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Abstract

Laser metal deposition with wire (LMD-w) involves feeding metal wire through a nozzle
and melting the wire with a high-power laser. With efficient process control, i.e. sensing,
processing, and feedback correction of errors, the technology has the potential to change the
course of manufacturing. However, the limitation most often encountered in LMD is the
difficulty in controlling the process. Monitoring and control of metal additive manufacturing
processes has been mostly researched on powder-based systems and has not been extensively
investigated on metal wire feed systems. This work proposes a method for detecting
discontinuities in a deposited layer in the LMD-w process via optical inspection and processing
of images obtained from a high-resolution camera. The aim is to develop an effective sensing
module that automatically detects irregularities in each layer before proceeding to subsequent
layers, which will reduce part porosity and improve inter-layer bond integrity.

Introduction and Background

Laser metal deposition is an additive manufacturing technique for building metal parts
directly from a computer-aided design (CAD) drawing. The process involves using a high-
energy laser beam to melt metal wire into beads onto a substrate side by side and layer by layer.
In many setups, robotic controls are used to manipulate the laser beam-wire nozzle assembly and
the melt pool along a 3D path. The melt pool then solidifies to form specific geometries as
defined by the original CAD model. A schematic representation of the LMD-w process is shown
in Figure 1.
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Fig. 1. A schematic diagram of the LMD-w process !
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Laser metal wire deposition is largely being applied in the aerospace industry, where the
focus is on manufacturing large, major structural components for aircraft, such as spars,
bulkheads, and frames that are traditionally fabricated from machined forging or plate material.
Figure 2 shows some major aircraft parts made from Titanium. In aircraft production, the use of
laser metal deposition has two main benefits — cost and efficiency. Typically, large Titanium
forgings have significantly long lead times, and the machining process can be highly energy and
material inefficient. The average buy-to-fly ratio (BTF) in the fabrication of aircraft parts using
traditional methods of subtractive manufacturing is 10:1. A BTF ratio of 10:1 means that about
10 pounds of stock material is required to make a 1-pound part, with 90 percent material
discarded as scrap. BTF ratios even greater than 20:1 are a common occurrencelll. In contrast,
additive manufacturing produces very little waste and reduces the cost of machining a block of
material down to desired shape. LMD is cited as saving 90 percent of raw material at less than 10
percent of the cost of the same part produced through subtractive manufacturing. 41 Efficient
control could help reduce lead time by as much as 80 percent, enable fabrication of parts having
intricate shapes that maintain strength while significantly cutting the weight of the part by up to
40 percent.B!

Fig. 2. Sample aircraft parts made of Titanium. (a) Forged landing gear ! (b) 5m? 3D-printed Titanium alloy load-
bearing frame [

Prior Art and Research Motivation

Several studies have been conducted on monitoring and control of metal additive
manufacturing processes. Examples include monitoring and process control using cameras 19,
closed-loop height control using photodiodes 214 powder flow control based on motion system
speed profile 1 and temperature measurements using pyrometers 6281 However, these works
focus on powder-based systems (powder bed and blown powder). The subject has not been
extensively investigated on metal wire feed systems, and the results from powder-based systems
cannot be simply transferred to wire-based deposition systems since the two processes are
dissimilar in many ways.l!> 23 | MD-w has the advantages of higher deposition rates, wider
availability of wire products, and cheaper feedstock over powder counterpartst?tl, Thus, it is
worthwhile to investigate process control for laser metal wire processes in depth.
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Despite the interesting possibilities for laser additive manufacturing, there are challenges
in terms of qualification and certification. Safety concerns on the accuracy of the AM process,
how printed products will perform over time, and the consistency of their quality keeps the
additive process at a lower maturity level compared to conventional subtractive processes.22
The U.S. Air Force Research Laboratory (AFRL/ML) and the Metals Affordability Initiative
(MAI) have identified that from a purely technical standpoint, an additive manufacturing
technology cannot be considered for the manufacture of aircraft components unless the process is
stable and controlled, and the resulting mechanical properties are well characterized and
sufficiently invariable. 22 On-line monitoring and automatic error detection is therefore
necessary to ensure process stability and material integrity.

Error Definition

In wire-fed systems, the geometry of each bead is a vital process variable that can provide
valuable information about the properties of the final manufactured part, such as dimensional
accuracy, surface finish, and mechanical properties. 22 Measurements obtained from monitoring
the bead geometries can thus be used to control other parameters that drive the process, such as
robot travel speed, laser power, wire speed, etc. to achieve better part quality.

The goal of the monitoring approach described in this paper is to be able to view the melt
pool in-process and to accurately detect deviations in the width of the pool along the bead. The
ideal outcome in the laser wire deposition process is a perfectly straight bead profile. That is,
each bead has straight-line edges and maintains a set horizontal width at a constant value
throughout the travel of the manipulator while executing a layer. Deviations from the target bead
widths are then flagged for subsequent use in determining the necessary corrective actions to
restore the width to desired values.

An “error”, as used in this writing, is a distance deviation (in the x-direction in Figures 3
and 4) from a reference point. An error refers to a positive or negative difference between the
measured width of a bead on any layer n and a reference width value set to be equal or relative to
the ideal width of that layer. A positive error, or a ‘neck’, refers to an indentation in the profile,
while a negative error, or a “bulge’, refers to an outward protrusion in the profile.

Measured Ideal Mx=w-—w
width, w width, w (Positive error - 'Neck')

Measured —
%deal_ width, w Ax=w-w
width, w (Negativeerror - 'Bulge')

Fig. 3. Schematic representation of a positive and a negative error
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Robot travel
direction

Bead Width Monitoring Via Image Processing

Due to the extreme brightness of the melt zone in the LMD process, visualizing the melt pool is
done via a high-definition CMOS-based camera equipped with cascaded neutral density filters to
significantly reduce the intensity of the melt pool. The setup is shown in Figure 5.
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Fig. 5. Apparatus setup for melt pool imaging

Optical images are extracted from recorded videos of each bead in the form of image
frames. The processing of extracted frames to identify bead geometries is done in five steps: i)
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Region of Interest Extraction, ii) Binarization, iii) Noise extraction, iv) Geometry measurement,
and v) Data Conversion & Logging

Region of Interest (ROI) Extraction — The first stage of the process allows the operator to
interactively define a portion of the entire frame on which filtering and further processing
will be done. This is necessary because the only useful visual information is the melt pool
region, while the rest of the frame is redundant. This exclusion helps to save computing
power and processing time.

Fig. 6. Interactive ROI Extraction

Binarization — A typical frame obtained from the ROI extraction is essentially an RGB
(Red-Green-Blue) image or true color image. An RGB frame is stored as an m-by-n-by-3
data array of pixel defining red, green, and blue color components for each individual
pixel. The true color image is converted to a grayscale image in which the value of each
pixel carries only intensity information. The grayscale image entirely contains varying
shades of gray with black being the weakest intensity and white being the strongest. The
pixel intensity values are then compared against a set threshold that sets pixels within the
range to 1 and all others to 0, as shown in Figure 7 using a sample threshold of 100. The
resulting image is an array of Os and 1s, where a 0 is a black pixel and a 1 is a white
pixel. With this process, the boundary of the melt pool region is extracted.

Threshaold
100 O
Intensity -
=100 ?7
GRAYSCALE BINARY
Fig. 7. Schematic representation of the binarization process
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Noise extraction — Occasional unwanted noise in acquired images due to sparks, plumes,
or some other emission is a common occurrence in the LMD process, and noise needs to
be filtered out to prevent false interpretation of image data by the algorithm. Noise is
identified in the binary image as small clusters of white pixels or *1” values in the array
that are significantly smaller in area in comparison to with the actual melt pool, as
depicted in the bottom-right image of Figure 8. The filtration is done by setting all such
clusters to ‘0, essentially turning them to black.

Geometry measurement — In this process, the needed measurements of bead width are
extracted, i.e. the horizontal distance between the edges of the melt pool. The width of
the bead is measured as the width of the smallest rectangle binding the image of the melt
pool as shown in Figure 8.

Grayscale
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Fig. 8. Image processing steps applied to a typical melt pool image

Data Conversion & Logging — Raw geometry measurement data is initially presented in
pixel units. The conversion to distance units is done at this stage. The converted values
are then compared with the target value of the melt pool width from which error (‘neck’
and ‘bulge’) points are logged.
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User-Interactive Thresholding

When monitoring the melt pool in the LMD process, determining the exact bounding
region of the melt pool is sometimes a challenge because each build job mostly features different
parameters and process disturbances. Even under identical process conditions, changes in camera
settings such as focus and filtering could occur. These factors may make the melt pool appear
different from build to build. The user-interactive thresholding concept is introduced to allow
pre-build calibration to teach the monitoring system to correctly identify the melt pool prior to
the start of the actual build process. To implement this, a test bead is run and the calibration is
done via visual judgement of the operator, i.e. the threshold, as discussed in the binarization
stage above, is set by interactively tuning intensity parameters and visually observing the
response until a satisfactory match between visually observed and computer-detected melt pool
region is achieved. It should be noted that for best results, a suitable camera capable of providing
clearly discernable images of the melt pool is necessary. Several studies have already been
conducted on visualization of melt pools in laser deposition and welding processes. 2529 Figure
9 shows images in the pre-build calibration. In (a), the threshold is set too low resulting in a
detected ‘pool’ far out from the actual melt pool. In (b), the threshold is set too high and does not
capture all of the melt pool. Figure 9(c) shows a satisfactory setting.

(b)

Fig. 9 Pre-build calibration
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Results and Discussion

The table in Figure 10 shows experimental bead width error measurements for a 150mm
bead, which were logged from the image processing system. In this instance, a tolerance of
+0.5mm was used in flagging an error.

Type e-Yalue DistanceFromOrigin (in mm)
1.2632 11,6733
‘Bulge’ 1.2632 12.3407
‘Bulge’ 1.2105 13.0080
‘Bulge’ 1.3158 13.6753
‘Bulge’ 1.3158 14,3427
Meck' 0.5789 64,3927
‘Meck' 0.5739 65.0601
‘Meck' 0.5789 65.7274
‘Meck' 0.5739 66,3947
Meck' 0.5789 67.0621
‘Meck' 0.5739 67.7294
‘Meck' 0.5789 63.3967
‘Bulge’ 1.1579 123.1181
‘Bulge’ 1.1579 123.7855
‘Bulge’ 1.1579 1244528
‘Bulge’ 1.1579 125.1201
‘Bulge’ 1.1579 125.7875
‘Bulge’ 1.1579 126.4548

‘Bulge’ 1.1579 127.1221
‘Bulge’ 0.7368 146.4748
‘Bulge’ 0.7363 147.1421

Fig. 10 Bead width measurements

From the results, it can be deduced that the bead profile has 3 erroneous sections: a
widening of ~1.3mm a short distance from the start of the bead, a slight narrowing by ~0.6mm
beginning from ~65mm into the bead running for about 5mm, and another widening toward the
end of the bead from ~123mm. In-between these sections (indicated by the arrows in Figure 10),
the bead remains steady within the tolerance range of the target width, for a distance of ~50mm
and ~ 55mm, respectively. These error amounts, or the e-values, are valuable metrics that can be
used in developing a closed-loop control system (also known as a feedback control system),
which self-adjusts to compensate for the deviations. It has been found from experimental and
analytical approaches that robot travel speed and laser power significantly affect the diameter of
a weld bead. Higher powers tend to result in wider and flatter beads, while lower powers yield
thin, peaky beads. The width of a bead is also found to be a function of speed, decreasing as
deposition speed increases.Bl Taking the above error data as feedback signals, these
relationships can be used to develop the feedback control system, which automatically computes
necessary corrective modifications to the process variables and maintains the bead width at its
target value.
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Conclusion

A monitoring system for wire-fed laser metal deposition has been developed and
evaluated by depositing single beads. The proposed monitoring system features an interactive
pre-build calibration of the melt pool region via visual inspection and judgement, enabling the
operator to ‘teach’ the system to correctly identify the melt pool of any build session. The system
detects deviations from a target melt pool width and logs error data that can be used in
developing a robust automatic error control system through the manipulation of key process
variables. It has been found that the bead diameter is significantly dependent on the speed of
deposition (i.e. the robot travel speed) and the laser power. Other key process variables worth
noting, and possibly inclusion in a robust control system design, are the wire input speed and the
nozzle-to-top-surface distance (NTSD). The development of the automatic error control system
following these results and relationships will be studied in future work.
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