabricate an article at a rate of at least about 0.5, .0, 1.5, 2.5. 3.5, or even 4.0

cm3 hr, or higher. The process may also be performed to fabricate an article at a rate of at least

about 2.5, 3.0, 3.3, 5 or even 6.8 kg hour .

[0025] The apparatus and the process may make use of a detector that captures and

processes data about a melt condition substantially In real time, and particularly a scanning

electron imaging system that may be operated at a rate that is equivalent to the capturing of an

image (such by completing an entire cy e of a scan of points (e.g., 4000 or more points as

described herein) on the target) at a rate of at least about 10, 15, 20, 25, 30, 40, 50, or even 60

or more images per second.

[00215] The teachings herein contemplate generally the use of a system for performing LM such

as that described generally in U.S. Application No. 61/243,242 now U.S. Application No.

1 8 3,340 (incorporated by reference), but modified to incorporate the electron beam detection



features specifically addressed herein, and optionally exclude the optical imaging components

disclosed U.S. Application No. 61/243,242 now U.S. Application No. 12/883,340 (incorporated

by reference). In general, such systems includes a material delivery device for delivering raw

material in a solid state (which may include at least one metal, which may be in the form of a

wire), an electron beam generator (e.g, gun) that control labty emits an electron beam, a work

piece support (e.g., a support that is motor-translated), a detector for detecting scattered

electrons, an electronic control system with a suitable control device (preferably including at

least one microprocessor) and a chamber. At least a portion of one or more of the components

(e.g., the control system, a computer, or both) may reside outside of the chamber. The control

system may be in controfling communication with one or more of the material delivery device,

energy emission device, work piece support, or detector. The electron beam generator emits a

beam for metbng the raw material to form a moHen pool deposit on a work piece support (e.g.,

onto a previous layer deposited onto a work piece support). The work piece support, the

electron beam generator, and/or the material delivery device may be positionafty translatable

relative to each other, so that a work piece can be formed layer by layer from a plurality of

successively deposited (and solidified) molten pool deposits. For example, the electron beam

generation device may be translatable in a plurality of axes (e.g., 3, 4 . 5 or 6 axes) relative to

the work piece support (the latter of which may itself be fixed or translatable).

[0027] The system herein contemplates electron beam layer manufacturing that may involve

manipulating a 3D cad model such that it can be used to generate computer numerically

controlled (CNC) tool paths. The tool paths may be programmed such that the part model is

'sliced into layers that when executed on the apparatus of the present teachings, it will result In

a near net shape, the result of depositing layer upon layer of material in the correct spatial

location in an x-y-z Cartesian coordinate space. An electron beam generating device (e.g., an

EB gun) may be used to supply the energy required to melt and fuse the deposited material, as

wed as to scan the deposited material for information about th deposit that can be used for a

dosed loop control operation. For example the teachings herein contemplate using information

about the detected electrons to issue a signal that controls the operation of the electron beam

generating device such as its power, current, voltage, beam characteristic or any combination

thereof.

{0028] One preferred approach may also involve the use of an electron beam generating device

that also provides for focusing and deflecting the electron beam by using programmable

electromagnetic coils. A substrate plate can be used to provides a surface upon which to

deposit material and which may become an integral part of the finished structure.



[0029] By reference to Fig. A the is illustrated schematically one such system for use herein.

The LA apparatus 0 includes a material delivery device 12 (FIG. 1B) for delivering raw material

in a solid state (e.g., one o r more metals in a wire form, a powder form or both). An electron

beam generator (e g , gun) 14 control lably emits an electron beam. A work piece support 16

(e.g., a support that is motor-translated) is positioned so that the electron beam generator and

the support may be translated relative to each other. One or more detectors 18 (e.g., a suitable

antenna plate as described herein) is present for detecting one or more electron phenomena

that occurs from emission from the electron beam generator and interaction with a melt pool

deposit For example, the one or more detector (which optionally may include a scintillator, a

semiconductor or some other type of solid state device) may function to detect the presence or

absence of beam scatter, absorption or both.

[0030] With reference to FIG. 2 , one possible approach may be to employ a monitoring system

30 that includes an antenna plate as the detector 18, which may be configured and positioned to

detect electrons scattered at a relatively low angle relative to the axis of the emitted beam (e.g.,

less than about 30', 20 . 10* (e.g., about 5 to about 7')). For example, the electron beam may

be directed generally along and/or rastered about an axis (C) (which optionally may be generally

perpendicular (e.g., about 90°) relative to the work piece support 16).

[0031] An electronic control system 20 with a suitable control device (preferably including at

least one microprocessor) signally communicates (directly or indirectly) with one or any

combination of the material delivery device 12, electron beam generator 14, work piece support

16, detector 18, or some other system component. A suitable enclosure for defining a chamber

20 may be employed to enclose at least the material delivery device 12, electron beam

generator 14, work piece support 16, and detector 18. The chamber may be evacuated as

desired for processing. The pressure may be evacuated with a suitable vacuum pump so that

the pressure within the chamber ranges from about x 10- 1 to about 1x10 - torr (or possibly

lower). The pressure within the chamber may be leas than about 0.1 torr, preferably less than

about 1 x - 2 torr, and more preferably less than about 1x10 - torr.

[0032] Examples of suitable components and apparatus that may be employed in the present

teachings include, without limitation, a n electron beam welding and deposition system may be

employed, such as one having components as found in the Sciaky model NG1 VX68. The

apparatus thus may be a fully functioning electron beam welding and deposition system utilizing

a tow voltage moving gun technology. It may include six programmable CNC motion axes

including XYZ linear and part rotation (R), part tilt (T). and electron beam gun tilt axes.



[0033] Wire may be u as the feed material, and its feed rate can be precisely calculated and

controlled. The wire may be fed into the molten pool established by the electron beam though a

guide nozzle associated with an apparatus of the present teachings. The distance between the

electron beam and the work piece (e.g., the molten pool in the work piece) may be controlled so

that the raw material being deposited is a generally continuous stream of material from the feed

wire to the pool deposit (e.g., droplets are substantially avoided). The distance between the

electron beam and the work piece (e.g., the molten pool in the work piece) may be controlled so

that the raw material being deposited does not accumulate and solidify prematurely in a given

location. It is also possible that an apparatus within the present teachings may be outfitted with

a servo driven wire feeder that includes a wire straightener and can accommodate wire feed

rates up to about 300 inches per minute (IPM) with wire diameters ranging from about .030* to

about 0.156*.

[0034] A suitable vacuum pumping arrangement utilizing a combination of mechanical and oH

diffusion pumps may be used. The chamber may be such that it provides for suitable vacuum

sealing and radiation shielding, and is sufficiently large to house the components necessary for

work piece manufacture. For instance, a stainless steel chamber may be employed. The internal

chamber dimensions may be at least about 48*x48',x60'' (e.g.. at least about 68"x68"x92")

(LxWxH).

[0035] An electron beam gun such as the Sciaky low voltage 0 80 style electron beam gun

may be employed. The gun may include fully NC programmable beam focus and deflection

features, so that it may be used to perform all welding and deposition activities, as well as

generate a beam to scan for monitoring one or more conditions. The gun may be such that it

allows for programming and manipulating the electron beam through the use of electromagnetic

coils. The operation of the gun may be configured so that there is synchrontcrty between the

programmed beam raster path and the resulting detection signals. By way of example, a

suitable EB gun may provide energy in the form of a stream of focused electrons accelerated

towards the work piece by a high voltage potential (e.g., greater than about 15 kilovotts, and

even as high as about 30, about 60 kilovolts, about 100 kV, or even about 150 kV or higher).

The electrons may be generated within the EB gun via one or more heated filament The power

output of the gun may be typically controlled by limiting or throttling the flow of electrons to the

work piece. For example, beam current (BC) may be on the order of greater than about 100,

200, 300. 400 milliamps or more.

[0036] The entire system may be programmed and controlled via Sciaky's W20XX series CNC

and process controller. It is also possible that the teachings herein may employ a separate



dedicated computer In addition to the NG1 system controller. Such computer may be

configured, for example, to provide a communication link to the NG1 primary controller via

Ethernet and may allow for bidirectional data transfer. An example of a suitable closed loop

control computer s a quad-core Intel® Pentium system running standard operating system such

as Microsoft® Windows XP.

[0037] With further reference to the detectors herein, In general, the detector is present for

detecting one or more electron phenomena that occurs from emission from the electron beam

generator and interaction with a melt pool deposit. The detector may be shielded so that it

detects only certain electrons having a pre-selected characteristic (e.g., an energy level range).

For example, the one or more detectors may function to detect the presence or absence of

beam scatter, absorption or both. Such detection can be correlated with a characteristic of a

monitored weld that provides information for controBing adjustments to processing parameters.

The detector thus monitors a preselected condition of the deposited material, for example, bulk

average temperature of the molten pool deposit, temperature gradient within the molten pool

deposit, surface topography of the molten pool deposit the presence of any liquid-sol id interface

In the molten pool deposit, surface profHe (e.g,, shape) of the molten pool deposit chemical

analysis of the molten pool deposit, raw material entry location, raw material height raw

material orientation, or any combination thereof. One particularly preferred approach includes

monitoring pool deposit size (e.g., width), and using information about the size (e.g., width) for

adjusting one or more parameters. The detector may obtain an image or other data from a

location substantiaHy overhead of the molten pool deposit (e.g., via one or more antenna plate).

For example, a detector may be positioned substantially overhead of the molten pool deposit so

that a material feed wire may be imaged or otherwise scanned substantially as the wire is

melted. The detector may communicate (directly or indirectly via another microprocessor that

signally communicates with the control system) information obtained about the preselected

condition to the closed loop electronic control device.

[0038] Data acquisition may be aided by detection using a suitable detection device. As

mentioned, one possible device may employ an antenna plate, such as a plate (e.g., having an

annular or donut-ltke shape) that is disposed between the electron beam and has an opening

through which the beam from the gun can pass, but which is of sufficient width that is receives

detectable matter, such as scattered electrons) positioned proximate the workpiece. the electron

beam gun, or both, that detects a phenomena occasioned by the electron beam. The detection

device may detect electromagnetic radiation emitted from interaction of the electron beam with a

material in the workpiece (it being recognized that the workpiece will include any present molten



deposit) to be imaged or otherwise scanned. The detecting device may detect electrons from

the electron beam that are scattered (e.g., backscattered) by the workpiece. For example, a

backscatter detector selected from a scintillator, a diode detector (e.g., a silicon diode), a

channel plate, or any combination thereof, may be employed.

[0039] By way of ilustration, without limitation, a suitable plate detector (e.g., an antenna plate,

a channel pJate detector or both) may be employed that may include one or more regions (e.g.,

an array of regions or even quadrants) that each include one or more devices that produce

secondary electrons in sufficient quantity, along with any scattered electrons to produce a

measurable electrical signal. The plate detector may include a metal plate (e.g.. a copper plate

that has an annular or donut-like shape) that is disposed between the electron beam and has an

opening through which the beam from the gun can pass, but which is of sufficient width that it

receives detectable matter, such as scattered electrons. The plate detector may be positioned

proximate the workplace, the electron beam gun, or both, so that it detects a phenomena

occasioned by the electron beam when the beam is in its imaging mode. The plate detector

(antenna) may be generally in-line with a source of an electron beam, as shown in Fig. 2. As

seen, the plate detector may include an antenna plate or other detector that is impacted by

scattered electrons (or otherwise collects a charge from scattering of electrons), and is in

signalng communication with suitable electronics (e.g., via a printed circuit board, an integrated

circuit, or a combination thereof) for amplifying the signal from the antenna plate, for changing a

signal characteristic of the electron beam or both.

[0040] One possible detector in accordance with the present teachings includes at least one

antenna plate to which scattered electrons are directed, and from which the extent of scattered

electrons can be measured. For example, an antenna plate (e.g., an annular copper plate) may

be employed, with suitable amplifying and/or filtering circuitry. Desirably the antenna plate (or

other detector) and any associated circuitry are sufficiently robust that an oversaturation of

signal is substantially avoided, and when signals are mapped (e.g., to an eight (8) bit gray scale

value of which a value of zero [0) is black and a value of 255 is white, over a field of view of a

scanned field of approximately 2.50 inches square, at an acquisition rate equivalent to about 15

frames per second), subtle details about the monitored condition are still detectable. For

example, the faint lines of a titanium alloy seam between individual deposited beads are visible,

as are the feed wire and any wire nozzle.

[0041] As indicated, another possible approach is to use in addition to, or as a substitute for an

antenna plate, one or more solid state detectors. Such detection device (and/or an antenna

plate) may be configured and operated so that it selectively allows passage of only certain



electrons or otherwise fitters electrons having a predetermined characteristic (e.g., energy level)

prior to detection by a detector, thereby preventing oversaturation of the device by scattered

electrons. For example, it may employ a detector that is at least partiaUy surrounded by a cage

or other structure which may be electrically biased to selectively allow passage through the

structure (to the detector) of electrons of a predetermined energy level.

[0042] One or more solid state detectors may be located substantial overhead of the

monitored workpiece for detecting scattered electrons. For example, they may be located on,

substantially adjacent to, and/or in place of an antenna plate. They may be located toward a

free end of the electron beam generation device, such as proximate (e.g., within about 10 mm,

20 mm, 50 mm, 100 mm or further) from the location where an electron beam exits the device.

They may be axlally offset relative to the axis of the emitted beam (e.g.. by an angle that is less

than about 60', 45', 30 . 20', or even less than about 10' from the beam emission axis). Any

such detector may be permanently or removably mounted to a housing for the electron beam

generation device, ft is thus possible that the detector shall be used as part of an apparatus in

which the detector moves along with the electron beam generation device. Any such detector

may be mounted using suitable hardware that allows re-positioning and/or positional adjustment

of the detector.

[0043] A plurality of solid state detectors may be used, with at least two of the detectors being

configured for collecting electrons of different energy levels or ranges of energy levels. For

example, one detector may collect electrons within a first energy range, and another detector

may collect electrons within a second energy range that is different from the first energy range.

See, e.g.. U.S. Patent No. 6,399,945, incorporated by reference.

[0044] The solid state detectors ma be employed for monitoring a molten pool deposit (e.g., a

size such as width). It may be employed for monitoring the distance between the electron beam

generation device and the wo k piece. Information about z-axis location of the work piece may

be obtained by use of more than one detector, such as by comparing information about the

electrons collected (e.g., comparing signals obtained using suitable electronic devices that are

in communication with the collected electrons). With knowledge of the location from where the

signal was obtained, knowledge about one or more detected signal characteristic (e.g..

intensity), and/or knowledge of the location of the electron beam generation device, it is possible

to triangulate the distance between the work piece and the electron beam generation device.

[0045] When employed, a suitable detector (e.g., a solid state detector) may be carried in a

suitable housing structure. For example, one or more bodies of material (e.g.. one or more block

sections, which may be inter-fitted or otherwise assembled together) may be configured to



indude one or more interior wall that defines an internal cavity, into which the detector is placed.

The housing structure may indude a suitable bracket or other hardware for mounting (e.g.,

adjustable mounting) to a surface, such as to a housing of the electron beam generation device.

The housing may be configured for shielding the detector and/or associated electronic

components. The housing may include at least one port that allows electrons to enter into the

internal cavity. A suitable biasing structure (e.g., a mesh screen that is biased to create an

electrical field having predetermined characteristics) may be located upstream of the detector.

The biasing structure may be in electrical communication with a suitable power source. By

applying a predetermined amount of power to the biasing structure, it Is possible to create an

electrical field that will repel electrons of certain energy characteristics, but allow certain others

to pass through the port or otherwise be exposed to the detector. Suitable electronics may be

carried on and/or in the housing, may be located remotely from the housing but in signaling

communication with the detector, or both. The housing structure may indude suitable

conductive paths for communicating with the biasing structure (e.g., one or more bus bars). The

biasing structure may be assembled to the housing structure using a suitable retention

structure. For example, one or more retaining ring may be employed upstream of the biasing

structure. The housing structure may be configured to have a plurality of exterior walls (e,g., it

may be shaped generally as a rectangular prism). Any or ail of the detectors that are carried

within the housing may be axiafty aligned relative to the port so that there is a direct line of sight

between the port and the detector. It is also possible that any or a of the detectors that are

carried within the housing may be axiatty offset relative to the port, so that there is not a direct

line of sight between the port and the detector.

[0046] Figs. 4A- illustrate an example of one suitable housing structure 0. it is generally

rectangular prismatic in shape, though other external shapes are possible. It indudes one or

more conductive paths (e.g., bus bars) 102 that are in electrical communication with a biasing

structure 104 (e.g., a wire mesh screen). The conductive paths may be adapted to carry a

suitable bias (e .g., on the order of about -1kV to about -5kV). They may be soldered, welded or

otherwise attached to the assembly. The biasing structure may be held in place by a suitable

retention structure, such as retention ring 106. The biasing structure may be located in a port

108 defined in an outer wall.

[0047] One or more cavities 110 may be defined in the structure, into which one or mo e solid

state detectors may be placed and housed. For example, a block 12 (e.g., a machined and/or

stainless steel block) may be configured to receive the biasing structure and hold it in the

housing structure. The internal cavity may optionally indude one or more deflecting surfaces,



shielding structures or other internal structure for assisting in electron collection. Suitable

insulating material may surround one or more of t e components (e.g., a G10 insulation

material). For example, an insulator may isolate at least portions of the biasing structure. There

may be one or more structures employed to help Weed off static charge. The housing structure

may include one or more heat shield that at least partially surrounds ft. The overall structure

may be made from two or more blocks of material that are assembled together.

[0048] As seen in Figs. 4A-4C. a base 114 (e.g., a machined metal such as aluminum) may

include a cavity 110a. The biasing structure in electrical communication with one or more solid

state detectors 116 and associated circuitry 118 (e.g., a suitable amplifier circuit) may be

commonly carried on a support 120. Any such support may be configured so that a housing

cavity (e.g., cavity 110a) opens in a space adjoining the detector, the circuitry or both. The

biasing structure may be positioned generally over the detector (e.g., the screen and detector

may be in generally axial alignment with each other).

[0049] A housing section with a suitable opening in it may be employed to substantially

surround the detector, support, and/or circuitry. For exampie, a housing section 122 may adjoin

the base 114. Additional housing components (e.g.. a cover plate 124 having an opening that

aligns with and forms part of the port 108) may also be employed to enclose the components.

One of more suitable features may allow the components to be assembled together, such as by

fastening. For example, there may be suitable threaded apertures 126a and 126b for receiving a

threaded fastener. The bus bar or other conductor may extend through (or otherwise be

exposed for electrical contacting) a wall of the structure.

[0050] ft is thus seen how a relatively compact and lightweight device may be achieved that can

be attached and carried by the electron beam generation device. For example, the device may

be as small as about .5"x1 .5"x2.3\ or it may occupy less than about 10, , or even 6 cubic

inches in volume.

[0051] Other detector configurations are also possible. The detectors may include suitable

structure for generating secondary electrons, in response to the scattered electrons detected.

For example, plates may have a plurality of elongated tubes. Each side of the plate includes an

electrode to create a potential between them. The tubes are coated in their interior with a

material that yields secondary electrons due to backscattered electrons striking the inside of the

tubes, or the electrode. The secondary and backscattered electrons may thus accelerate down

the tube by the potential between the two face electrodes, further hitting the walls. These

electrons may thus produce more secondary electrons, Effectively, the electrons are



compounded a d can be used to produce a measurable electrical signal (e.g., a current useful

to generate an electrical signal).

[0052] For certain scanned materials the detecting device may even detect

cathodoluminescence. The detector may detect secondary electrons generated as products of

the electron beam interaction with the workpiece (an example of a secondary electron detector

may be an Everhart-Thorntey detector or other detector that includes a Faraday cage m front of

a scintillator, which may be coupled to a light pipe that leads into a photomuttipiier tube). The

detector may detect a current of the workpiece. The detector may detect radiation (e.g., x-rays)

occasioned by the interaction of the electron beam with the workpiece. The detector may detect

electrons that are transmitted through the workpiece.

[0093] Detection according to the present teachings may be for purposes of directly obtaining a

measurement that is indicative of a condition of a pool deposit It is possible that a detection

technique may be employed that indirectly measures a condition of a pool deposit by observing

a detectable characteristic and then correlating the detected characteristic with an indication of

a particular condition. To illustrate, under this approach, oscillation frequency of a pool deposit

may be monitored, and may be correlated with depth of a deposition pool, it being theorized that

a higher detected frequency may indicate less penetration of a molten pool deposit into a

previous deposition layer.

[0054] Any detecting device used herein may include a plurality of regions (e.g., quadrants),

each of which if delivers an output signal (e.g., substantially contemporaneously) to a suitable

readout device. Accordingly, a plurality of input signals may be synchronized with a plurality of

output signals for the detector.

[0055] The detector may be configured so that it operates at an data (e.g., image) acquisition

rate or frame rate that is equivalent to a rate of at least about at least about 10, 15, 20, 25, 30,

40, 50, or even 60 or more images per second. It may operate at even higher rates (e.g., at

least about 100, 150, 250, or even 500 images per second).

[0050] The detector may be used in any step of monitoring, which may include capturing an

electronically stored image substantially in real time (e.g., it is less than 5, 4, 3, 2, 1, or lower,

seconds from the time of the event recorded). The detecting device may detect electromagnetic

radiation emitted from interaction of the electron beam with a material in the work piece (it being

recognized that the work piece will include any present molten deposit) to be scanned or

imaged.

[0057] One or more additional modes of detection may be employed in combination with the

detection of the electron phenomena. A suitable seam tracking laser camera (e.g., a camera by



Servo-Robot, Inc.) may also treed to perform measurements. The laser camera may work under

a principle of triangulation and thus may generate a series of Y-Z points that represent a 2

dimensional profile. By mounting the laser camera to one of the systems motion axes and

translating It across a part, a 3 dimensional profile can be created and analyzed offline. It is also

possible to employ an optical imaging system as described in U.S. Application No. 61/243,242

now U.S. Application No. 12/883,340 (incorporated by reference). The processes herein thus

may also contemplate monitoring distortion of a workpiece in the z-axis. This may be distortion

that occurs due to residual stresses left in the deposit after it cools. It may be distortion that

occurs by virtue of some other influence on a profile of a deposited layer. It is possible that the

monitoring may Include comparing a monitored value with a known baseline value.

[0058] An image (which optionally may be enhanced by a color map, wherein certain colors

correspond to certain defined conditions) may be generated in connection with monitoring for z-

axis distortion, for work piece distance relative to electron beam generation device or both. The

image may be employed to visually identify evidence of "spatter" that may exist along an edge

of the workpiece. For instance, such spatter may occur when the Z height is not controlled, the

wire detaches from the molten pool causing a change in the thermal conduction characteristics

of the pool and wire resulting in "drips" that can result in drops of material that fall outside of the

molten pool.

[0059] Monitoring in accordance with the present teachings may include a combination of

detecting an electron phenomena and one or more steps of optical image monitoring. Thus, the

apparatus herein may include a camera (e.g., a high speed camera) with an image detector that

includes one or more of the following features: an array of active pixels (e.g., a CMOS image

detector array, a CCD (charge coupled device) Image detector array, or both); progressive scan;

resolution that is at least about 640x480; preferably at least about 752x582; and more

preferably at least about 1024x1024 pixels. Examples of art-disctosed CMOS imaging systems

are found in 6,815,685; 7,107,118; 7,380,697, all of which are incorporated by reference herein.

Such detector may be configured so that it operates at an image acquisition rate or frame rate

that ranges from about on the order of at least about 25 frames per second, e.g., about 30

frame per second (fps) or higher. t may operate at least at about 40 fps, at least at about 50

fps, or even at about 60 fps, or more. For example, it may operate at about 25 to about 500 fps

(e.g., about 30 to about 60 images per second, about 50 fps, or faster). Suitable detector

arrays for detectors may have a pixel size of about 9 x 9 µm ,to about 12 x12 µm2 (e.g.. about

10.6 x 10.6 µm2 . Suitable cameras may include a complementary metal oxide semiconductor

(CMOS) active pixel image detector, charge coupled device (CCD) image detector, or both,



preferably housed together with suitable optics and associated electronics. Examples of

preferred cameras are available from Photon Focus of Switzerland (e.g., under model number

MV-D 024E-40-CL-12, MV-D752-28-CL-10. or MV-D1024E-1 60). The detector may include

one or more other features as described in U.S. Application No. 61/243,242 (incorporated by

reference )(see, e.g., paragraphs 47-55 and associated drawings).

[0060] An optical image detector useful herein may include a cooled camera housing that has a

front flange; at least one spacer pad connected to the front flange; at least one seal adjoining

the spacer pad (e.g., located in-between a plurality of spacers, the front flange and spacers, or

both); a rear flange connected to the front flange and sandwiching therebetween the at least

one spacers and seals; wherein the front flange, the at least one seal, the at least one spacer

pad, and the rear flange form an interior cavity; a plurality of printed circuit boards located within

the interior cavity, an image detector, and wherein at least one of the flanges (e.g., the front

flange) includes an inlet, an outlet a fluid passage between the inlet and the outlet through

which the fluid is passed for cooling the printed circuit boards during their operation, and

optionaly a mount adapter. The detector may include a vapor protection device that includes a

block having an aperture through which a gas is flowed. For example, the vapor protection

device may include a block that includes a base portion and a cover portion, the base portion

including at least one fluid port that receives a gas stream that may be controllab!y regulated,

the base portion and the cover portion each having an aperture that is generally axially aligned

with each other and is adapted to be axially aligned substantially overhead of a molten metal

pool deposit; at toast one reflective substrate that is in optical communication with at least one

of the apertures of the cover portion, or the base portion, for reflecting an image that passes

through such aperture to a separately housed optical imaging device that records the image;

wherein the gas stream enters the at least one fluid port and exits the block through one of the

apertures, and provides an optically transparent protective barrier to prevent passage of metal

vapor through the other aperture. The cooled camera housing and the vapor protection device

may be separate and spaced apart from each other.

[0061] Thus, the detector may have a vapor protection device as described in U.S. Application

No. 61/243,242 (incorporated by reference)(see, e.g., paragraphs 60-72 and associated

drawings), a thermally regulated housing as described in U.S. Application No. 61/243,242

(incorporated by reference)(see, e.g., paragraphs 73-85 and associated drawings), or both.

[0062] The cooled housing and vapor protection device may share a common housing. For

example, the detector may include a detector array, optionally an electronic shutter, and a lens

system with associated optical train mounted within a water cooled enclosure having a pinhole.



There may be a ninety degree turning element within the optical train. An image of the molten

pool deposit may pass through the pinhole, along with a gas that helps prevent vapor b up .

Thus, another example of a monitoring system that may be employed is depicted in U.S. Patent

No. 6,091,444 (incorporated by reference).

[0063] Any one or combination of the detectors herein may be used to generate an image from

the detected signals. They may also be operated to provide Information to a control device so

that an image is unnecessary and is avoided. For example, the detectors may be operated to

obtain information from a certain predetermined location or region, and to compare such

information against stored values (e.g., predicted values) for such location or region. Such

comparing may be done, for example, by programming a predetermined value Into a processor.

Such comparing may involve ascertaining if a measured value meets a certain threshold value

that is sufficient to trigger a control operation to be perform. An alteration in processing

condition may occur if a predetermined sufficient deviation between detected and stored values

is observed, or otherwise by evaluating how a measured value performs relative to a

predetermined threshold value.

[0064] By way of illustration, measurements may be taken at one or more locations, such as a

leading edge region of a deposit (e.g., the edge region of the deposit that is located where

molten metal is introduced Into the molten pool, a trailing edge region (e.g., the region of a

deposit that Is in a state of cooling, and at which some solidification may even have

commenced) of a deposit, or even along an intermediate location. This may be done, for

example, when it is desired to measure pool deposit width.

[0065] Rg. 3 shows an example of one possible image frame with several measurements being

taken at various locations. By way of ^lustration, three (3) width measurements locations may

be Identified at locations referred to as the pool leading edge (shown as the furthest left side tine

spanning the width, corresponding approximately with the entry point of the wire at its midpoint),

the pool mid-line, and the pool trailing edge region (shown n Fig. 3 as the furthest right side line

spanning the width). The trailing edge region will be located upstream of the wire center. Thus, it

Is possible that width measurements are taken at one or more locations that is about 0.5 cm, 1

cm, 2 cm, 3 cm, 4 cm, 5 cm or further upstream of the wire center. A number of additional points

are identified near the wire at the leading edge of the pool. Additional points about the wire

(shown to the left of the leading edge) may be used to evaluate 2 height information this image

as well.

[0066] As mentioned, it is possible that an image may not be generated. Instead a limited

detection is done over a specific region (e.g., along one or multiple locations generally along the



leading, intermediate and/or trailing edge region of the pool). Data may be compared with stored

predicted data or some other threshold, and an alteration to a processing condition performed

as a result of the comparison.

[0067] The closed loop electronic control system may then signally control (directly or indirectly)

operation of one or more components of the apparatus in response to a detected condition. The

control device may suitable for and operated for altering one or more conditions.

[0068] For example, one or more of the conditions altered may be the location of any energy

emission device for supplying energy to melt the raw material; the location of any material

delivery device used for feeding the raw material; the location of the work piece support upon

which a work piece is built relative to the electron beam generator (e.g., electron beam

generator travel velocity); the pressure of any environment in which the processing is

performed; the temperature of any environment in which the processing is performed; the

vortage (e.g., accelerating voltage) or other energy (e.g., energy controlled by controlling beam

current, accelerating voltage or both) supplied to mett the raw material; the beam used for any

electron beam source of energy for melting the raw material (e.g., the beam focus, the beam

power, beam raster pattern, path or other characteristic that may be controlled by controlling a

deflection and/or processing coil parameter); the feed rate of the raw material or other feed

control parameter (e.g., the timing when feed starts and/or stops); the composition of the

deposited material; the temperature of the work piece; the temperature of the platform; or any

combination thereof. Controlling of the beam may indude deflecting and/or seating of a beam,

such as in the x and y directions. It is possible that during controlling operations that one or

more conditions are maintained substantially constant For example, electron beam generator

travel velocity, feed rate or both may be maintained substantially constant The detector and

control device make it possible to perform an LM process automatically, and especially without

the need for operator intervention (e.g., without the need for complete reliance upon subjective

human operator observations about operating conditions, without the need for complete reliance

upon manual adjustment of one or more operating parameters by a human operator, or both).

[0068] Additional aspects of a suitable system may be ascertained from one or both of U.S.

Application No. 61/243.242 (incorporated by reference), and U.S. Patent No. 7.168.935

(incorporated by reference).

[0070] The raw materials used by the LM process may include one or any combination or alloy

of metals (e.g., metals including a transition metal or an alloy thereof). Examples of raw

materials that may be used are; titanium, aluminum, iron, nickel, chromium, (e.g., inconeJ),

cobatt, stainless steel, niobium, tantalum, copper, bronze, brass, beryllium, copper, vanadium,



or tungsten. Particular examples of materials useful in the present technology are titanium and

alloys of titanium (e.g., also including aluminum, vanadium, or both), such as one including

titanium in a major amount (or substantially the balance) and about 3-10 wt% Aluminum (Al)

(more preferably about 6 wt%), and 0 to about 6 wt % Vanadium (V) (more preferably about 4

wt%)). The raw material may be supplied and/or fed in various shapes and sizes. In one

preferred embodiment, the raw material is provided in the form of a wire feed stock. The raw

materials may be provided in an already heat-treated (e.g.. tempered) condition. K Is also

possible that the raw material may be provided in a powder material form, in which case, the

material deivery device will be configured to include a suitable metering device for delivering a

predetermined quantity of powder.

[0071] The material delivery device may be adjustable so that it is capable of feeding relatively

large or even relatively small diameter wires (e.g., wires supplied by a wire spool, may have a

diameter below about 5 mm, below about 3 mm, or even beiow about 1 mm) at both high and

low speeds. The material delivery device may include one or more guide structures (e.g. one or

more guide tubes 24) that help control wire position. It is also possible that a plurality of wires

(of the same or different material type) may be fed from one or more material delivery devices,

at one or more angles and/or distances from the molten pool deposit. During deposition, the

system herein may be operated and controlted so that there is a continuous and generally

uninterrupted matter streaming from the solid wire to the liquid molten pool deposit. For example

the system may be operated and controlled so that there is no disconnection of the wire and the

pool deposit and no droplet formation that arises in the feed path of the wire into the deposit.

[0072] Power required to operate the electron beam generation device may be supplied from

one or more suitable power sources, for example, power via at least one electrical feed-through

power supply. For example, the power source may deliver power greater than about 0

kilowatts (kW), or even greater than about 30 kW. It may deliver power up to about 100 kW

(e.g.. up to about 50 kW). The energy emission device may be signally connected to one or

more processor (e.g., a processor of a controller, a computer or otherwise) for controlling the

energy output from the power supply. The processor may be included the dosed loop

electronic control device or may be part of a separate computer and or controller, which is

operated by the dosed loop electronic control device.

[0073] A preferred energy emission device may indude an electron beam generator that may

focus a supply of electrons against the raw material (e.g., an electron beam gun). Upon contact

with the raw material, the electrons may heat the raw material to cause the raw material to

soften, vaporize, and/or melt, and thereby introduce the raw material into a molten deposit. For



example, the energy emission device may generate an electron beam (which may be focused to

a desired beam width or span). The electron beam may be achieved with a tow accelerating

voltage, preferably between about 3 kV to about 80 kV, more preferably about 10 to 60 kV. and

even more preferably between 35 and 56 kV; with a maximum beam power in the range of up to

about 10 to about 15 kW (e.g.. about 3 to about 5 kW); by using about 100 V to about 600 V

(e.g., 110 V) input power or any combination thereof. Preferably, the energy emission device

may be operated so there Is sufficient power density for the electron beam freeform fabrication

process, while stfll providing suitable radiation shielding. The processes may operate the

energy emission device within some or all of the above parameters.

[0074] One approach to the operation of an electron beam gun may be to maintain the

parameters of the gun at a sufficient level so that the maximum depth of a molten pool deposit

may be less than about 3 cm. more preferably less than about 1 cm, and possibly even less

than about 0.5 cm. It is possible that the beam may be operated in a generally defocused

mode. For the deposition of a material, scanning for detection, or both, the beam may be

rastered in a suitable pattern, such as generally non-circular pattern (e.g., generally in an

elliptical pattern, a linear pattern, a polygonal pattern, a spiral pattern or any combination

thereof). For example, a beam having a width of about 0.5 to about 0.8 mm may be rastered to

cover an effective width of about .0, 2.0, 3.0 mm, or larger. In this manner, a relatively large

amount of energy may be dispersed over a relatively large area, but to a relatively shallow

depth, as compared with traditional electron beam welding.

[0075] The processes also contemplate operating the energy emission device variably or

constantly wtthin some or all of the above parameters. For instance, in response to a detected

condition, one or more of the above parameters may be varied by a signal sent from a closed

toop control device as taught herein. By way of example, the operation of the energy emission

device may be controlled in a suitable manner to achieve a preselected size for a deposited

melt pool. The size or other condition of the deposited melt pool may be measured by the

detector 18 (e.g., metal melt pool deposits are controlled to maintain successively deposited

layers so that they exhibit a melt pool diameter or width of about 0.3 mm to about 20 mm, or

even about 0.5 mm to about 13 mm).

[0076] To the extent not taught expressly here, or elsewhere herein, other art-disclosed

operational parameters may be employed, such as are disclosed in U.S. Patent No. 7,168,935.

incorporated by reference (see, e.g., cols. 5, 9, and the claims). Other art disclosed energy

emission devices may be employed alone or in combination with an electron beam gun. such as

a laser.



[0077] The LM apparatus herein further may include a closed loop electronic control device for

controlling operation of one or more components of the LM apparatus in response to a condition

detected by the detector. In one embodiment, one or more of the controls (e.g., closed loop

control device) and data acquisition may be electronically managed through a user interface and

display device (e.g.. suitable instrumentation, such as one or more computers). The closed loop

electronic control device may operate to perform one or any combination of functions. Most

generally, the closed loop electronic control device may acquire one or more signals obtained

by the detector (e.g., in real time, as the detector or any detecting device is monitoring the work

piece). The closed loop electronic control device may process the signal by comparing it with a

stored value (e.g., a value that is programmed into a database, a value from a previous reading,

or both). Based upon the step of comparing, the closed loop electronic control device may

issue a command that may cause the processing parameters to be changed to one or more

different processing parameters (e.g., the closed loop electronic control includes a processor

that is programmed to perform the comparison and then issue a certain signal based upon the

results of the comparison). For example, the dosed loop electronic control device may issue

signals to one or more of the following: material delivery device, the energy emission device, the

work piece support, the detector, an electrical supply, a vacuum device, a gas supply, or the

vapor protector. The command from the closed loop electronic control device may cause the

alteration of one or more conditions, as have been described previously.

[0078] Examples of suitable software that may be used for the programming of devices used in

the present invention Include software available from National Instruments (Austin, TX) under

the designation N Developer Suite (Including LabVIEW PDS, LabWindows/CVl, Measurement

Studio, Signal .Express, LabVIEW and LabWindows; and optionally Image Acquisition and

Machine Vision Option for Nl DevSuite (Includes Vision Development Module, Vision Builder for

Automated Inspection, and Vision Builder for A [Development Kit).

[0079] The control may include machine control and process control functions. An example of

a suitable commercially available control system is available from Sciaky Inc., under the

designation W20X0. The control system may include a suitable computer control and interface

(which may include one or more micro-computers, servo drive modules, input/output modules,

or signal conditioning module). The control system may include one or more suitable

processors (e.g., a processor with at least one VME or other standard bus back plane), such as

the 680X0 series of processors (e.g., 68040) from Motorola, with the processors inducing on¬

board memory (e.g., RAM memory). More preferably, an Intel® Pentium® processor may be

used. The control system may i d ud a user interface component (e.g., suitable input/output



hardware that communicates with the processor and allows programming of the processor, such

as by a Microsoft Windows™ operating systems, or otherwise). The control system may include

suitable software (e.g., software available under the designation Sciaky Weld 20XX (e.g.

W2000. W2010. W2020) or some other W20 family of software).

[0080] The W20XX control system may be in signaling communication with one or more

suitable computer (e.g.. T7400 Workstation PC, by Dell) that may be used to perform dosed

loop parameter adjustments sent to operate the overall system (e.g., a power supply (which

may include a solid state power supply), an electron beam gun, any detector or detecting

device, any data acquisition electronics, or otherwise)). The control system may be in signaling

communication with hardware, such as an energy emission device, a monitor, a work piece

support, or other hardware that is controllable according to the present teachings.

[0081] Thus, the computer application software, computer system, and the dosed loop

electronic control device, or a combination thereof may be in communication with the detector

so that process parameters may be monitored as previously discussed herein and controlled.

Controtfing may be based upon a detected shape of a melt pool deposit For example, a

detected shape may cause the control system to change a processing condition such as one

that affects melt pool surface tension, a feed condition, or both.

[0082] Other aspects of the control are found in U.S. Patent Application 61/243,242, now U.S.

Application No. 12/883,340, incorporated by reference.

[0083] The time lapse between when a melt pod deposit is formed and when a condition is

altered in response to a detected condition is rapid, e.g. it may be less than one minute, less

than 30 seconds, less than 10 seconds, less than 5 seconds, or even less than 1 second. Thus,

substantially real time condition adjustment is possible.

[0084] A computer, having a user interface, may be employed for commanding and controlling

the fabrication process. A human operator may evaluate the overall operation of the energy

emission device, the material delivery device, positioning mechanisms, vacuum operating

parameters, or any combination thereof. Though the objective of the present invention is to

form an automatic system, some aspects of the present invention may be used in a process that

requires human intervention. The dosed loop electronic control device may be configured to

make the appropriate command inputs through the monitoring system and control software, or

both, to manage the various systems of the layer manufacturing process.

[0085] The present teachings also contemplate articles of manufacture made using the LM

method, the LM apparatus, or both. The method of making the articles may result in a near net

shape part that may be ready for finish machining. The article of manufacture may be an



original equipment component a replacement part, or a repaired original equipment component.

The article may be heat-treated subsequent to its layer by layer manufacture. The article may

be an aircraft component, a rocket component, a marine craft component a ra car component,

an automotive vehicle component, a chemical processing component, a turbine component, or a

space vehicle component. A substantially homogeneous microstructure may be obtained

throughout at least about 50% (and more preferably at least about 80%) of a section thickness

of the article. For example, a substantially homogeneous microstructure having a plurality of

columnar grains may be obtained throughout at least about 50% (and more preferably at least

about 80%) of a section thickness of the article. The article of manufacture may have an overall

weight of at least about 10 kg, and may be made In a period of less than about 20 hours. For

example, an article weighing about 60 to about 150 kg (or more) may be made in a period of no

longer than about 20 hours.

[0086] In one embodiment the article may exhibit a resulting substantially homogeneous

microstructure, which is obtained throughout at least about 50% (and more preferably at least

about 80%) of a section thickness of the article. For example, the article may be a substantially

homogeneous microstructure having a plurality of columnar grains that is obtained throughout at

least about 50% (and mo preferably at least about 80%) of a section thickness of the article.

[0087] Relatively large articles (e.g., greater than 750 cm3) may be metallic and may be made

(e.g., the processes being completed) in a period of less than about 150 hours (e.g., less than

about 100 hours, preferably less than about 50 hours, or even more preferably less than about

20 hours) for each article. The article may be prepared directly from computer-aided design

data. The article may be prepared using a process, apparatus, or both that may be: free of a

laser, prepared from a continuous deposition of each Individual layer, prepared from an

intermittent deposition of each individual layer, prepared in the absence of processing condition

adjustment by a human during layer by layer buildup, or any combination thereof, ft may be free

of an ultrasonic detection method.

[0088] Any depositing step may be performed so that the molten pool deposit undergoes a

substantially continuous change in thermal condition in three-dimensions throughout the

process. The steps may be performed at a rate sufficient to deposit successive layers at least

about 2.5 kg of the raw material per hour, preferably at least 3 kg per hour (e.g., about 3.3 to

about 6.8 kg per hour). The steps may be performed at a rate sufficient to deposit the raw

material as a plurality of beads that define successive layers having an average bead width of

about 10 to about 15 mm (e.g., about 12.7 mm) at a rate of at least about 25 cm of bead per

minute (e.g., about 35 to 80 cm per minute or higher). The process may be interrupted for a



period (e.g., of at least one minute, one hour, two hours, one day, or longer) prior to completion

of the work piece, and may be resumed after complete solidification of the work piece has

occurred.

[0089] Structural relations, proportions, dimensions and geometries shown in the

accompanying drawings are part of the teachings herein, even if not articulated verbally in the

present detailed description. The teachings herein also contemplate variations to any relative

proportions and dimensions shown in the drawings; e.g.. variations within about ± 10%, about ±

25%, or even about ± 50% are possible.

[0090] Unless otherwise stated, all ranges include both endpoints and al numbers between the

endpolnte. The use of "about* or "approximately* in connection with a range apples to both

ends of the range. Thus, 'about 20 to 30" is intended to cover "about 20 to about 30", inclusive

of at least the specified endpoints. The specification of ranges herein also contemplates

individual amounts falling within the range. Thus, for example, a range of 10 to 15 contemplates

individually the amounts of 10, 11, 12, 13, 14, and 15.

[0091] The disclosures of ail articles and references, including patent applications and

publications, are incorporated by reference for all purposes. References to the term "consisting

essentially of to describe a combination shal include the elements, ingredients, components or

steps identified, and such other elements ingredients, components or steps that do not

materially affect the basic and novel characteristics of the combination. The use of the terms

"comprising" or "Including" to describe combinations of elements, ingredients, components or

steps herein also contemplates embodiments that consist essentially of, or even consist of, the

elements, ingredients, components or steps.

[0092] Rural elements, ingredients, components, or steps can be provided by a single

integrated element, ingredient component, or step. Alternatively, a single integrated element,

ingredient, component or step might be divided into separate plural elements, ingredients,

components or steps. The disclosure of "a* or "one* to describe an element, ingredient,

component or step is not intended to foreclose additional elements, ingredients, components or

steps. Likewise, any reference to "first" or "second" items is not intended to foreclose additional

items (e.g.. third, fourth, or more items); such additional items are also contemplated, unless

otherwise stated. Any references herein to elements or metals belonging to a certain Group

refer to the Periodic Table of the Elements published and copyrighted by CRC Press, Inc.. 1989.

Any reference to the Group or Groups shall be to the Group or Groups as reflected in this

Periodic Table of the Elements using the lUPAC system for numbering groups.



[0093] The teachings of the relative positions, orientations and proportions of components

depicted In the accompanying drawings also form part of the teachings herein even If not

expressly stated.

[0094] ft is understood that the above description is intended to be illustrative and not

restrictive. Many embodiments as well as many applications besides the examples provided will

be apparent to those of skill in the art upon reading the above description. It is further intended

that any combination of the features of different aspects or embodiments of the invention may

be combined. The scope of the invention should, therefore, be determined not with reference to

the above description, but should instead be determined with reference to the appended claims,

along with the full scope of equivalents to which such claims are entitled. The disclosures of all

articles and references, including patent applications and publications, are incorporated by

reference for all purposes. The omission in the following damns of any aspect of subject matter

that is disclosed herein is not a disclaimer of such subject matter, nor should it be regarded that

the inventors did not consider such subject matter to be part of the disclosed inventive subject

matter.



CLAIMS

1. A process for layer manufacturing a three-dimensional work piece comprising the steps

of:

(a) feeding raw material in a solid state to a first predetermined location;

(b) exposing the raw material to an electron beam to liquefy the raw material;

(c) depositing the raw material onto a substrate as a molten pool deposit, the deposit

having a forward edge region In an x-y plane with a forward edge region

width and a traling edge region in the x-y plane with a trailing edge region

width, under at least one first processing condition;

(d) monitoring the molten pool deposit for at least one preselected condition, such as

width, using detecting of scatter from a scanning electron beam

contemporaneously with the depositing step, optionally using a detector that

is in a housing configured so that the detector detects electrons of a

preselected characteristic;

(e) solidifying the molten pool deposit;

(f) automatically altering the first processing condition to a different processing

condition based upon information obtained from the monitoring step (d); and

(g) repeating steps (a) through (f) at one or more second locations for building up

layer by layer, generally along a z-axfs that is orthogonal to the x-y plane, a

three-dimensional work piece.

2. The process of claim . wherein the scanning electron beam is a beam emitted from an

electron beam generating device that also emits the electron beam to liquefy the raw material.

3 . The process of claim 1 or 2, wherein the scanning electron beam is consecutively

switched back and forth between a first condition for melting and a second condition for

monitoring at a rate of at least 5 times per second.

4. The process of any of d a s 1 through 3. wherein the monitoring step indudes detecting

electrons scattered in the region proximate the molten pool deposit during build-up of the work

piece.

5. The process of any of claims 1 through 4, wherein the monitoring step Includes detecting

electrons scattered in the region proximate the molten pool deposit during build-up of the work

piece, by use of at least one detector that detects data from at least about 4000 beam deflection

location points on a target.



6. The process of any of claims 1 through 5, wherein the monitoring step includes detecting

electrons scattered in the region proximate the molten pool deposit during build-up of the work

piece, by use of at least one detecting device encased in a cavity of a housing and accessible

via a port of the housing.

7. The process of any of claims 1 through 5 wherein the monitoring step includes detecting

electrons scattered in the region proximate the molten pool deposit during buBd-up of the work

piece, by use of at least one device that includes a shielded detector housing and that

selectively excludes from the housing electrons having a predetermined energy level to prevent

their detection by a detector carried in the housing.

8. The process of any of claims 1 through 7, wherein the scanning electron beam is

maintained at a power level greater than about 500 watts during the monitoring step.

9. The process of any of claims 1 through 8, wherein the scanning electron beam is

maintained at a substantially constant width for a period during consecutive steps of exposing

and monitoring.

10. The process of claims 1 through 9, wherein the scanning electron beam is a beam

emitted from an electron beam generating device that also emits the electron beam to fiquefy

the raw material.

11. The process of any of claims 1 through 10, wherein during consecutive steps of

exposing and monitoring, the same beam is employed for both operations.

12. The process of claim 11, wherein during consecutive steps of exposing and monitoring,

the beam is rastered according to a predetermined pattern.

13. The process of claim 12, wherein one or more deflection coils raster the beam.

14. The process of any of claims 1 through 3, wherein the at least one preselected

condition Indudes the trailing edge region width of the molten pool deposit or otherwise

upstream of the feed of raw material.

15. Th process of any of claimsl through 14, wherein the at least one presetected condition

indudes the width of the molten pool deposit, and wherein (i) upon detection of a width that

exceeds a certain predetermined value, the power of the beam is reduced, (ii) upon detection of

a width that is below a certain predetermined valu the power of the beam is increased, or both

(i) and (ii).

16. The process of any of claims 1 through 14, wherein the monitoring step also Indudes a

step of monitoring the distance of an electron beam generating device to the work piece during

build-up of the work piece, and altering a processing condition based upon detection of a

distortion in the z-axfs.



17. The process of claim 16, wherein the step of monitoring the distance of an electron

beam generating device to the work piece Includes a step of detecting by monito ri ng a laser

beam, by optical image monitoring, electron beam scanning detection, or both.

18. The process of claim 17, wherein the step of monitoring the distance of an electron

beam generating device to the work piece includes a step of triangulating the distance.

19. The process of claim 15, wherein the step of monitoring the distance of an electron

beam generating device to the work piece includes detection by optical image monitoring with a

digital camera that includes a vapor protection device, a thermally regulated housing or both.

20. The process of any of claims 1 through 17, wherein the monitoring is free of any step of

generating an image from scattered electrons.

2 1. The process of any of claims 1 through 20, wherein the same electron beam generating

device is employed to generate the electron beam and the scanning electron beam, the step of

automatically altering Is performed by at least one control device that is in electrical signaling

communication with the electron beam gun, and wherein during the monitoring a detection

signal that is transmitted to the at least one control device upon detection of scatter and which is

indicative of a characteristic of the scatter, the detection signal information from the signal is

compared with a predetermined value, and based upon such comparison the control device

issues a control signal to the electron beam generating device.

22. The process of any of claims 1 through 2 , wherein the electron beam generating device

is translated during work-piece build up relative to a fixed position for the workpiece.

23. An apparatus that performs the process of any of claims 1 through 22.

24. An article made using the process of any of claims 1 through 22.

25. The article of claim 23, wherein the artide is an aircraft component, a rocket component,

a marine craft component, a raHcar component an automotive vehicle component, a chemical

processing component, a turbine component or a space vehide component; and wherein the

artide is met al k
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