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Abstract
This paper proposes to qualify the minimal quality deviation that can be detected by a near-infrared camera during alu-
minum wire arc additive manufacturing. First, a review of the literature is done to highlight the interest in monitoring the 
melt pool in industrial condition for thermal management during manufacturing. It points out the relevance of the use of a 
near-infrared camera for steels, but it has to be demonstrated for aluminum alloys. Indeed, the melt pool of the aluminum 
is significantly dimmer and less distinct than the melt pool of the steels. An experimental design is proposed to qualify the 
minimal quality deviation that can be detected on a thin wall. The chosen default to correlate with the thermal deviation is 
the width of the wall. A method is proposed to extract a thermal metric from the camera image and to analyze its sensitivity 
to a width deviation of the wall. The paper shows the correlation between the width of the wall and the thermal metric for 
different heat conditions. Moreover, the thermal metric is sensitive to width deviation either on the wall scale or on the bead 
scale. It indicates the relevance of a near-infrared camera to detect heat accumulation-induced width deviation during wire 
arc additive manufacturing of aluminum alloy.

Keywords Wire arc additive manufacturing · Near-infrared camera · Thermal monitoring · Defect detection · Aluminum 
alloy

1 Introduction

Wire arc additive manufacturing (WAAM) is a direct energy 
deposition process. It is composed of an electric arc heat 
source moved by a computer numerical control machine or 
a robot. The torch deposes a metallic bead on a substrate, 
and the stacking of the beads creates the part [1]. Many heat 
sources are available for the modulation of the input energy 
and material [2]. The gas metal arc welding (GMAW) asso-
ciated with cold metal transfer (CMT) technology is one of 
these solutions. It allows a high-rate material deposition and 
a better energy control. Any material that can be welded can 
be used in WAAM.

Nevertheless, this technology faces with several chal-
lenges [3, 4]. Multiple defaults can be observed during 

manufacturing, such as porosity [5, 6], residual stress [7, 
8], dimensional defects [9, 10], and microstructure [11]. 
The defects do not have the same intensity in function of 
the chosen material [12]. However, most of these defects 
results from poor heat management during manufacturing 
[13]. Thus, managing heat during the manufacturing is a key 
challenge for the development of the technology.

The literature proposes some tools to mastering these 
effects [14]. Empirical methods can be set up. The result of 
the experiment can lead to establish abacus or manufactur-
ing rules [15]. Another solution is to simulate the process 
in order to define optimal manufacturing parameters that 
can be defined for an open loop [16]. Moreover, closed-loop 
control is an effective method to control the process [17]. 
Developing pertinent sensors for in-operando monitoring 
to closed-loop control is the subject of many papers [18]. 
Nevertheless, there is lacking in the literature of a metric to 
monitor in industrial condition during production, especially 
for aluminum alloys.

Several thermal metrics can be monitored during the 
process (temperature on a point, temperature field, and sub-
strate temperature). The evolution of the melt pool may be 
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a good metric to capture the heat accumulation responsible 
for most of the defects [19]. Different devices are proposed 
in the literature to measure the melt pool. A combination of 
laser light and a camera with the corresponding band-pass 
filter can obtain the shape of the melt pool. It is possible to 
observe it through the electric arc [20]. Another physical 
value which can be obtained is the thermal field of the melt 
pool using a microbolometer [21]. These devices are large 
and create a large quantity of data. They are appropriate to 
understand physical phenomena but not to monitor a met-
ric of the melt pool for control. The device must allow the 
machine to work in industrial condition.

An interesting solution is to use an industrial near-infra-
red camera such as CMOS (complementary metal-oxide 
semiconductor) or CCD (charge coupled device) camera. It 
is sensitive to visible and near-infrared light radiation (wave 
lengths from 400 to 1100 nm). It is consistent with the radia-
tion spectrum emitted by the melt pool [22, 23]. Dimen-
sional metrics such as length, width, or surface of the melt 
pool can be extracted from the field measurement. These 
devices are compact and easy to implement in industrial con-
ditions, but the information is restrained to global phenom-
ena. Conclusive results are obtained with steels due to the 
good sensitivity of the sensor in such conditions. Numerical 
method can be used like Canny filters or adaptative thresh-
old to automatically detect the melt pool and extract a met-
ric from the melt pool. Nevertheless, the adaptation of this 
method to aluminum alloys is more challenging. Indeed, the 
thermal emission light of the melt pool is 1000–10,000 times 
lower than steel, and the melt pool boundary is less distinct 
[24]. Figure 1 illustrates the difference between two raw 
images taken from aluminum alloy and steel manufacturing.

Since thermal deviation is assumed to be responsible 
for most of the defects, this paper investigates the use of 
a monomodal instrumentation to capture the deviation of 
a thermal metric using a near-infrared camera. The main 
challenge is to determine how to qualify the minimal qual-
ity deviation that can be detected by a near-infrared camera 
during aluminum wire arc additive manufacturing processes. 
This qualification is studied on two scales: on the scale of 

a wall and on the scale of a bead. In the present work, the 
defect to be correlated is the width deviation. Indeed, to 
produce functional part, the first defect to master is the 
geometry accuracy. As the geometry is linked to the ther-
mal conditions [26], the bead does not have the same width 
in function of the heat accumulation. A correlation between 
the width and a metric of the melt pool measured with the 
CMOS camera is sought.

First, an experiment is proposed to estimate the smallest 
quality deviation detected by the device. Walls with differ-
ent thermal conditions are built. The post-processing of the 
images taken in-operando enables to extract a thermal met-
ric related to the area of the melt pool. The thermal metric 
is compared to local width measurement of the layers of 
the walls to estimate the minimal deviation that can be cap-
tured. Finally, the analysis of the result allows highlighting 
the interest to monitor a metric of the melt pool for heat 
management during manufacturing on the time scale of the 
camera acquisition.

2  Materials and methods

2.1  Experimental design

Thin walls are manufactured and filmed using a near-infra-
red camera to monitor the area around the melt pool with a 
side view angle. The manufacturing technology is mature 
enough to make straight thin walls by controlling the ther-
mic. Indeed, an idle time between layers is commonly used 
to control the thermal accumulation [27]. Two walls are 
manufactured: one with a short idle time of 2 s where a 
large heat accumulation can be observed and another with 
an idle time of 30 s where a little heat accumulation can 
be observed. Images are taken in-operando with the near-
infrared camera. From these images, a thermal metric is 
extracted. After manufacturing, each wall is measured with 
a 3D scan to extract the width deviation in function of the 
layer and the longitudinal position.

Fig. 1  Comparison of the melt 
pool image measured with a 
CMOS camera in function of 
the material, a aluminum alloy 
[24], and b steel [25]
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The width and the thermal metric are compared on two 
scales. First, the thermal deviation is qualified on the wall 
scale. on this scale, the ends of the wall are not studied 
because their thermal conditions are particular. The data 
from the geometrical scan and the thermal metric are trun-
cated, averaged, and compared. Then, the thermal devia-
tion is qualified on the bead scale. In this case, all the data 
of the layer are kept. The thermal particularity of the ends 
of the wall allows quantifying the sensitivity of the device.

2.2  Experimental set up

2.2.1  Manufacturing conditions

The WAAM machine is composed of a 6-axis robot, 
Yaskawa MA1440, and a positioner with 2 axes and a 
welding station, Fronius T.P.S. CMT 4000 Advanced. The 
material is an AlMg3Cr alloy. The wall is 150 mm long, 
and it is composed of 44 layers. It is built on a 250 mm 
* 250 mm * 5 mm aluminum plate in AlMg3 at an initial 
temperature of 60 °C.

To improve the initial thermal conditions, 2 beads 
are deposited on each side of the wall, at 20 mm, with a 
30-cm/min robot travel speed (TS) and a 6.1-m/min syner-
gic wire feed speed on the RCU (WFS_S). Then, the first 
2 layers of the wall are deposited with a TS of 30 cm/min 
and a WFS_S of 5 m/min with a zigzag strategy. Finally, 
42 layers are deposited with a zigzag strategy and the cho-
sen idle time with the parameters presented in Table 1. 
Figure 2 illustrates the deposition strategy.

2.2.2  In‑operando measurement of the melt pool

The CMOS camera is a Mako G-040B monochromatic with 
a Kowa LM35JC lens (focal of 35 mm). To measure the melt 
pool in-operando, the CMOS camera is fixed on the welding 
torch to maintain a constant distance between the camera 
and the robot-driven tool center (Fig. 3). Figure 4 illustrates 
typical image obtained with the camera.

The welding process used for this experiment is based 
on a CMT law. In this case, the welding station produces a 
periodic electric arc with an approximate period of 10 to 20 
ms. Images are taken when the electric arc is off. Indeed, that 
avoids images saturated by the electric arcor by the emission 
of the plasma of the shield gas masking the thermal emission 
of the melt pool.

Table 1  Manufacturing parameters

Material Wire diameter CMT law WFS_S TS Layers Wall length Delta z per layer Idle time between 
layers

Deposition strategy

AlMg3Cr 1.2 mm 875 4 m/min 40 cm/min 42 150 mm 2.3 mm 2 s or 30 s Zigzag

Fig. 2  Manufacturing strategy: 
a side view and b top view

Fig. 3  Camera fixation on the torch
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To trig the camera, a zero-voltage detection is necessary, 
which corresponds to the stop of the electric arc. Then, 
the image is taken after a delay. If the delay is too short, a 
residual plasma around the melt pool deteriorates the image 
for analysis (Fig. 5a). If the delay is too long, there is not 
enough time to take the image with the correct exposure 
time (Fig. 5c). Empirically, the delay is set to 1.2 ms and the 
exposure time to 0. 5ms considering that the short-circuit 
time is approximately 2 ms (Fig. 5b). Considering that a 
CMT cycle has an approximate duration of 10 to 20 ms, an 
idle time of 100 ms is set after a trigger to limit data (Fig. 6). 
Thus, the acquisition frequency is around 8 Hz, and this 
means approximately one image every 5 electrical arcs. The 
camera configuration is summed up in Table 2.

Fig. 4  Typical image obtained with the NIR camera

Fig. 5  Example of image function of the delay and the exposure time. a shorten delay, b a correct image, and c an image with too much delay or 
exposure time

Fig. 6  Trigger temporality

Table 2  Camera configuration

Camera Frame per second Exposure time Trigger delay Idle time Gain Resolution Bit depth Objective Focal

Mako G-040B ~ 8 0.5 ms 1.2 ms 100 ms 22 728 × 544 8 KOWA LM35JC 35 mm
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2.2.3  Measurement of the geometrical deviation

When the wall is built, the shape of the wall is obtained 
using a structured-light 3D scan. The GO!SCAN SPARK™ 
has been used. Its accuracy is up to 0.05 mm, with a mesh 
resolution of 0.5 mm. Using the VXelements software, the 
point cloud is filtered and exported as an STL file.

2.3  Data processing

2.3.1  Image processing

The aim of the image processing is to automatically obtain 
a thermal metric from the captured image.

Images are taken during the process, and a metric is 
extracted automatically. To exacerbate the light intensity, 
an image process is used [24]. A logarithm is applied to each 
image. Then, a threshold at 45% of the bit depth of the image 

is applied. All values under this threshold are set to 0, and 
the others are linearly distributed (Fig. 7).

There is a numerical trigger, because there are some 
images that have too many perturbations. This disturbance 
may be due to projections. The projection illuminates 
the wall which is more luminous than the melt pool 
(Fig. 8a). It may also be due to a shorter circuit. The end 
of the exposure time of the image is illuminated by the 
beginning of the electric arc (Fig. 8b). To sort out these 
images, the mean intensity of each image is calculated, and 
a histogram is plotted in function of the percentile of the 
mean image intensity of the sample (Fig. 9). The first 5% 
of the lower intensity images and last 20% of the higher 
intensity images are excluded, because their characteristics 
are clearly different from those of the other images of the 
sample.

Last, a thermal metric of the process zone is extracted 
using the python library OpenCv [28]. All the images are 

Fig. 7  Image process

Fig. 8  Examples of perturbation 
on the images. a Due to projec-
tion and b due to shorter circuit

Fig. 9  Percentile exclusion
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monochromatic with a bit depth of 8. First, a binary thresh-
old is applied with a value equal to 100. A morphological 
closing is applied to the output of the threshold with 4 × 
4 one kernel. The biggest white spot (value of 1) is kept 
(Fig. 10). This spot is called the thermal processed area, and 
its surface is called the thermal metric. Then, the images are 
labeled with the layer number.

The thermal metric obtained is different from the melt 
pool. Filters such as canny or adaptative threshold, usu-
ally used to get the boundary of the melt pool for alloys 
with higher solidus temperature, do not give expected result 
for aluminum alloys. However, as the contour made with 
the binary threshold is linked to the thermic, a correlation 
between the value of the thermal metric and the melt pool 
can be expected.

2.3.2  Scan process

The goal of the scan process is to obtain a map of the wall 
width as a function of the layer and the x-axis.

First, the STL file is imported using GOM Inspect 2018. 
A new basis is defined by the wall in the x direction and the 
vertical is on the z-axis (Fig. 11). The wall is sliced along 
the x-axis every millimeter. One hundred and fifty-one 

slices are created. These slices are exported as 151 2D ( �⃗y, z⃗
)

 
point clouds.

For each slice, only the left and right sides of the wall 
are kept. Points from the plate or the top surface (2.3 mm 
under the highest point) are deleted. Moreover, the 6th first 
beads are not considered (6 × 2.3 mm = 13.8 mm). The 
least mean square line of the point cloud is calculated. It 
represents the middle plan of the wall in the current slice. 
For each point, the normal distance between the point 
and the line is calculated, corresponding to the half wall 
thickness (Fig. 11). That allows plotting the wall thickness 
as a function of the wall elevation. Considering the layer 
surface constant for each layer, the width and height of 
each layer as a function of the x-coordinate are determined.

2.4  Online material

The data generated during each experiment is available 
with the creative commons license CC BY-NC 4.0. The 
raw images, the scan on STL format, the thermal metric 
shortened by layer, and the geometry of the bead function 
of the layer and its x coordinate are shared [29].

Fig. 10  Image process for metric measurement of the image

Fig. 11  Width extraction 
method
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3  Result

3.1  On the wall scale

For this result, data from the ends of the wall are excluded. 
The first 20 mm and last 20 mm of each layer of the scan 
are then not considered, which correspond to the first 13% 
and last 13% of the thermal metric for each layer. The mean 
value of the width and the thermal metric is calculated for 
each layer. The first 6 layers are not considered. The 7th 
layer is considered the reference. The deviation of the width 
and the thermal metric are calculated in percent for each 
layer to the referent layer (layer 7). The deviation is defined 
by Eq. (1). Results are presented in Fig. 12:

3.1.1  Idle time of 2 s

The reference width (layer 7) is equal to 5.81 mm.
The width of the wall deviates almost linearly from 0 

to 2.17 mm. The total deviation is 37%. The thermal met-
ric deviates in three phases. The first phase from layer 7 to 
20 evolves slowly with a variation under 20%. Then a gap 
occurs, and deviation rises up to layer 30 from 20 to 25%. 
Finally, from layer 31, the thermal metric quickly rises with 
no tendency until a deviation of 176%.

3.1.2  Idle time of 30 s

The reference width is equal to 5.33 mm.
There is still a deviation of the width. This deviation is 

almost linear and reaches0.78 mm, a deviation of 14%. The 

(1)Deviation(layer_I) =
X(layer_I) − X(layer_7)

X(layer_7)
× 100

thermal metric is stable for the first 22 layers. Then oscilla-
tions of its value are observed until the end of the wall. The 
thermal deviation reaches 20% for the layer 43.

3.2  On the bead scale

In this part, all the data are kept, including those correspond-
ing to the ends of the walls. The results are plotted for one 
layer. The deviation of the width and the thermal metric are 
calculated for each layer to the referent layer (layer 7) as in 
the previous part. Considering that the images are not syn-
chronized with the robot, all the images in a layer are linearly 
distributed in function of the wall length.

3.2.1  Idle time of 2 s

The results for the layers 18 and 31 are presented in Fig. 13.
For these layers, two peaks of width deviation are 

observed at the ends of the wall. The deviations of the peaks 
are higher than 1 mm. The width deviations are stable in 
the middle of the wall, but the mean width is greater for the 
higher layer. One peak is observed for the thermal metric, at 
the beginning of the layer. The beginning of the layer is not 
the same in function of the manufacturing direction because 
of the zigzag strategy.

For the layer 18, the thermal reaches a pic at 1.4 of the 
normalized value, decreasing to the reference in the middle 
of the wall and remaining stable until the end of the layer. 
For the layer 31, the thermal metric reaches a peak at 2 of the 
normalized values and decreasing to the reference at the end 
of the layer. There is no constant value of the thermal metric.

3.2.2  Idle time of 30 s

The result of the layers 18 and 43 are presented in Fig. 14.
For these layers, two variations of width deviation are 

observed at the ends of the wall. The deviations are smaller 
than 1 mm. The width deviations are stable in the middle of 
the wall, but the mean width is higher for the layer 43. The 
thermal metric is stable in the layer 18. For the layer 43, an 
offset of the thermal metric is observed.

4  Discussion

4.1  On the wall scale

The results illustrate the correlation between the mean ther-
mal metric and the mean width deviation. Indeed, the width 
deviates for both walls on each layer such as the thermal 
metric. However, the thermal metric seems to have a thresh-
old value before deviating. For the wall made with an idle 
time of 2 s, the deviation appears at the layer 20. The thermal 

Fig. 12  Mean width deviation and mean normalized thermal metric 
as a function of the layer numberfor the two wall. For the 2-s idle 
time wall, the reference width is equal to 5.81 mm. For the 30-s idle 
time wall, the reference width is equal to 5.33 mm.
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metric deviates above 20% of the referent value with a width 
deviation of 0.72 mm (12%). For the wall made with an idle 
time of 30 s, the deviation of the thermal metric above 20% 
is only reached before the last layer. The width deviation is 
equal to 0.78 mm (14%). The minimal deviation that can be 
observed by the method is a deviation of 20% of the thermal 
metric.

4.2  On the bead scale

For the four presented layers, the thermal metric is not noisy 
even if a simple image process has been used. The use of 
such a simple threshold to obtain the thermal processed area 
may be criticized, but results are stable.

For the idle time of 2 s, the global variation of the thermal 
metric can be explained by the zigzag strategy. Indeed, at the 

beginning of the layer, the deposition is done where the pre-
vious deposition finished a few seconds earlier. The idle time 
is too short to homogenize the temperature. A hot spot still 
remains when the torch comes back. For layer18, the ther-
mal metric stabilization appears in the middle of the layer, 
whereas it appears at the end of layer 31, which illustrates 
the heat accumulation during the manufacturing process. It 
was shown previously when considering averaged thermal 
metrics over each layer. Concerning the thermal metric peak 
at each layer, a correlation is observed with one peak of 
width deviation. The other width deviation peakcomes from 
the previous and the next layer due to the zigzag strategy and 
the scan process method. Indeed, the variation of the width 
is measured by the scan after the manufacturing. The scan 
measures the global shape of the wall, and the scan is not 
able to get the geometry of a specific layer. Moreover, the 

a) Layer 18, Idle time = 2s. Referent width is 5.81 mm 

b) Layer 31, Idle time = 2s, Referent width is 5.81 mm 

Fig. 13  Width deviation and mean normalized thermal metric function 
of the x-coordinate of the wall for a chosen layer and an idle time of 2 s

a) Layer 18, Idle time = 30s, Referent width is 5.33 mm

b) Layer 43, Idle time = 30s, Referent width is 5.33 mm

Fig. 14  Width deviation and mean normalized thermal metric function 
of the x-coordinate of the wall for a chosen layer and an idle time of 30 s
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residual deformation of the wall may have an effect of the 
geometry, but it is ignored in this study. The second peak is 
an image of the peak from the previous and the next layers. 
A correlation between the first peak of the width and the 
thermal metric is proposed, and it illustrates the particular 
heat exchange at the end of the wall. Considering the his-
tory effect of the manufacturing seems to be necessary to 
monitor the defects.

For the wall made with an idle time of 30 s, at the oppo-
site, the thermal metric is stable all along the length of the 
wall for both layers. The deviation observed is only an off-
set of the thermal metric. The idle time is long enough to 
obtain a homogenous temperature on the previous layer. The 
variation of the width deviation at the ends along the layer 
is below 1 mm. It is consistent with the results on the wall 
scale. They showed a sensitivity of the thermal metrics for 
width deviation above 1 mm.

The thermal behavior of the two walls is different. For the 
wall with an idle time of 30 s, there is only a phenomenon on 
the wall scale, whereas for the wall with an idle time of 2 s, 
there are phenomena on the scale of the wall and the bead. 
This difference can explain the differences between minimal 
quality deviations measured on the results on the wall scale.

Although a threshold for detecting a thermal deviation on 
the bead scale is delicate to define, the correlation between 
the deviation of the thermal metric and the width devia-
tion is illustrated. The thermal metric sensibility could be 
improved by more advanced image process. These improve-
ments could propose criteria for recording thermal deviation 
on the bead scale.

5  Conclusion and perspectives

This paper proposes a method to qualify the minimal geo-
metrical deviation that can be measured with a CMOS cam-
era in WAAM when manufacturing aluminum alloys. The 
literature highlights the complexity to extract the melt pool 
boundary from near-infrared camera images for aluminum 
alloy compared with steel. This article proposes to define 
a thermal metric: the surface of an area above a threshold 
after an image treatment. An experiment is done to show 
the correlation between this thermal metric and geometri-
cal defects, here the width of a wall. Two different thermal 
conditions are tested by building two walls with different 
idle times. One wall is manufactured with an idle time of 
2 s, inducing high heat accumulation; another wall is built 
with an idle time of 30 s, inducing little heat accumulation. 
The correlation between width and thermal metric devia-
tions is demonstrated on the two walls. On the wall scale, 
considering the uncertainties, the minimal thermal metric 
deviation that can be detected is equal to 20% corresponding 
to a width deviation of 12%. On the bead scale, the analysis 

of the result points out the interest of the method and the 
complexity of the data analysis. This work demonstrates that 
the use of the near-infrared camera for monomodal monitor-
ing of the thermal in WAAM aluminum is promising.

In this step, the method has been demonstrated with one 
geometrical defect (width of the wall). To reinforce this 
result, the potential of using a simple thermal deviation met-
ric to monitor the global part quality could be illustrated 
with other defects such as porosities or residual stresses. 
Moreover, the sensitivity of the detection could be improved 
by a more optimized image processing. It may lead to a bet-
ter qualification of the device on the scale of a bead. Finally, 
this method seems to be an encouraging solution for closed-
loop control to manage heat accumulation during manufac-
turing and improve part quality.
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