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REAL-TIME ANALYSIS AND CONTROL OF ELECTRON BEAM MANUFACTURING
PROCESS THROUGH X-RAY COMPUTED TOMOGRAPHY

Field
[0001] This technical disclosure relates to an electron beam manufacturing process, such as
electron beam welding or electron beam additive manufacturing, and to the use of secondary x-
rays generated from the electron beam contacting a workpiece to analyze results of the

manufacturing process and to correct defects in the manufacturing process in real-time.

Background

[0002] The use of electron beams in manufacturing processes such as electron beam welding

and electron beam additive manufacturing are known.

[0003] In the case of electron beam welding, the current process is to create a weld joint using
the electron beam, allow the weldment to cool, inspect the weld using one or more non-
destructive techniques such as x-rays, analyze the inspection data, and re-work the weld if

unacceptable defects are found. These steps take time and skilled labor to perform.

[0004] U.S. Patent 8,809,780 describes an electron beam additive manufacturing process that
performs real-time automated monitoring and control of the process using detection of electron

scatter to monitor the pool of molten material being deposited.

Summary

[0005] Electron beam manufacturing processes, and systems that perform the processes, are
described that utilize real-time analysis and control of the electron beam manufacturing
processes by detecting secondary x-rays that are generated as a result of the electron beam
contacting a workpiece. The detected secondary x-rays are used to generate, in real-time, a
three-dimensional cross-sectional image of the portion or region of the workpiece surrounding
the location contacted by the electron beam. In addition, real-time analysis of the three-

dimensional cross-sectional image can be used to detect defects, and real-time re-work or
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correction of defects can be performed by re-directing an electron beam back to an area with a

defect to re-work the workpiece.

[0006] The electron beam manufacturing processes encompassed herein can include, but are not
limited to, any process where an electron beam is directed towards and contacts a workpiece with
enough energy to generate secondary x-rays as a result of contacting the workpiece. Examples
of electron beam manufacturing processes can include, but are not limited to, electron beam
welding and electron beam additive manufacturing. In electron beam welding, an electron beam
is directed toward an intended weld joint between two structures to be welded together, with the
electron beam creating the weld joint either with or without the introduction of additive material.
In electron beam additive manufacturing, an electron beam is used to build up a workpiece layer-
by-layer by liquifying an additive material and depositing the liquified material layer-by-layer to
form a desired article of manufacture as described in U.S. Patent 8,809,780, the entire contents of
which are incorporated herein by reference. In an alternative implementation of electron beam
additive manufacturing, the electron beam is used to build up a workpiece layer-by-layer by
partially melting an additive material and depositing the partially melted material layer-by-layer
to form a desired article of manufacture as described in U.S. Patent 6,401,001, the entire contents

of which are incorporated herein by reference.

[0007] The electron beam manufacturing processes encompassed herein combine the formerly
sequential steps of electron beam processing, inspection, and re-work into a single, integrated,
real-time process step. The inspection uses the secondary x-rays produced by the electron beam
contacting the workpiece to generate a three-dimensional cross-sectional image of the portion of
the workpiece surrounding the location contacted by the electron beam. The three-dimensional
cross-sectional image can be generated by using, for example, conventional transmission
computed tomography (TCT) techniques. The inspection can also use real-time automated
and/or human analysis of the three-dimensional cross-sectional image to detect defects. If a
defect is detected, an electron beam can be controlled in real-time to re-work the area containing

the defect.
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[0008] As used herein, the term real-time, unless otherwise defined in this description or claims,
is intended to be construed broadly. For example, in one embodiment real-time can mean that
the generation of the three-dimensional cross-sectional image, the inspection, and the re-work or
correction of defects occurs during the electron beam manufacturing process relatively shortly
after the workpiece has been structurally modified by the electron beam, and in some
embodiments without requiring the workpiece to cool. For example, in the case of electron beam
welding that produces a weld joint, in one embodiment the image generation, the inspection and
the re-work (if any) of a portion of the weld joint occurs very shortly after the portion of the weld
joint is created, perhaps even before the remainder of the weld joint is created, without removing
the workpiece from a chamber of the electron beam welding apparatus. In another example, in
the case of electron beam welding that produces a weld joint, real-time can mean that the re-
working could be performed after the weld is finished. This could mean that the weld might
solidify in the mean-time, which would increase the energy required to re-heat the weld in
preparation for re-working, but the benefits of not having to remove the workpiece for inspection
before rework would still be obtained. The term real-time can encompass any re-working that
occurs during or after the electron beam manufacturing process without removing the workpiece
for inspection or conducting a separate inspection (separate from the inspection that takes place

during the manufacturing process) of the workpiece prior to re-work.

[0009] In one embodiment described herein, a process includes detecting secondary x-rays
resulting from an electron beam contacting a portion of a workpiece with sufficient energy to
generate the secondary x-rays. As the electron beam continues to contact the workpiece, the
detected secondary x-rays are used to generate a three-dimensional cross-sectional image of the
portion of the workpiece surrounding the location contacted by the electron beam. In addition,
as the electron beam continues to contact the workpiece, the generated three-dimensional cross-
sectional image is analyzed to detect a defect in the portion of the workpiece. If a defect is
detected, an electron beam, which can be the same electron beam or a different electron beam, is

used to correct the detected defect in the portion of the workpiece.

[0010] In another embodiment, a real-time process of detecting and correcting a defect during

an electron beam manufacturing process on a workpiece is described. As the electron beam is
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directed onto a portion of the workpiece with sufficient energy to generate secondary x-rays, the
secondary x-rays generated from the electron beam contacting the portion of the workpiece are
detected. In real-time, transmission computed tomography is used to generate, from the detected
secondary x-rays, a three-dimensional cross-sectional image of the portion of the workpiece
surrounding the location contacted by the electron beam. In addition, in real-time, the generated
three-dimensional cross-sectional image is analyzed to detect a defect in the portion of the
workpiece contacted by the electron beam. If a defect is detected, an electron beam is used in

real-time to correct the defect.

[0011] A system of real-time detecting and correcting a defect during an electron beam
manufacturing process on a workpiece is also described. In one embodiment, the system can
include an electron beam generator that generates an electron beam, a vacuum chamber
containing the workpiece, an array of x-ray sensors that sense secondary x-rays produced by an
electron beam generated by the electron beam generator contacting the workpiece, an image
generator connected to the array of x-ray sensors that generates a three-dimensional cross-
sectional image from detected x-rays using transmission computed tomography, and a controller
connected to the electron beam generator (or to a separate electron beam generator) to re-direct
an electron beam on to an area found to have a defect to re-work the area and correct the defect.
Optionally, a graphical display device can be connected to the image generator for displaying the

three-dimensional cross-sectional image.

Drawings

[0012] Figure 1 is a flow chart of an electron beam manufacturing process described herein.

[0013] Figure 2 is a schematic illustration of a system that can implement the electron beam

manufacturing process of Figure 1.

[0014] Figure 3 is a schematic illustration of an electron beam welding apparatus that can utilize

the processes described herein.
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[0015] Figure 4 is a schematic illustration of an electron beam additive manufacturing apparatus

that can utilize the processes described herein.

[0016] Figure 5 illustrates a display device that is displaying an example representation of what

a three-dimensional cross-sectional image that is generated as described herein may look like.

Detailed Description

[0017] An electron beam manufacturing process is described below that uses real-time analysis
and control of the electron beam manufacturing process by detecting secondary x-rays that are
generated as a result of the electron beam contacting a workpiece. The detected secondary x-
rays are used to generate, in real-time, a three-dimensional cross-sectional image of the portion
or region of the workpiece surrounding the location contacted by the electron beam. In addition,
real-time analysis of the three-dimensional cross-sectional image can be used to detect defects in
an area of the workpiece that has been modified by the electron beam, and real-time re-work or
correction of defects can be performed by directing an electron beam back to an area with a

defect.

[0018] Electron beam manufacturing processes intended to be encompassed within this
disclosure can include, but are not limited to, any process where an electron beam is directed
towards and contacts a workpiece with enough energy to generate secondary x-rays as a result of
the electron beam contacting the workpiece. One example of an electron beam manufacturing
process includes, but is not limited to, electron beam welding discussed below with respect to
Figure 3. As discussed further below, in electron beam welding, an electron beam is directed
toward an intended weld joint between two structures to be welded together, with the electron
beam creating the weld joint either with or without the introduction of additive material.
Another example of an electron beam manufacturing process includes, but is not limited to,
electron beam additive manufacturing discussed below with respect to Figure 4. In electron
beam additive manufacturing, an electron beam is used to build up a workpiece layer-by-layer by
liquifying or partially melting an additive material which is deposited layer-by-layer to form a

desired article of manufacture.
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[0019] With reference initially to Figure 1, an electron beam manufacturing process 10 is
illustrated. In the process 10, after mounting the workpiece to be processed in a suitable electron
beam processing apparatus, an electron beam is directed toward a workpiece at 12. The electron
beam is directed at and contacts the workpiece with sufficient energy to generate secondary x-
rays as a result of the electron beam contacting the workpiece. Secondary x-rays are x-rays that
are emitted from the workpiece as a result of a non-x-ray primary beam, like the electron beam,
being incident on the workpiece. The secondary x-rays are generated at the point or region of
impact on the workpiece, but they travel through all of the workpiece surrounding the impact
point. Therefore, the resulting TCT three-dimensional cross-sectional image that is generated as
discussed further below includes all of the workpiece traversed by the x-rays and not just the

point of impact.

[0020] The workpiece contacted by the electron beam depends on the manufacturing process.
In the example of electron beam welding, the workpiece can be a joint between two structures

that are to be welded to one another along a weld seam.

[0021] In the example of electron beam additive manufacturing, the electron beam may impact a
wire that provides the additive material and liquifies it, with the molten material dripping into a
weld pool. In this case, the melting wire is typically in contact with the weld pool. The weld
pool forms initially on a platform, and later, as layers are built up, on the object being
manufactured. As the weld pool solidifies, the layer of the object being manufactured is
deposited. Alternatively, the electron beam may impact on a layer of powder spread over the
platform (or object being manufactured). In this case, the electron beam partially or completely
melts the powder. As the powder solidifies, that material is added to the object being
manufactured. In yet another implementation, the electron beam impacts on powder being
projected at the platform (or object being manufactured). The electron beam partially or
completely melts the powder, which then impacts the platform or the object being manufactured.

On impact, the material begins solidifying and is added to the object being manufactured.

[0022] As described above, the secondary x-rays are generated at the point of impact of the

electron beam on the wire or powder (in the case of additive manufacturing) or on the weldment
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(in the case of electron beam welding). Everything the secondary x-rays pass through is imaged

by the TCT process discussed further below.

[0023] The workpiece can be made of metal, ceramic, combinations thereof, and any other
material in existence or created in the future that can withstand the energy levels of the electron

beam without the electron beam destroying the workpiece.

[0024] The electron beam also modifies the workpiece. For example, in electron beam welding,
the electron beam temporarily vaporizes the material of the workpiece where the electron beam
contacts the workpiece, and liquifies additional material around the point of contact. As the
electron beam is moved away, some of the vaporized material liquifies and then the liquified
material solidifies to create the weld. In some embodiments, an additive weld material can be
utilized in electron beam welding, where the electron beam is used to liquify the additive weld
material which is deposited into the joint between the structures being welded and solidifies to
create the weld, whereby the deposition of the additive weld material modifies the workpiece. In

electron beam additive manufacturing, the deposition of each layer modifies the workpiece.

[0025] Returning to Figure 1, the secondary x-rays that are emitted as a result of the electron
beam contacting the workpiece are detected at 14. The detection is performed in real-time (for
example within fraction of seconds after the electron beam contacts the workpiece) by an array
of x-ray sensors that are suitably arranged relative to the workpiece to permit detection of the
secondary x-rays and from the detected secondary x-rays permit creation of a three-dimensional
cross-sectional image. Examples of suitable x-ray sensor arrays that can be used include, but are
not limited to the Teledyne Rad-icon 1520 (3030) available from Teledyne DALSA of Waterloo,
Ontario, Canada; the Perkin Elmer XRD-1642 available from PerkinElmer Inc. of Waltham,
Massachusetts; the Varian Paxscan 2530 HE available from Varian Medical Systems, Inc. of
Palo Alto, California; and the Rayonix MX425-HS available from Rayonix, LLC of Evanston,
Ilinois. One or more of the sensor arrays can be provided to perform the detection function and
located at sufficient relative positioning to the workpiece to permit creation of the three-

dimensional cross-sectional image.
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[0026] The detected secondary x-ray data is then used at 16 to generate a three-dimensional
cross-sectional image of the portion of the workpiece surrounding the location contacted by the
electron beam. The three-dimensional cross-sectional image can optionally be displayed on a
graphical display device such as on a monitor of a computer workstation, a monitor of a personal
computer, on a monitor of a tablet device, or other suitable display device capable of displaying a
three-dimensional cross-sectional image. In one embodiment, the three-dimensional cross-
sectional image can be generated by TCT. In x-ray TCT, x-ray transmission is measured along
multiple paths. Algorithms are used to reconstruct the density profile of the object in a slice, for
example using tomographic reconstruction by computing the inverse Radon transformation using
deterministic algorithms including filtered back projection, or iterative algorithms like maximum
likelithood expectation maximization (MLEM). Density profiles of multiple slices are then used
to reconstruct the volumetric density of the object. Creating three-dimensional cross-sectional
images using x-ray TCT is a well-known technique. For example, the use of TCT in medical
imaging using x-rays is well-known. In addition, the creation of three-dimensional cross-
sectional images of welds using x-ray TCT is described by Natour et al. in “Analysis of materials
and structures in scientific applications using micro focus computed tomography,” 11th
International Symposium on Measurement Technology and Intelligent Instruments, ISMTII
2013, July 1, 2013 - July 3, 2013. Source: Key Engineering Materials, v 613, p 239-243, 2014;
which is incorporated herein by reference in its entirety. However, any other technique for
creating the three-dimensional cross-sectional image from the detected secondary x-rays can be

used.

[0027] The three-dimensional cross-sectional image is generated in real-time and continuously
as the electron beam tracks across the workpiece. For example, in one embodiment the three-
dimensional cross-sectional image can be generated within about 3-5 seconds or less after the
secondary x-rays are detected. In another embodiment, the three-dimensional cross-sectional
image can be generated in about 1 second or less after the secondary x-rays are detected. As the
electron beam contacts the workpiece and generates the secondary x-rays, the secondary x-rays
are detected and the three-dimensional cross-sectional image of the portion of the workpiece
surrounding the location contacted by the electron beam is generated and optionally displayed.

As the electron tracks across the workpiece, the resulting secondary x-rays are continuously
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detected and three-dimensional cross-sectional images of all portions of the workpiece
surrounding the locations contacted by the electron beam are generated. Therefore, in the case of
electron beam welding, a three-dimensional cross-sectional image of the weld zone, along with
an image of the surrounding material, can be generated. In the case of electron beam additive
manufacturing, a three-dimensional cross-sectional image of the object being manufactured as

each layer is being added can be generated.

[0028] The three-dimensional cross-sectional images are generated using one or more
processors, for example one or more graphical processing units, that are programmed to process
the data from the detected secondary x-rays and generate the three-dimensional cross-sectional

images, for example using TCT.

[0029] Returning to Figure 1, the generated three-dimensional cross-sectional image is then
analyzed at 18 to detect in real-time whether any defects exist in the modified portion of the
workpiece. For example, in one embodiment, the analysis results in defect detection within
about 5-7 seconds or less after the secondary x-rays are detected. In another embodiment, the
analysis results in defect detection within about 3 seconds or less after the secondary x-rays are
detected. In the case of additive manufacturing, it is believe at this time to be desirable to fix any
defects before another layer is added on top, and so the analysis, detection of defects and rework

should occur in that time frame.

[0030] The analysis can be automated, performed by one or more human(s), or a combination of
automated and human performed. In the case of automated analysis, suitable processing
algorithms executed by one or more data processors can perform automated detection of any
defects. Automated analysis and detection of defects in x-ray generated TCT images of welds is
known from Natour et al. “Analysis of materials and structures in scientific applications using
micro focus computed tomography,” 11th International Symposium on Measurement
Technology and Intelligent Instruments, ISMTII 2013, July 1, 2013 - July 3, 2013. Source: Key
Engineering Materials, v 613, p 239-243, 2014. In addition, automatic analysis and detection of
defects in x-ray images of welds is disclosed in, for example, Shao et al. “Automatic weld defect

detection in real-time X-ray images based on support vector machine”, Proceedings - 4th
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International Congress on Image and Signal Processing, CISP 2011, v 4, p 1842-1846, October
15, 2011 - October 17, 2011; and Sun et al., “A fast and adaptive method for automatic weld
defect detection in various real-time X-ray imaging systems,” China Welding (English Edition),

v21,n1, p8-12, March 2012.

[0031] In one embodiment of automated analysis, a three-dimensional cross-sectional model of
what the workpiece should look like can be pre-generated. During processing by the electron
beam, the three-dimensional cross-sectional image generated from the secondary x-rays can then
be compared to the pre-generated three-dimensional cross-sectional model to determine if
defects may exist. The comparison can include, for example, determining if a detected value of
the generated three-dimensional cross-sectional model exceeds a threshold value relative to the
pre-generated three-dimensional cross-sectional model. If the threshold value is exceeded, a

determination can be made that a defect may exist.

[0032] In the case of human analysis, a human operator can visually monitor the three-
dimensional cross-sectional image displayed on the graphical display device in real-time as the
electron beam tracks across the workpiece. Based on the experience of the operator, the operator
can determine in real-time from the displayed three-dimensional cross-sectional image whether a

defect in the modification of the workpiece has occurred.

[0033] Returning to Figure 1, the process 10 proceeds to decision point 20 where it is
determined whether or not a defect exists. If the decision at decision point 20 is no (i.e. no
defects are detected), the process 10 ends 22. On the other hand, if the decision at decision point
20 is yes (i.e. one or more defects are detected), the portion(s) of the workpiece containing a

defect(s) can be re-worked in real-time at 24.

[0034] When the analysis at 18 determines that a defect exists, one or more electron beam(s)
can be directed in real-time to that portion(s) of the workpiece containing the defect(s) in order
re-work or re-modify that portion(s) of the workpiece. The electron beam(s) used to perform re-
work can be the same electron beam that initially modified the workpiece, with the electron

beam being re-directed to conduct the re-work. In another embodiment, one or more electron

10
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beams that are separate from the initial electron beam and possibly produced by separate electron

beam generators can be used to conduct the re-work.

[0035] In one embodiment, the re-working by an electron beam can be done immediately upon
detection of a defect. For example, current processing by the electron beam can be temporarily
stopped and the electron beam re-directed back to the defect to re-work the workpiece as quickly
as possible after a defect is detected. Alternatively, the electron beam can continue its
processing, but a separate, second electron beam can be generated and used to conduct the re-

work while the first electron beam continues processing.

[0036] In another embodiment, the re-work can be done at some time after detection of a defect,
but prior to terminating processing on the workpiece by the electron beam. For example, any re-
working of defects can occur after the electron beam has finished processing other portions of
the workpiece. In an embodiment where the electron beam is re-directed to perform re-work, the
re-direction of the electron beam can be achieved automatically by the control system that
controls the electron beam. In addition, the re-direction of the electron beam can be achieved

manually by a human operator.

[0037] Re-working of defects can be controlled via suitable control logic that is provided to
determine the optimal re-work strategy. In addition to determining when re-work should occur,
the control logic can determine the order of defect re-working (for example, fixing the first
detected defect first, or fix the last detected defect first), as well as the amount of re-work that

may be required including controlling the energy of the electron beam to achieve the re-work.

[0038] Figure 2 is a schematic illustration of a system 30 that can implement the electron beam
manufacturing process 10. The system 30 can include an electron beam generator apparatus 32
of known construction. The apparatus 32 generates an electron beam 34 that is directed onto a
workpiece 36 that is disposed within a vacuum chamber apparatus 38. One or more x-ray sensor
arrays 40 are arranged on or in the vacuum chamber apparatus 38 relative to the workpiece 36 to
detect the secondary x-rays that result as the electron beam 34 contacts the workpiece 36. Data

from the x-ray sensor array(s) 40 is provided to a TCT image generator 42 that can include the

11
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software algorithms and the processor(s), for example one or more graphical processing units,
that process the data and generate the three-dimensional cross-sectional image. The three-
dimensional cross-sectional image generated by the image generator 42 can be displayed on an
optional graphical display device 44. In the case when automated analysis is utilized, an
analysis/defect detection unit 46 can be provided that includes the processing algorithm(s)
executed by one or more data processors to perform the automated analysis of the image and

detection of any defects.

[0039] Optionally, one or more additional electron beam generator apparatus 33 can be provided
that generate one or more additional electron beams 35. When an additional electron beam
generator apparatus 33 is provided, the electron beam 34 can be used to process the workpiece,
while the electron beam 35 produced by the apparatus 33 can be used to conduct re-working of

defects.

[0040] The system 30 can also include an electron beam controller 48 that controls the electron
beam generator 32 and/or the electron beam generator apparatus 33 to perform reworking of any
defects. The electron beam controller 48 can also optionally include the control logic that

determines the optimal re-work strategy.

[0041] Each of the elements in the system 30 illustrated in Figure 2 can have any construction
that is suitable for achieving the described functions of the elements. In addition, one or more of
the elements in the system 30 can be combined with other elements in the system 30, and some
of the elements in the system can be separated into separate elements or sub-units. For example,
the image generator 42 and the analysis/detection unit 46 can be combined together as part of an
integrated unit where the image generator 42 and the analysis/detection unit 46 are sub-units of

the integrated unit.

[0042] Example application — electron beam welding

[0043] The conventional electron beam welding process is to mount a workpiece in a vacuum

chamber, direct an electron beam onto a joint to create a weld, allow the weldment to cool so that

12
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it can be handled, inspect the weld using various non-destructive techniques such as X-rays,
analyze the inspection data, and re-work the weld if unacceptable defects are detected. The
process 10 described above combines all of these steps into one by detecting the secondary x-
rays during welding for real-time TCT imaging, combined with real-time inspection and re-

working to detect and correct weld defects in real-time.

[0044] Defects in welds can lead to catastrophic structural failures. Examples of weld defects
that can arise in electron beam welding include, but are not limited to, internal root defects, void
or cavities caused by spiking, gas porosity, excess penetration by the electron beam, cavities, and
defects caused by electron gun discharge. To correct these and other weld defects using
conventional processes can be time consuming and expensive. Some of the weld defects may be
located within the thickness of the weld and not visible to the naked eye on the surface of the
weld. The use of TCT imaging using the secondary x-rays described herein allows generation of
three-dimensional cross-sectional images which can include through the thickness of the weld
zone and areas surrounding the weld zone allowing all defects, including those located within the

thickness of the weld, to be detected.

[0045] The overall process of electron beam welding is well known to those of ordinary skill in
the art. Parts to be welded and forming the workpiece are precisely aligned and placed inside a
vacuum chamber. An electron beam of a desired current A, for example about 1 to about 1000
milliamps, accelerated by a desired voltage V, for example about 10 to about 500 kV, is focused
into the junction of the parts, depositing high power P = AV in a very small volume, for example
about 10° to about 10’ W/mm’. This raises the temperature in the working volume to, for
example, about 10® to about 10'° K/s. The workpiece is moved and/or the electron beam is
scanned along the junction to create the weld. Depending on the beam parameters and speed of

movement, this can produce a shallow weld, a deep, a wide weld or a narrow weld.

[0046] With reference to Figure 3, an electron beam welding apparatus 50 that can perform
electron beam welding employing the process 10 described above is illustrated. The apparatus
50 includes a vacuum chamber 52 defined by an inner wall 54 and an outer wall 56. The vacuum

chamber 52 is illustrated as being circular from the view shown in Figure 3 which is an end view
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of the vacuum chamber. In three-dimensions, the vacuum chamber can be cylindrical or
spherical in shape. However, other shapes of the vacuum chamber 52 are possible, including
rectangular as discussed below with respect to Figure 4. Inside the vacuum chamber 52, a
workpiece 58 is mounted on a fixture (not shown) of known construction. The workpiece 58 is
formed by two structures 58a, 58b that are to be welded to one another along at least one joint
60. An electron beam generator 62 is mounted on the vacuum chamber 52 for producing an

electron beam 64 and directing the electron beam 64 onto the joint 60.

[0047] In one embodiment, the fixture on which the workpiece 58 is mounted can move relative
to the electron beam 64 to scan the beam 64 along the desired length of the joint 60 to be welded.
In another embodiment, the fixture is stationary, and a beam controller is provided to scan the
beam 64 along the desired length of the joint 60 to be welded. In still another embodiment, both
the fixture can move and a beam controller is provided to cause the beam to be moved along the

desired length of the joint 60 to be welded.

[0048] The weld at the joint 60 can be created from the materials of the two structures 58a, 58b
without introduction of an additive material. In another embodiment, an additive weld material
can be introduced into the process which is contacted and melted by the beam 64 and deposited
at the joint 60 to form the weld. The additive weld material can initially be in solid form or in

powder form prior to being melted or liquified by the electron beam 64.

[0049] When the beam 64 contacts the workpiece 58, secondary x-rays 66 are generated as
shown by the arrows in Figure 3. The secondary x-rays 66 travel through the workpiece
surrounding the impact point, the fixture supporting the workpiece 58, and other elements in the

apparatus 50, as discussed above.

[0050] One or more sensor arrays 68 can be provided on the apparatus 50 in order to detect the
secondary x-rays 66. The number of sensor arrays 68 used, the shape of the arrays 68 and their
locations, can vary. However, there should be a sufficient number of sensor arrays 68 that are
located to permit subsequent generation of the three-dimensional cross-sectional images from the

detected secondary x-rays 66. As shown in Figure 3, relative to a horizontal axis A-A, in one
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embodiment there can be sensor arrays 68 that are arranged at angles o that range from about 30
degrees to about 60 degrees on one or both sides relative to the beam 64. In another
embodiment, the sensor arrays 68 can be arranged at about 45 degrees relative to the axis A-A.
However, the arrays 68 can be arranged at any angle(s) sufficient to permit subsequent

generation of the three-dimensional cross-sectional image.

[0051] In the example illustrated in Figure 3, the sensor arrays 68 are arranged between the
inner wall 54 and the outer wall 56 of the apparatus 50. The inner wall 54 is x-ray transparent, or
x-ray transparent solely at the locations of the sensor arrays 68, to permit transmission of the
secondary x-rays through the inner wall 54 to the sensor arrays 68. The sensor arrays 68 can be
mounted to the inner wall 54, or mounted to the outer wall 56. The sensor arrays 68 can also be
mounted in a manner to permit the locations of the sensor arrays 68 to be changed which can be
useful depending upon the shape of the workpiece 58, the shape of the fixture supporting the

workpiece 58, strength of the electron beam 64, and other factors.

[0052] In operation, the electron beam 64 is directed onto the workpiece 58 to create a weld
along the joint 60. The electron beam 64 has sufficient energy so that the secondary x-rays 66
are generated when the electron beam 64 contacts the workpiece 58. The secondary x-rays 66
are detected by the x-ray sensor arrays 68 in real-time as the welding proceeds. TCT is then used
to generate the real-time three-dimensional cross-sectional images of the weld zone and
surrounding area of the workpiece 58 as the welding progresses. The generated real-time three-
dimensional cross-sectional images allow real-time detection of weld defects throughout the
entire, substantially the entire, or a portion of the weld zone including defects located within the
thickness of the weld that are not located on or visible at the surface of the weld. Real-time
image processing (automated and/or man-in-the-loop) is then performed to detect welding flaws.
In the case of automated analysis, if a defect is detected, control logic can be used to determine
an optimal re-work strategy of the part of the weld containing the defect. In the case of human
analysis, an operator can intercede in the processing and dictate re-work of the part of the weld
containing the defect. If a defect is detected, an electron beam, such as the electron beam 64, can

be automatically steered and/or the workpiece can be mechanically moved to re-work the weld.
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[0053] In another embodiment, one or more separate electron beams different from the electron
beam 64 can be used to conduct the re-work. Therefore, as the electron beam 64 continues along
the joint 60 creating the weld, one or more separate electron beams, which can be generated by
the electron beam generator 62 or by one or more separate electron beam generators, can be used

to simultaneously re-work any areas of the weld containing a defect.

[0054] Figure 5 illustrates the display device 44 that is displaying an example representation of
what a three-dimensional cross-sectional image 70 that is generated as described herein may look
like if the three-dimensional cross-sectional image is optionally displayed. In this example, the
three-dimensional cross-sectional image 70 includes portions of the two structures 58a, 58b that
form the workpiece, along with a portion of the joint 60 between the structures 58a, 58b. A
portion of a weld zone 72 that is created by the electron beam is also depicted. The image 70
depicts the depth of the weld zone 72 into the structure 58b allowing defects within the depth of
the weld zone 72 to be visualized. As with conventional TCT imaging processes, for example as
used in the medical field, the image 70 that is displayed can be changed automatically or by a
human operator, or the image 70 can be automatically or maneuvered by a human operator on
the display device 44, to permit viewing of different portions of the weld zone and surrounding

areas or viewing from different angles.

[0055] Therefore, the welding, image generation and analysis, and re-working can occur in real-
time without having to allow the workpiece to cool before inspection and without having to
remove the workpiece from the apparatus 50. An added benefit is that the generated TCT

images of the finished weld can provide an inspection record detailing the quality of the weld.

[0056] Example application — electron beam additive manufacturing

[0057] The use of an electron beam in additive manufacturing is described in U.S. Patent
8,809,780 and U.S. Patent 6,401,001, each of which is incorporated herein by reference in its
entirety. The process 10 described above can be used in electron beam additive manufacturing
by detecting the secondary x-rays during additive manufacturing for real-time TCT imaging,

combined with real-time analysis and re-working to detect and correct defects in real-time.
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[0058] Defects in creating a layer in additive manufacturing can result in a poor quality
resulting manufactured product. Examples of layer defects that can arise in electron beam
additive manufacturing can include, but are not limited to, void or cavities, gas porosity, excess
penetration by the electron beam, and defects caused by electron gun discharge. Some of the
defects may be located within the thickness of the added layer and may not be visible to the
naked eye on the surface of the layer. The use of TCT imaging using the secondary x-rays
described herein allows generation of three-dimensional cross-sectional images which includes
through the thickness of the layer allowing all defects, including those located within the
thickness of the layer, to be detected.

[0059] The overall process of electron beam additive manufacturing is well known to those of
ordinary skill in the art and as described in U.S. Patent 8,809,780 and U.S. Patent 6,401,001.
Raw material to be used to form the manufactured part is located inside a vacuum chamber. An
electron beam is directed onto the raw material which partially melts or liquifies the raw material
which is deposited in a layer into the shape of the desired part. This process is repeated, layer-
by-layer, to complete the shape of the desired part. Examples of commercial additive
manufacturing apparatus that can be used with the process described above include, but are not
limited to, the Arcam A2 available from Arcam AB of Molndal, Sweden, and the Sciaky VX-110
Electron Beam Advanced Manufacturing (EBAM) System available from Sciaky Inc. of
Chicago, lllinois.

[0060] With reference to Figure 4, an apparatus 100 that can perform electron beam additive
manufacturing employing the process 10 described above is illustrated. The apparatus 100 is
similar in construction to the apparatus described in U.S. Patent 8,809,780, and includes a
generally rectangular housing 102 defining a vacuum chamber 104. Inside the vacuum chamber
104, a workpiece support (not shown) is provided on which a workpiece 106 is mounted. The
workpiece 106 ultimately forms the intended manufactured part by adding multiple layers to the
workpiece. The layer that is being created at any moment in time can be considered the
workpiece described herein. An electron beam generator 108 is mounted within the vacuum

chamber 104 for producing the electron beam. In addition, an additive feed mechanism 110 can
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be provided for feeding raw additive material to be used for creating each layer. The additive
material provided by additive feed mechanism 110 can initially be in solid form or in powder

form prior to being partially melted or liquified by the electron beam.

[0061] In one embodiment, the workpiece support on which the workpiece 106 is mounted can
move relative to the electron beam to allow deposit of the material at appropriate locations on the
workpiece. In another embodiment, the workpiece support is stationary, and a beam controller is
provided to scan the electron beam generator 108 and the electron beam emitted therefrom over
the workpiece. In addition, the additive feed mechanism 110 can move with the electron beam
generator. In still another embodiment, the workpiece support, the electron beam generator 108

and the additive feed mechanism 110 can move.

[0062] When the electron beam is directed toward the workpiece, it partially melts or liquifies
the additive material which is then deposited onto the workpiece. The electron beam also

contacts the deposited material generating secondary x-rays which scatter as described above.

[0063] Returning to Figure 4, one or more sensor arrays 112 can be provided on the apparatus
100 in order to detect the secondary x-rays. The number of sensor arrays 112 used, the shape of
the arrays 112 and their locations, can vary. However, there should be a sufficient number of
sensor arrays 112 that are located to permit subsequent generation of the three-dimensional
cross-sectional images from the detected secondary x-rays. As shown in Figure 4, in one
embodiment there can be a sensor array 112 mounted on an openable and closeable front wall
114, a first side wall 116, a second side wall 118, a top wall 120, a rear wall 122, and optionally
a bottom wall 124.

[0064] As with Figure 3, the sensor arrays 112 can be arranged between inner and outer walls
that form the walls 114-124. The inner wall is x-ray transparent, or x-ray transparent solely at
the locations of the sensor arrays 112, to permit transmission of the x-rays through the inner wall
to the sensor arrays 112. The sensor arrays 112 can be mounted to the inner wall, or mounted to
the outer wall. The sensor arrays 112 can also be mounted in a manner to permit the locations of

the sensor arrays 112 to be changed which can be useful depending upon the shape of the
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workpiece 106, the shape of the workpiece support supporting the workpiece 106, strength of the

electron beam, and other factors.

[0065] In operation, the electron beam is directed toward the workpiece which partially melts or
liquifies the additive material that is then deposited onto the workpiece. The electron beam also
contacts the deposited material. The electron beam has sufficient energy so that the secondary x-
rays are generated when the electron beam contacts the deposited material. The secondary x-
rays are detected by the x-ray sensor arrays 112 in real-time as the additive layering proceeds.
TCT is then used to generate real-time three-dimensional cross-sectional images of the layer as
the layering progresses. The entire width and thickness of the deposited layer can be included in
the images, allowing real-time detection of defects throughout the entire layer including defects
located within the thickness of the layer that are not located on or visible at the surface of the
layer. Real-time image processing (automated and/or man-in-the-loop) is then performed to
detect any defects in the layer. In the case of automated analysis, if a defect is detected, control
logic can be used to determine an optimal re-work strategy of the part of the layer containing the
defect. In the case of human analysis, an operator can intercede in the processing and dictate re-
work of the part of the layer containing the defect. If a defect is detected, the electron beam can
be automatically steered and/or the workpiece can be mechanically moved to re-work the layer.
Re-working can include, but is not limited to, re-melting the bulk material. This allows cavities
or voids to collapse, gas bubbles (porosity) to escape, etc. Depending on the location of the
defect, the layer most recently deposited can be re-melted, or melting may occur deeper, for

example if the defect is on the boundary of the new layer and the one below it.

[0066] In another embodiment, one or more separate electron beams different from the electron
beam used to liquify the additive can be used to conduct the re-work. Therefore, as the first
electron beam continues along creating the layer, one or more separate electron beams, which
can be generated by the electron beam generator 108 or by one or more separate electron beam

generators, can be used to simultaneously re-work any areas of the layer containing a defect.
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[0067] Therefore, the layering, image generation and analysis, and re-working can occur in real-
time. An added benefit is that the generated TCT images can provide an inspection record

detailing the quality of the manufactured product.

[0068] The following additional embodiments are also contemplated.

[0069] Embodiment 1: A process of detecting and correcting a defect during an electron beam
manufacturing process on a workpiece, comprising:
as an electron beam is directed onto a portion of the workpiece with sufficient energy to
generate secondary x-rays, detecting the secondary x-rays generated from the electron
beam contacting the portion of the workpiece;
in real-time, using transmission computed tomography to generate from the detected
secondary x-rays a three-dimensional cross-sectional image of the workpiece adjacent
the portion thereof contacted by the electron beam;
in real-time, analyzing the generated three-dimensional cross-sectional image to detect a
defect in the workpiece; and
thereafter using a correction electron beam to re-work the workpiece containing the

detected defect without conducting a separate inspection of the workpiece.

[0070] Embodiment 2: The process of embodiment 1, wherein the electron beam manufacturing
process is electron beam welding where the electron beam is used to weld two structures to each

other.
[0071] Embodiment 3: The process of embodiment 1, wherein the electron beam manufacturing
process is an electron beam additive manufacturing process where a structure is constructed by

adding material to the structure layer-by-layer.

[0072] Embodiment 4: The process of any one of embodiments 1 to 3, comprising using the

electron beam to structurally modify the portion of the workpiece.
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[0073] Embodiment 5: The process of any one of embodiments 1 to 4, wherein the analyzing is

automated analysis and/or human analysis.

[0074] The examples disclosed in this application are to be considered in all respects as
illustrative and not limitative. The scope of the invention is indicated by the appended claims
rather than by the foregoing description; and all changes which come within the meaning and

range of equivalency of the claims are intended to be embraced therein.
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CLAIMS

1. A process comprising:

detecting secondary x-rays resulting from an electron beam contacting a portion of a
workpiece with sufficient energy to generate the secondary x-rays;

in real-time, using the detected secondary x-rays to generate a three-dimensional cross-
sectional image of the workpiece adjacent to the portion thereof contacted by the electron beam;

in real-time, analyzing the generated three-dimensional cross-sectional image to detect a
defect in the workpiece; and

thereafter using a correction electron beam to correct a detected defect in the workpiece

without conducting a separate inspection of the workpiece.

2. The process of claim 1, wherein the workpiece is a joint between two structures

being welded together, and the electron beam is used to weld the two structures to each other.
3. The process of claim 1, wherein the workpiece is a structure that is being built up
by adding material to the structure in an additive manufacturing process, and the electron beam is

used in the additive manufacturing process.

4. The process of claim 1, comprising using the electron beam to modify the portion

of the workpiece in a welding process or in an additive manufacturing process.

5. The process of claim 1, comprising generating the three-dimensional cross-

sectional image by transmission computed tomography.

6. The process of claim 1, wherein the analyzing is automated analysis and/or

human analysis.

7. The process of claim 1, comprising detecting and correcting a defect during an

electron beam manufacturing process of the workpiece;
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in real-time, using transmission computed tomography to generate the three-dimensional
cross-sectional image of the workpiece adjacent to the portion thereof contacted by the electron
beam;

and

thereafter using the correction electron beam to re-work the workpiece containing the

detected defect without conducting a separate inspection of the workpiece.

8. The process of claim 7, wherein the electron beam manufacturing process is

electron beam welding where the electron beam is used to weld two structures to each other.

0. The process of claim 7, wherein the electron beam manufacturing process is an
electron beam additive manufacturing process where a structure is constructed by adding

material to the structure layer-by-layer.

10. The process of claim 7, comprising using the electron beam to structurally modify

the portion of the workpiece.

11. A system of detecting and correcting a defect during an electron beam
manufacturing process on a workpiece, comprising:

an electron beam generator that generates an electron beam;

a vacuum chamber containing the workpiece;

an array of x-ray sensors that sense secondary x-rays produced by an electron beam
generated by the electron beam generator contacting the workpiece; and

an image generator connected to the array of x-ray sensors that generates a three-
dimensional cross-sectional image from detected secondary x-rays using transmission computed

tomography.

12. The system of claim 11, wherein the electron beam generator is part of an electron

beam welder or part of an electron beam additive manufacturing apparatus.
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13. The system of claim 11, further comprising a defect detector connected to the
image generator that detects defects, and an electron beam controller connected to the defect
detector and to the electron beam generator to control the electron beam generator to re-work a

portion of the workpiece determined to have a defect.
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