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Abstract: The Wire and Arc Additive Manufacturing (WAAM) process has a high potential for
industrial applications in aviation. The interlayer temperatures influence the dimensions and geo-
metric deviations of the part. Monitoring the absolute interlayer temperature values is necessary for
quantifying these influences. This paper presents an approach for determining the absolute values of
the interlayer temperatures during the process using Ti-6Al-4V. The emissivity and transmittance are
determined and calibrated, enabling precise thermographic measuring during the WAAM process.
The recorded thermographic data are then compared to signals of thermocouples so that the absolute
temperature values can be aligned. The methodology is validated by its transfer to measure the inter-
layer temperature at different regions of interest. The effect of a heat accumulation using Ti-6Al-4V
in WAAM was determined. The methodology enables a reproducible and non-tactile measurement
of the interlayer temperature during the WAAM process. The results show that with an interlayer
temperature of 200 ◦C, a heat accumulation occurs within a layer. The heat accumulates in the center
of the layer because the free ends of the layer cool down faster than the center of the layer.

Keywords: WAAM; Additive Manufacturing; thermal process monitoring; Ti-6Al-4V

1. Introduction

Additive Manufacturing has gained much importance in lightweight construction
in recent years [1]. In the aviation industry, large-volume structural parts such as carrier
components are still manufactured from raw materials in blocks using conventional ma-
chining processes. In particular, titanium alloys that are difficult to machine cause high tool
wear, leading to high tooling costs [2]. Although a small amount of the raw material can
be recycled, the stringent aviation requirements on recycling result in increased costs [3].
The Buy-to-Fly-ratio (BTF-ratio) is a typical key figure that reflects the relationship of
the raw part mass to the finished part mass. In conventional machining manufacturing,
BTF-ratios of 20:1 are quoted [4]. Wire and Arc Additive Manufacturing (WAAM) enables
the production of near-net-shape parts, resulting in a low BTF-ratio [5]. Compared to other
metal-based Additive Manufacturing processes, WAAM is characterized by a high build
rate, an in principle unlimited build space, and access to various materials [5]. Welding
techniques used in WAAM [6] are gas metal arc welding, gas tungsten arc welding, and
plasma arc welding [7,8].

In the WAAM process, weld beads are deposited on top of each other to form three-
dimensional multi-layer parts. The temperature balance between individual layers influ-
ences the geometric deviation of the parts [9]. The heat input of the arc is conducted over
the entire part. The low thermal conductivity of Ti-6Al-4V [10] favors heat accumulation, re-
sulting in increased temperatures in higher layers than in lower layers or the substrate [11].
Due to the varying temperatures in every layer, monitoring the interlayer temperature is
a promising approach to ensure the reproducible manufacturing of parts. The interlayer
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temperature is defined as the temperature on the surface of a part immediately before the
welding of the next layer starts (DIN EN ISO 13916).

1.1. State of the Art

Wu et al. [12] found that the different temperatures along the layers lead to geometric
deviations. They observed that the heat accumulation significantly impacts the process
stability with Ti-6Al-4V. This deviation resulted in a discontinuity in the distance between
the molten pool and the contact tip. As a result, an influence on the arc properties was
identified. An active cooling system presented by Da Silva et al. [10] helps to mitigate the
heat accumulation within the part. Controlling the temperatures of the part during WAAM
led to a more uniform geometry of the part [10].

Various studies have shown that thermographic measurements are suitable for deter-
mining temperature fields [12–14]. The multitude of variables affecting the thermographic
signal challenge the acquisition of absolute temperatures without a defined methodology.
The thermographic measurement signal is affected by two parameter categories in the
WAAM process. The first category includes the choice of a suitable emissivity ε. The second
category consists of the choice of a transmittance τ and the influencing welding conditions.
The latter are the gas atmosphere in the build chamber and the partially occurring fumes
from the welding process. The welding fumes and gases have an additional effect on the
measurement robustness of the thermographic camera during the WAAM process [15].

For determining the emissivity coefficient, a camera calibration in the WAAM process
was performed by Yang et al. [16] for steel. An infrared camera and thermocouples were
used to record the temperature during the process. A study specifically related to the
spectral emissivity of Ti-6Al-4V was published by González-Fernández et al. [17]. The
polished titanium plates were thermally investigated using a pyrometer. The emissivity was
measured for different wavelengths. Thereby, the emissivity for wavelengths of 5 µm was in
the range of 0.15 to 0.3. Coppa and Consorti [18] studied the emissivity of steel and titanium
plates. They recognized sources of errors in their measurements, such as the calibration
of the measuring instruments, the limited resolution of the pyrometer, the temperature
dependence of the emissivity, and the influences of the welding conditions. Yang et al. [19]
determined the emissivity of Ti-6Al-4V parts using an infrared camera and thermocouples
positioned at the back of the substrate plate heated by laser radiation. They found emissivity
coefficients for the temperature range 150–1000 ◦C, and the emissivity below 760 ◦C ranged
from 0.25 to 0.29. For higher temperatures, the emissivity increased significantly, which
the authors explained by the occurring oxidation. Li et al. [20] determined the spectral
emissivity of the Ti-6Al-4V alloy during oxidation. An oscillation in the emissivity of the
part due to the growth of the oxidation film on the surface was observed. Bradshaw [21]
and Hagqvist et al. [22] investigated the emissivity of the same alloy. For a wall without
oxidation, emissivity coefficients between 0.25 and 0.6 were measured depending on the
temperature and the wavelength. Richter et al. [23] showed that measuring the heat
distribution with quotient pyrometers in the molten weld pool is possible during the
WAAM process. The feasibility of masking out the arc and thus measuring while the arc is
active was demonstrated. It was mentioned that reflections influence the measurement and
should be covered or avoided directly.

An overview of the values for the emissivity coefficients of Ti-6Al-4V given in the
literature is shown in Figure 1. As McIntosh and Huff [24] stated, the varying emissivity in
different studies shows that table values cannot be used directly for a specific application.
For the transmittance and the influencing welding conditions, Pixner et al. [25] showed
that measurements outside a build chamber are subject to uncertainties in WAAM.
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Figure 1. Overview of the emissivity coefficients of Ti-6Al-4V parts from the literature as a function
of the temperature [12,17–20,22].

Rodriguez et al. [26] used a blackbody to determine the transmittance of the ZnSe
protective window used. They measured the temperature with and without the external
protective window and calculated the transmittance by comparing both temperature values.
They found a transmittance of 93% for their protective window. Raplee et al. [27] identified
the metallization of the protective window as a source of error for the transmittance during
manufacturing. They stated that the jamming of the film due to metallization changes the
transmittance of the protective layer. As a consequence, it reduces the intensity of infrared
radiation reaching the sensor of the camera, resulting in lower temperature values.

The literature review identified the experimental investigations for determining the
emissivity and transmittance for the thermographic measuring application in WAAM. In
summary, there is no uniform methodology for determining absolute temperature values
during the WAAM process using Cold Metal Transfer (CMT), which is a gas metal arc
welding process.

1.2. Approach and Structure of the Work

This paper presents a methodology that allows a reproducible measurement of abso-
lute temperature values during the WAAM process. The methodology was used to measure
the interlayer temperature, and it enables a heat accumulation analysis. Figure 2 shows
the three experimental steps conducted in this work. First, the thermographic measuring
system was calibrated. Second, the measuring methodology was validated by measur-
ing the interlayer temperature. Third, the heat accumulation within a layer of the part
was determined.
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the WAAM process.

2. Methodology
2.1. Calibration: Adjusting the Influencing Parameters on the Thermographic Signals
during WAAM

In the first step (see Figure 2), the emissivity ε of the part material and the transmittance
τ of the protective window were determined. Temperature values of the thermographic
camera were compared with temperature values of thermocouples in the build chamber in
an ambient atmosphere without welding. This atmosphere excluded the welding-related
influencing fumes and gas. The experimental setup for the measurement is illustrated in
Figure 3. To protect the camera optics and to ensure a sealed process chamber, a partially
transparent protective window was mounted between the camera and the part. A sealed
process chamber is necessary when an inert gas atmosphere is required. The protective
window was attached to the welding enclosure, and the camera was placed at the window.
The values of the emissivity ε of the part material and the transmittance τ of the protective
window were then determined during an active WAAM process. In this context, the active
WAAM process was considered as terminated (extinguished arc) in an inert gas atmosphere
before the measurements were performed (see Figure 3).

The infrared thermography camera measures the radiation emitted by a part. The
exitance M is the quotient of the radiant power Φ and the emitted surface A and is described
by the Stefan-Boltzmann law [15] as

M =
dΦ

dA
= σ·T4 (1)

where σ is the Stefan–Boltzmann constant at 5.67·10−8 W/(m2·K4), and Tpart is the temper-
ature of the part.

Considering the transmittance τatm of the atmosphere and the emissivity εpart of the
part material, the amount of radiant power Φdet detected by the sensor of the camera is [15]

Φdet = τatm·εpart·Φ
(
Tpart

)
+ τatm·

(
1 − εpart

)
·Φ(Tamb) + (1 − τatm)·Φ(Tatm) (2)

where Tamb is the ambient temperature in the welding enclosure and Tatm is the temperature
of the atmosphere. Equation (2) has three addends. The first addend (τatm·εpart·Φ

(
Tpart

)
)

of the equation is related to the radiant power Φ of the part itself, the second addend
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(
τatm·

(
1 − εpart

)
·Φ(Tamb)

)
describes the radiant power of the ambient reflected on the part,

and the third addend ((1 − τatm)·Φ(Tatm)) is the radiant power of the atmosphere itself.
Equation (2) shows that the first addend includes the temperature Tpart of the part. For the
second addend, the ambient temperature was measured and entered into the software of
the camera. The transmittance of the atmosphere was approximated: τatm = 1. Therefore,
the third addend equaled zero. The unknown variable in Equation (2) was the emissivity
of the part. The first step in the calibration was to adjust the emissivity to the temperature
of the part.

J. Manuf. Mater. Process. 2023, 7, x FOR PEER REVIEW 5 of 16 
 

 

addend (𝜏 · 1 − 𝜀 · 𝛷(𝑇 )) describes the radiant power of the ambient reflected 
on the part, and the third addend ((1 − 𝜏 ) · 𝛷(𝑇 )) is the radiant power of the atmos-
phere itself. Equation (2) shows that the first addend includes the temperature 𝑇  of 
the part. For the second addend, the ambient temperature was measured and entered into 
the software of the camera. The transmittance of the atmosphere was approximated: 𝜏 = 1. Therefore, the third addend equaled zero. The unknown variable in Equation (2) 
was the emissivity of the part. The first step in the calibration was to adjust the emissivity 
to the temperature of the part.  

The emissivity of a part depends on variables such as the temperature of the part, the 
angle of the camera in relation to the surface to be investigated, and the coloration of the 
part (such as that caused by oxidation) [15,20,21]. The transmittance of the atmosphere is 
dependent on variables such as the atmospheric temperature in the build chamber, the 
distance of the camera to the part, and the relative humidity in the build chamber [15]. 

Due to the temperature dependency of the emissivity and transmittance, it was nec-
essary to define a specific temperature value to determine and calibrate the emissivity and 
transmittance in the WAAM process. In this work, all calibration measurements were car-
ried out at 200 °C. This temperature was chosen because Ti-6Al-4V has a high affinity to 
react with oxygen at higher temperatures in ambient atmospheres [20]. The thermal con-
ductivity for Ti-6Al-4V is 6.6 W/(m·K) at 20 °C [28], which is significantly lower than that 
of other metals (e.g., aluminum with 195.0 W/(m·K) [29]). Furthermore, the cooling curves 
were captured to determine the temperature dependencies of ε and τ. 

For the experiments in an ambient atmosphere without welding, the emissivity of the 
part was initially determined and calibrated. For this purpose, a WAAM-manufactured 
wall of Ti-6Al-4V (AMS 4954 and ASTM B265 certified) was heated up in a furnace (WT-
TM 18-S from WENDEL-TEC GmbH, Grasberg, Germany) and placed in the welding en-
closure (from Huntingdon Fusion Techniques HFT, Burry Port, United Kingdom) of the 
WAAM machine (see Figure 3). Details of the dimensions of the wall are shown in Table 
A1. 

 
Figure 3. Schematic representation of a thermographic measurement during the WAAM process. 

For the temperature measurements, a thermocouple (type N) was placed in the center 
of a layer, and the cooling curve was recorded with a thermocouple (see Figure 5). A ther-
mographic camera (VarioCAM® hr head from InfraTec GmbH, Dresden, Germany) also 

Thermographic 
camera

z
y

Welding torch

Welding enclosure

Part
Substrate plate

Measuring spot

αcam

Protective window

Without welding

Active WAAM process

Welding enclosure filled 
with inert gas and partially 
occurring fumes

αcam: Angle of the camera to the surface of interest

Welding enclosure filled 
with ambient atmosphere

dcam

dcam: Distance of the camera to the measuring spot 

Figure 3. Schematic representation of a thermographic measurement during the WAAM process.

The emissivity of a part depends on variables such as the temperature of the part, the
angle of the camera in relation to the surface to be investigated, and the coloration of the
part (such as that caused by oxidation) [15,20,21]. The transmittance of the atmosphere
is dependent on variables such as the atmospheric temperature in the build chamber, the
distance of the camera to the part, and the relative humidity in the build chamber [15].

Due to the temperature dependency of the emissivity and transmittance, it was nec-
essary to define a specific temperature value to determine and calibrate the emissivity
and transmittance in the WAAM process. In this work, all calibration measurements were
carried out at 200 ◦C. This temperature was chosen because Ti-6Al-4V has a high affinity
to react with oxygen at higher temperatures in ambient atmospheres [20]. The thermal
conductivity for Ti-6Al-4V is 6.6 W/(m·K) at 20 ◦C [28], which is significantly lower than
that of other metals (e.g., aluminum with 195.0 W/(m·K) [29]). Furthermore, the cooling
curves were captured to determine the temperature dependencies of ε and τ.

For the experiments in an ambient atmosphere without welding, the emissivity of the
part was initially determined and calibrated. For this purpose, a WAAM-manufactured
wall of Ti-6Al-4V (AMS 4954 and ASTM B265 certified) was heated up in a furnace (WT-TM
18-S from WENDEL-TEC GmbH, Grasberg, Germany) and placed in the welding enclosure
(from Huntingdon Fusion Techniques HFT, Burry Port, United Kingdom) of the WAAM
machine (see Figure 3). Details of the dimensions of the wall are shown in Table A1.

For the temperature measurements, a thermocouple (type N) was placed in the center
of a layer, and the cooling curve was recorded with a thermocouple (see Figure 5). A
thermographic camera (VarioCAM® hr head from InfraTec GmbH, Dresden, Germany)
also captured the temperature TCamera at the same position using a region of interest (ROI).
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The camera was placed at a defined angle to the surface and distance to the measuring spot
to guarantee a reproducible measurement.

In this work, the ROIs consisted of more than one pixel (140 pixels) to average the
temperature measurement over the pixels. Compared to a flat surface, notches increase,
and elevations of the surface decrease the intensity of the radiation from the part reaching
the lens of the camera [27]. With the defined ROIs, the influence of these slight deviations
(e.g., waviness) on the temperature measurement result was minimized.

The signals of the thermographic camera were compared to the signal of the thermo-
couple. Different emissivity values were set to adjust to the signal of the thermocouple. The
minimal offset of the absolute temperature values ∆T between TCamera and TThermocouple
was determined for calibrating the thermographic camera. To quantify this offset, the
relevant Equation is given by

∆T =
∣∣∣TThermocouple − TCamera

∣∣∣ (3)

The atmospheric temperature in the build chamber, the relative humidity in the build
chamber, and the distance of the camera to the part are listed in Table A2. The set emissivity
coefficients were selected based on the values from the literature review (see Figure 1):
ε = 0.30, 0.35, 0.40, 0.45, and 0.50.

Following the same procedure as for the emissivity determination, the transmittance
determination of the protective window involved heating up a WAAM-manufactured wall
in the furnace. Subsequently, the wall was placed in the build chamber. The protective
window (from Edmund Optics GmbH, Mainz, Germany) has a transmission coefficient
τ, which was determined during the experiments. The already-determined emissivity
coefficient was used, and the transmittance coefficient was calibrated. Following the same
experimental measuring routine, the offset of the absolute temperature values ∆T was
determined. The value with the minimal difference between TCamera and TThermocouple
was selected. An iterative approach to determine the minimal ∆T was conducted, and all
cooling curves were compared. The transmittances were set to τ = 0.35, 0.40, 0.45, 0.50, 0.55,
0.60, and 1.00.

The objective of the calibration during an active WAAM process was to identify the in-
fluence of the welding fumes and gas on the thermographic signal. The identified values of
ε and τwere used to quantify this influence of the welding fumes and gas on the emissivity
during an active WAAM process. The electric arc was inactive during the measurements of
the temperatures, avoiding the influence of the arc on the thermographic signal.

The welding enclosure was filled with argon 4.6 as a shielding gas. The welding
torch was connected to a welding power source (CMT Advanced 4000 R from Fronius
International GmbH, Wels, Austria). The welding torch was moved by an industrial
robot (KR15/2 from Kuka AG, Augsburg, Germany). A wall was manufactured using
an alternating build-up strategy to generate a mostly uniform energy input in the part.
The wall was welded employing a welding wire with a diameter of 1.2 mm up to the 8th
layer (see Figure 4). An overview of the welding parameters is shown in Table A3. After
welding the 8th layer, the temperature was measured with the thermographic camera and
the thermocouple in the center of the 8th layer.

As in the previous investigations, the absolute temperature values of the thermo-
graphic measuring signals were compared with the signals of the thermocouple. If ∆T
deviates from the offset, the thermographic signal was influenced by the welding fumes
and gas in the build chamber. The emissivity coefficient was adjusted based on the previous
findings (whether ε needs to be increased or decreased) to align TCamera with TThermocouple.
This adjustment compensated the influence of the welding fumes and gas. As was the case
for the previous investigations, ∆T should be minimal (see Equation (3)). The result of
the adjustment led to the conclusion that a change of the emissivity was necessary for the
considered part size.
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2.2. Validation: Measurement of the Interlayer Temperature during an Active WAAM Process by
Relocating the Region of Interest

The measuring methodology was validated by comparing the temperature from above
with the temperature of a different region of interest during an active WAAM process.

The measurement was taken at the starting position of layer n + 1 (see Figure 8). For
the experimental procedure, a wall was manufactured according to the procedure in an
active WAAM process. As described in the previous investigations, ∆T was determined
(see Equation (3)). The ∆T from above at ROI in the 8th layer (ROI8) was compared to ∆T
at the relocated ROIInterlayer, 8 to validate the presented methodology.

2.3. Application: Determination of the Heat Accumulation in the Part during an Active
WAAM Process

In the third step (see Figure 2), multiple measuring positions were placed on the part
to analyze the occurring heat accumulation via the thermographic measuring system.

As a post-process investigation of the experiment from Section 2.2, three separate
ROIs (ROIa, ROIb, and ROIc) were distributed over the surface of the part at layer 8 (see
Figure 9). The thermographic signals of the three ROIs were analyzed and compared. The
time between the ROIs reaching the calibrated temperature value of 200 ◦C was determined.
This allowed a quantification of the time-dependent temperature gradient (correlating with
a heat accumulation) along layer 8.

3. Results
3.1. Calibration

The methodology was first calibrated in the ambient atmosphere without welding and
then during the active WAAM process.

Figure 5 shows the cooling curve of the part with absolute temperatures using various
emissivity coefficients compared to the values captured by the thermocouple.

The temperature value captured by the thermographic camera comes closest to the measured
temperature from the thermocouple with a set emissivity of ε = 0.35 for TThermocouple = 200 ◦C. The
temperature offset ∆T is < 1 K with a set emissivity of ε = 0.35 at TThermocouple = 200 ◦C. For ε= 0.50,
the temperature offset ∆T increased at TThermocouple = 200 ◦C to 37 K. At TThermocouple = 200 ◦C, the
emissivity ε = 0.30 resulted in the temperature TCamera = 219 ◦C, and ε = 0.50 at TCamera = 163 ◦C.
The comparison between the emissivity ε = 0.30 and ε = 0.50 delivered a difference between both
camera signals of 56 K. At a measured temperature value of TThermocouple = 100 ◦C, TCamera = 109 ◦C
was determined for ε = 0.30 and TCamera = 82 ◦C for ε = 0.50, resulting in a difference between both
camera signals of 27 K. The effect of decreasing temperature values resulting in decreasing emissivity
values was also observed by González-Fernández et al. [17] at higher temperatures. An increasing
temperature value resulting in increasing emissivity values was recognized by Yang et al. [19]
and vice versa. This indicates the temperature dependence of ε, also mentioned by Vollmer and
Möllmann [15]. The distance between the measured temperatures of individual emissivity curves
changed depending on the temperature. At higher temperatures, the distance increased, whereas at
lower temperatures, it decreased. The first addend (τatm·εpart·Φ

(
Tpart

)
) in Equation (2) can describe
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this phenomenon. The results indicate that a calibration must be performed for individually defined
temperature values. It is essential to determine a value at the beginning, which will be used for the
further methodology.
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Figure 5. Measured absolute temperature values TThermocouple and TCamera with different values ε
set on the thermographic camera against the time.

The different cooling curves for determining the transmittance measured by the
thermographic camera and the thermocouple are shown in Figure 6. The determined
emissivity was set constant at ε = 0.35 for TCamera = 200 ◦C while calibrating τ to align with
TThermocouple = 200 ◦C.
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Figure 6. Measured absolute temperature values TThermocouple and TCamera with different values τ
set on the thermographic camera and a constant emissivity of ε = 0.35 against the time.
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The transmittance of τ = 0.50 resulted for TCamera in the minimal temperature offset
of ∆T < 1 K from TThermocouple = 200 ◦C. At τ = 0.35, the temperature offset to the ther-
mocouple rose to ∆T = 46 K. At τ = 1.00, ∆T was maximum at TThermocouple = 200 ◦C at
70 K. Furthermore, the temperature dependence of the transmittance coefficient is indi-
cated between 200 ◦C and 100 ◦C. At TThermocouple = 100 ◦C, the transmittance of τ = 0.45
showed the minimal temperature offset of ∆T = 2 K compared to τ = 0.50 with ∆T = 7 K.
The temperature dependency of τ was also shown by Vollmer and Möllmann [15] and
Sernelius [30]. A similar finding as in the determination of the emissivity could be observed
in the determination of the transmittance. The offset between the measured temperatures
of individual transmittance curves changed depending on the temperature. The findings
align with the results from Rodriguez et al. [26], who calibrated their thermographic camera
with and without the use of a protective window. They also aligned their thermographic
signals with the signals from thermocouples.

For the active WAAM process, the temperature curves of the cooling process captured
by the thermocouple and the thermographic camera at different values ε while holding
τ = 0.50 constant are shown in Figure 7.
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Figure 7. Measured absolute temperature values TThermocouple and TCamera with different ε set on the
thermographic camera and a constant transmittance of τ = 0.5 against the time.

At TThermocouple = 200 ◦C, the curve of TCamera with an emissivity of ε = 0.30 aligned
with TThermocouple with a temperature offset ∆T < 1 K. At ε = 0.25 and ε = 0.35, the tem-
perature offset ∆T increased to 22 K and 17 K, respectively. At TThermocouple = 300 ◦C,
the temperature offset to TCamera at ε = 0.30 reached ∆T = 8 K. At TThermocouple = 300 ◦C,
the emissivity of ε = 0.28 resulted in the minimal temperature offset of ∆T = 7 K. At
TThermocouple = 125 ◦C, the emissivity of ε = 0.25 resulted in ∆T < 1 K. The different ∆T of
the cooling curves of the camera confirmed the temperature dependency of the emissivity
during an active WAAM process. It can be assumed that the performed methodology
can be transferred to other materials. Although the emissivity is material-dependent, it
is subject to the same physical laws (e.g., temperature dependency) independent of the
material. Using contactless thermal measuring devices, it is necessary to implement them
with defined angles and distances to the surface; otherwise, the measurements will not be
repeatable [23]. The welding fumes and gas had a minor influence on the thermographic
signal. This result is consistent with the findings of Coppa and Consorti [18], who identified
sources of errors in their measurements (e.g., influence of the welding conditions). The
influence could be compensated for the calibrated temperature value of 200 ◦C by adjusting
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the emissivity from 0.35 to 0.30. Raplee et al. [27] described a jamming of the protective
window during the manufacturing process. A metallization of the protective window was
not present during the studies. The authors assume that the jamming could form during the
manufacturing of larger parts. The influence of welding fumes and gas increases with the
part size. Larger parts lead to a longer welding duration and to more welding fumes. More
occurring welding fumes could interfere more significantly with the thermographic signal.

3.2. Validation

The temperature measurement results over time are shown in Figure 8. The previously
calibrated emissivity and transmittance of ε = 0.30 and τ = 0.50 were used.
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Figure 8. Measured absolute temperature values TThermocouple and TCamera with the identified values
ε and τ set on the thermographic camera and the relocated ROIInterlayer, 8 against the time; (a,b) show
more details about ∆T.

The results at TThermocouple = 200 ◦C show that the offset ∆T remained at the same
value of <1 K after relocating the ROI. At TThermocouple = 345 ◦C and TThermocouple = 130 ◦C,
for example, the temperature offset increased to ∆T = 6 K and ∆T = 9 K, respectively. In
the range from 140 ◦C to 336 ◦C, the absolute value of the interlayer temperature could be
measured with a ∆T ≤ 5 K (meaning a 2.5% measuring accuracy in the range from 140 ◦C to
336 ◦C with the calibrated camera for 200 ◦C) in this work. The validity was demonstrated
for the thermographic signal calibrated for 200 ◦C. There was no significant influence on the
calibrated thermographic signal at TThermocouple = 200 ◦C by relocating the ROI. This shows
that it is possible to measure the absolute temperature values at different positions on the
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layer of the part. Consequently, a single calibration of the thermographic signal is sufficient
for the presented experimental setup to maintain the temperature offset of < 1 K. The
different temperature fields with high gradients occurring during the part manufacturing
do not influence the measurement from the previously calibrated signals. Wu et al. [12]
measured the interlayer temperature using a pyrometer by comparing the signals with
signals from thermocouples. They calibrated the pyrometer in their experimental setup and
reached a temperature offset of less than 10 K. Yang et al. [16] calibrated a thermographic
camera by using steel material with a high accuracy. They found that a single emissivity
coefficient could be used for a temperature range from 0 ◦C to 1200 ◦C. The results of this
work show that the validity of the emissivity coefficient for a large temperature range
cannot be confirmed when using Ti-6Al-4V material. The emissivity of Ti-6Al-4V material
seems to be more influenced by the temperature than the emissivity of steel.

3.3. Application

The heat accumulation in the part during an active WAAM process was determined
by applying the calibrated and validated thermal measuring system. Figure 9 shows the
absolute temperature values captured in the ROIs.
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Figure 9. Measured absolute temperature values TCamera at ROIa, ROIb, and ROIc at layer 8 against
the cooling time after welding.

The comparison of the three ROIs showed that a temperature gradient prevailed in
the 8th layer of the wall. The ROIa reached the validated 200 ◦C first compared to ROIb
and ROIc. The ROIb, the center of the part, adjusted 40 s later than the ROIa to 200 ◦C. The
ROIc, where the welding ended, showed a delay of 5 s to reach 200 ◦C after the ROIa.

ROIa reaching 200 ◦C first can be explained by the welding direction. The welding
started at ROIa, meaning that the part began to cool down at this position first. The close
temporal proximity of ROIa and ROIc to reach the 200 ◦C was due to the positioning of
both ROIs symmetrically on the free ends of the wall. Both ROIs show a similar cooling
rate after reaching 200 ◦C. The convection is the dominating effect that determines the
cool-down at the free ends of the wall. Therefore, both ROIs at the free ends of the wall had
similar conditions in cooling down.

A heat accumulation in the center of the part could be determined by comparing
ROIa and ROIc to ROIb. This can be explained by the heat transfer from the part to the
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atmosphere by convection. The low thermal conductivity of Ti-6Al-4V favors this effect
since the heat dissipated slowly within the whole part. At the free ends of the part, there is
more part surface area towards the atmosphere. Therefore, there is increased convection
due to the continuous shielding gas flow in the welding enclosure. The increased thermal
radiation at the free ends of the part also favors a higher heat transfer to the atmosphere
than in the center of the part. ROIa and ROIc are located near the free ends of the part,
which helped detecting a cooling of the part to 200 ◦C in a shorter amount of time than
ROIb. The heat transfer to the atmosphere occurred at approximately the same rate at
ROIa and ROIc after the start and end of the welding process. Weger et al. [31] addressed
the thermal behavior and cooling rates of WAAM-manufactured steel parts considering
different thermal measuring positions. They also recognized the heat accumulation over
time. One approach towards mitigating the heat accumulation was investigated by Da Silva
et al. [10]. They implemented an active cooling system to influence the heat distribution
within the part. The observed heat accumulation had no influence on the process stability
along the layer. Wu et al. [12] determined a changing process characteristic which they
explain by occured heat accumulations in gas-tungsten-arc welding-based WAAM. It
can be assumed that the measured heat accumulation in this layer was not significant
enough to lead to variations in the process stability. Larger parts could show higher heat
accumulations than the walls investigated in this work. The presented methodology allows
the comparison of calibrated temperature fields in a quantitative way. The numerical
values of the emissivity and the transmittance determined in this work cannot be directly
applied to other experimental setups. It is essential that this methodology is performed
on each experimental setup to determine numerical values appropriate for the individual
setup and the individual component. Bagavathiappan et al. [13] described the use of
thermographic cameras in the field of condition monitoring. The methodology applied
to the determination of the heat accumulation can be enlarged to an in-situ monitoring
system of the part.

4. Conclusions and Outlook

In this work, a methodology for the reproducible measurement of the interlayer
temperature was presented. The first step was calibrating the influencing parameters on
the thermographic signals during WAAM. The calibration made it possible to measure the
surface temperature of a part in an ambient atmosphere without welding and subsequently
in an active WAAM process. The second step validated the calibration procedure by
measuring the interlayer temperature by relocating the ROI. The third step included the
application of the methodology to determine the occurring heat accumulation within one
layer. The application limit of the methodology depends primary on the experimental
setup by ensuring a defined position of the thermographic camera. The main findings of
this work can be summarized as follows:

• The emissivity needs to be calibrated to measure a surface temperature in an ambient
atmosphere without welding. An ε = 0.35 was suitable for the presented experimental
conditions and setup to align the thermal signals TThermocouple and TCamera with a
temperature offset ∆T that is < 1 K at 200 ◦C.

• The transmittance needs to be calibrated when using a protective window during
WAAM. In the presented experimental setup, the transmittance of τ = 0.50 was suitable
for a temperature offset ∆T < 1 K between TThermocouple and TCamera.

• In an active WAAM process, the welding fumes and gas in the build chamber influence
the thermographic signal. This influence led to an emissivity adjustment from ε = 0.35
to ε = 0.30 to align the signal TCamera to TThermocouple.

• The experimental setup allowed the robust thermographic measurement after the cali-
bration for relocating the ROI over the layer. The validation of the presented method-
ology was successful. During the process, the temperature of TThermocouple = 200 ◦C
could be measured with a temperature offset of ∆T < 1 K.
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• The range of validity for the thermographic signal is temperature-dependent. For
200 ◦C, the validity was identified between 140 ◦C and 336 ◦C.

• A heat accumulation was shown by comparing the thermographic signals in a WAAM-
manufactured wall. Due to the lower heat transfer from the part to the atmosphere,
the center of the layer needed 40 s more to cool down to 200 ◦C compared to the free
ends of the wall.

The analysis of temperature gradients and the measurement of the interlayer tem-
perature with the calibrated experimental setup was thus enabled. With the presented
methodology, a thermographic camera can measure absolute values of the interlayer tem-
perature during the WAAM process. Furthermore, this methodology can be applied to
other experimental setups since the emissivity and the transmittance can be calibrated
with this investigative approach. Future investigations will include a sensitivity analysis to
determine the threshold values of the interlayer temperature depending on the achievable
part geometry. In addition, an automated signal interpretation system will be set up as an
extension towards a quality assurance system.

Author Contributions: Conceptualization, D.B.; methodology, D.B.; validation, D.B. and T.W.; formal
analysis, D.B.; investigation, D.B., T.W. and F.W.; data curation, D.B., T.W. and F.W.; writing—original
draft preparation, D.B.; writing—review and editing, D.B., A.W. and M.F.Z.; visualization, D.B.;
supervision, A.W. and M.F.Z.; project administration, D.B., A.W. and M.F.Z.; funding acquisition,
M.F.Z. All authors have read and agreed to the published version of the manuscript.

Funding: The findings of this research activities were achieved within the scope of the research
project “REGULUS” (grant reference 20W1709D). We hereby express our gratitude to the German
Federal Ministry of Economic Affairs and Climate Action for its funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Table A1. Dimensions of the WAAM-manufactured wall.

Parameter Symbol Value and Unit

Length of the wall lwall 100 mm
Width of the wall wwall 14 mm
Height of the wall hwall 49 mm

Table A2. Overview of the set and determined parameters for the camera calibration.

Parameter Symbol Value and Unit

Distance of the camera to the measuring spot dcam 0.6 m
Angle of the camera to the surface of interest αcam 78◦

Relative humidity in the build chamber ϕ <0.02%
Atmospheric temperature in the build chamber Tatm 40 ◦C
Frame rate of the camera during measurements f 10 Hz
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Table A3. Overview of the welding parameters during the active WAAM process.

Parameter Symbol Value and Unit

Welding current I 148 A
Welding voltage U 16.1 V

Wire feed speed of the electrode vWFS 8 m/min
Travel speed of the welding torch vTS 800 mm/min

Arc length correction factor kl −14%
Dynamic control factor kd 3.7

Displacement in z direction between each layer z 6.1 mm
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