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ABSTRACT

In this study, high-temperature strain gauges are used to monitor the in-situ stress during plasma Wire Arc
Directed Energy Deposition (WA-DED). A computational temperature compensation is applied to correct the
strain signals for thermal effects, enabling accurate stress measurements at high temperatures. The
experimental results are compared against a fully coupled thermo-mechanical finite element simulation.

The comparison shows good agreement between measured and simulated stresses, demonstrating that
high-temperature strain gauges can reliably capture the stress evolution during WA-DED. This approach goes
beyond conventional post-process residual stress measurements by providing time-resolved validation data.
The findings underline the potential of in-situ high-temperature strain gauge measurements as a robust tool
for validating WA-DED simulations.
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INTRODUCTION

Wire Arc Directed Energy Deposition (WA-DED) is an additive manufacturing technology
that enables the production of large, complex shaped metallic components [1]. The process is
characterized by a localized heat input from the arc and the subsequent solidification shrinkage
of the deposited material. Both effects lead to the development of residual stresses and
distortions, which can significantly influence the mechanical performance and dimensional
accuracy of the final component [2]. Understanding and controlling these thermo-mechanical
phenomena is therefore crucial to ensure component reliability and to enable the wider
industrial adoption of WA-DED.

Numerical simulations have become an important tool for predicting temperature fields,
stress evolution, and distortions in WA-DED. Such models allow virtual process optimization,
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reducing the need for extensive experimental trial-and-error studies. A key challenge,
however, lies in the reliable validation of these simulations. Conventionally, residual stresses
are determined by post-manufacturing measurement techniques such as neutron diffraction,
X-ray diffraction, hole-drilling, or sectioning methods [3]. These techniques only capture the
final residual stress state and thus offer no insight into the transient stress and deformation
evolution during deposition. This limitation restricts the validation of numerical models to the
final result, leaving uncertainties about the accuracy of the predicted stress history.

For a more comprehensive validation, in-situ measurements during the process are required.
Previous approaches have used in-situ digital image correlation (DIC) during the
manufacturing process [4], [5]. While DIC enables full-field strain measurements, it requires
a complex experimental setup and unhindered visibility of the surface, which limits its
applicability in WA-DED. In this context, high-temperature strain gauges offer a promising
solution. A prior study has already demonstrated their potential for capturing stress evolution
during welding of a single seam [6].

In this study, high-temperature strain gauges are used to measure transient strain fields in a
one-sided clamped S355J2 steel substrate during plasma WA-DED. The experimental setup
additionally includes a displacement sensor and thermocouples to capture the thermal and
mechanical response of the specimen. The measured data are compared with a fully coupled
thermo-mechanical finite element simulation performed in Simufact Welding®.

The results demonstrate the feasibility and importance of using high-temperature strain
gauges for in-situ validation of WA-DED simulations, contributing to improved predictive
modeling in additive manufacturing

WA-DED EXPERIMENT

A series of three trials was conducted in which a four-layer wall was deposited on a one-sided
clamped substrate using the plasma WA-DED process (Fig. 1). The substrates were made of
S355J2 structural steel with dimensions of 290 mm x 65 mm x 15m. Prior to welding, all
substrates were stress-relief heat treated for two hours at 570 °C to eliminate residual stresses.
After heat treatment, the substrates were sandblasted and cleaned. The specimens were
clamped between a steel base block and a clamping jaw. The block was machined with a
positioning step to ensure reproducible alignment of the substrates. The wire material was
ER70S-6 (EMK®, voestalpine Béhler Welding GmbH) with a diameter of 1 mm, selected due
to its comparable mechanical properties to the substrate. All deposition experiments were
carried out on the SBI M3DP-SL machine at TU Graz. The welding parameters were kept
constant across all trials, with a wire feed speed of 50 mm/s, a travel speed of 5 mm/s, a current
of 260 A, and a voltage of 25 V. To allow for partial cooling before deposition continued, an
interlayer dwell time of 828 s was applied between subsequent layers. The final deposit had
dimensions of approximately 250 mm x 8 mm x 6 mm (four single track layers).
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Fig. 1 Experimental setup

TEMPERATURE MEASUREMENTS

The thermal history was recorded using spot-welded Type K thermocouples. Five
thermocouples were attached directly to the substrate at the positions shown in Fig. 2.
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Fig. 2 Substrate dimensions and location of thermocouples, displacement sensor and strain gauge
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To protect the thermocouples from direct exposure to the plasma gas, a small metal shield
was installed. In addition, two further thermocouples were mounted on the clamping block
and the top clamp to monitor the heat flux into the fixtures. Thermal data acquisition was
performed partly using an HBM QuantumX MX440B unit and partly with the integrated data
acquisition system of the SBI M3DP-SL machine, both operated at a sampling frequency of 5
Hz.

DISPLACEMENT MEASUREMENTS

Vertical displacements of the substrate were measured with an HBM WAZ20 displacement
sensor, which was positioned at the bottom of the free end of the substrate (Fig. 2). The sensor
signals were recorded with an HBM QuantumX MX440B unit at a sampling frequency of 5
Hz.

STRESS MEASUREMENTS

Stresses were measured using linear high-temperature foil gauges, combined with
computational compensation of the measurement signal, as described later. The gauges were
mounted at the center of the bottom surface of the substrate in longitudinal orientation (see
Fig. 2 and Fig. 3). Linear gauges were chosen because, at the measurement position, the strain
state can be approximated as one-dimensional and thermoelastic in the longitudinal direction.
This approximation is justified by the cantilever-like geometry of the substrate, the
longitudinal deposition path, and the large distance to the weld bead. All gauges were taken
from the same production batch to minimize variability. The main specifications are
summarized in Table 1.

Fig. 3 Mechanical clamping for curing under pressure (left), installed gauge and thermocouple
(right)
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Table 1 Main specifications strain gauges

Parameter Specification
Type HBM 1-LM11-6/350GE
Nominal resistance R, 3500Q+0.3%
K-factor k 238+x1%
Temperature coefficient of K-factor o -406 + 10 [107° K™]
Thermal expansion coefficient of the gauge oy ge a=10.8[10"° K]
Combined standard uncertainty u, 0.6 - AT
ay = -44.12,
a; = 2.89,
Polynomial coefficients for intrinsic thermal output &,(T) a, =-0.0357,
az = 5.85x1073,
a, =-5.16x107°
Gauge factor used for polynomial kg, 2
Reference temperature T, ¢ 20 °C

250 °C (zero-point-related)

Maximum operating temperature
P g P 300 °C (non-zero-point-related, <5 h)

Prior to bonding, the substrate surfaces were sanded and cleaned to ensure proper adhesion.
The gauges were bonded using a two-component epoxy adhesive (HBM EP310N). The curing
procedure was carried out in two stages: first, under pressure with mechanical clamping at 180
°C for two hours, and subsequently a precision curing cycle at 280 °C for two hours without
pressure, followed by slow cooling inside the furnace. Pre-trials demonstrated that this
precision curing procedure was essential to ensure reliable high-temperature measurements.

Thermocouple TC2 was placed directly next to the gauges to record the local temperature,
which was required for the computational temperature compensation. Signal acquisition was
performed using an HBM QuantumX MX1615B unit in a 4-wire configuration. The 4-wire
configuration compensates for resistance changes in the lead wires that may occur due to
thermal influences or differences in cable length. The data was recorded at a sampling
frequency of 5 Hz.

MICROGRAPHS
After the welding experiments, cross-sectional micrographs of the weld beads were prepared

to characterize the fusion zone and the heat-affected zone. This microstructural information
was subsequently used for calibration of the simulation.
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TEMPERATURE COMPENSATION

Accurate stress measurements at elevated temperatures require compensating for the thermal
effects inherent to strain gauges. Without such corrections, the recorded strain signal may no
longer represent the true mechanical response but instead include temperature-induced
measurement errors. To ensure reliable results in the WA-DED experiments, a computational
temperature compensation was applied.

In absence of temperature effects, strain gauges measure strain ¢ via the relationship [7]

__AR/Ry
g =% &
where AR denotes the resistance change, R, the nominal resistance of the gauge, and k the
nominal gauge factor. Assuming purely elastic, uniaxial loading, the corresponding stress o
can then be calculated via Hooke’s law as

o=E=x¢ 2)

with E being the Young’s modulus of the substrate material.
However, during temperature changes, strain gauges measure an apparent strain, even when
no mechanical load is present. The apparent strain originates from three main sources:

1. The temperature dependence of the gauge’s K-factor

2. Mismatches in the coefficients of thermal expansion (CTE) between the substrate and
the gauge, and

3. The intrinsic thermal output of the gauge itself.

To account for the apparent strain at higher temperatures, it is necessary to measure the
temperature at the strain gauge location an apply an additional computational correction to the
signal [8].

The temperature dependent K-factor k*(T") is described as

k*(T) =k (1 + o (T — Trer)) @)

where k*(T) is the effective K-factor at temperature T, o, is the temperature coefficient of
the gauge factor, and Ty is the reference temperature.

Strain resulting from the thermal expansion mismatch is given by

& (T = (asubstrate - agauge) - AT (4)

where agpstrate aNd are the thermal expansion coefficients of the substrate and the strain
gauge, respectively.
The intrinsic thermal output of the gauge is usually given by the manufacturer as a

polynomial function of temperature:

1) = Gy T T 42T -2 5

gauge
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with coefficients a, provided in the datasheet. Since this polynomial is defined for a fixed

reference K-factor k., it must be rescaled to the actual temperature-dependent K-factor by

Lo . . kpoly
multiplying with the ratio O

Combining these contributions, the corrected strain signal is obtained as
k
ee(T) = ey — & (1) — &5(T) (6)

Finally, in converting compensated strain to stress, the temperature dependence of the
Young’s modulus E (T") must also be considered:

ac = E(T) - &(T) ()

FURNACE EXPERIMENT

To validate the computational temperature compensation and to quantify the influence of
thermal effects, a dedicated furnace experiment was conducted prior to the WA-DED
deposition trials. In addition, this test was used to determine the coefficient of thermal
expansion of the substrate material.

For this purpose, the three substrates equipped with strain gauges and thermocouples were
placed inside a chamber furnace (Fig. 4). The specimens were heated to a maximum
temperature of 250 °C at a controlled heating rate of 2 °C/min, ensuring a slow and uniform
temperature increase. The heating rate was kept low to ensure that thermal equilibrium was
maintained throughout the samples, thereby avoiding the generation of additional thermal
stresses.

During the entire heating cycle, strain and temperature were recorded simultaneously at the
strain gauge location, allowing the characterization of apparent strain in the absence of
mechanical loading.
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Fig. 4 Substrates with installed strain gauges in chamber furnace

Fig. 5 shows the mean measured strain €., together with the standard deviation g,,4 of
the three gauges without any compensation. For comparison, the combined standard
uncertainty u, specified in the datasheet is also applied to the mean curve and displayed. The
experimental standard deviation remains well within the datasheet uncertainty band,
confirming the repeatability of the measurements.

Since the selected strain gauge was designed to have a coefficient of thermal expansion
closely matching that of the substrate material, the measured strain remains close to zero near
room temperature, as expected. However, with increasing temperature, a negative apparent
strain develops. This behavior can be attributed to small mismatches in the coefficients of
thermal expansion, the temperature dependence of the gauge’s K-factor, and the intrinsic
thermal output of the strain gauge.

The results highlight that temperature compensation becomes increasingly important at
elevated temperatures. At 200 °C, the apparent thermal strain reaches approximately 230
pm/m, which corresponds to about 48.3 MPa when assuming a Young’s modulus of 210 GPa.
In theory, the datasheet’s combined standard uncertainty could add an additional error of
roughly £25 MPa.
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Fig. 5 Furnace experiment - uncompensated strain

Fig. 6 shows the compensated mean strain €. ;045 CUrve according to Eqn. (6) along with
the individual correction components. Among these, the polynomial correction &g, which
compensates for the intrinsic thermal output of the strain gauge, has the largest influence,
followed by the correction for the coefficient of thermal expansion . The temperature

dependence of the K-factor, on the other hand, contributes only marginally and could therefore
be neglected.
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Fig. 6 Furnace experiment - compensated strain and individual correction contributions

For the temperature compensation, the linear coefficient of thermal expansion of the
substrate material o pserare Was treated as an unknown parameter. It was fitted such that the
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compensated mean strain €. ,,04, IS Minimized. Fig. 7 compares the fitted linear coefficient
of thermal expansion with literature data for a similar material.
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Fig. 7 Coefficient of thermal expansion of the substrate - fitted from furnace experiment compared
to literature data [9]

The results show good agreement. This indicates that the compensation equations were
implemented correctly. Possible reasons for the slight underestimation are small differences
in the material composition, uncertainties of the strain gauges, or the ambient conditions at the
start of the experiment. The strain measurements were zeroed at an environmental temperature
of 30 °C, while both the literature values and the datasheet polynomial are referenced to 20
°C.

NUMERICAL MODEL

A fully coupled thermo-mechanical finite element (FE) analysis of the additive manufacturing
process was performed using the commercial software Simufact Welding®.

The finite element model is shown in Fig. 8. In addition to the substrate and deposited
welds, the fixture and welding table were also included. To reduce complexity, the weld seams
were modeled as rectangular layers with a width of 8 mm and a height of 1.4 mm. The mesh
size was set to 2 mm in the substrate and 1 mm in the weld seam. An automatic refinement
algorithm was applied to locally refine the mesh in regions with steep thermal gradients. The
time step size was adaptive, with a maximum step size limited to 0.5 s.
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BOUNDARY CONDITIONS

No clamping force is considered in this model. Instead, movement of the nodes along the
contact area of the fixture is prohibited using single point constraints. Hence, the fixture acts
solely as a thermal heat sink. The heat transfer coefficient between bodies in contact was set
to 5000 W/m2K.

Fig. 8 Finite element model

Convective and radiative boundary conditions are applied to all outer surfaces. The
materials emissivity and the convection coefficient are assumed independent of the
temperature and set to 0.7 and 6.5 W/m?K, respectively. The heat transfer coefficients and
thermal boundary conditions were calibrated by trial and error, until the temperatures in the
simulation are in good agreement with the temperatures measured in the experiments.

HEAT SOURCE MODELLING

In this study the energy input during the WA-DED process was represented by a moving
cylindrical heat source. This model is a simplification of the three-dimensional conical heat
source model (TDC) [10]. It defines the volumetric heat generation rate Q,, by a Gaussian
distribution as

Qu(r) = Qo - exp (_ M_ZZ) 8

To

where M is the Gaussian parameter, r, the radius of the cylinder and r the radial coordinate.
The maximum heat intensity Q, is given by
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__ 3nped
QO T dr2m(e3-1) (9)

Here, P denotes the power input, n the process efficiency and d the cylinder height. In cases
where parts of the heat source extended beyond the calculation mesh, the total heat input was
scaled to ensure that the net input energy matched the defined process power.

The heat source path was defined using nodes of the calculation mesh. This approach was
necessary because of the large displacements occurring in the cantilever experiment, ensuring
that the heat source moved consistently with the deforming mesh.

In the present study the process efficiency was set to n = 0.47 and was calibrated, similar
to the other boundary conditions, by comparing simulated and measured temperature curves.
The cylindrical heat source was defined with r, = 9mm, d = 2mm and a Gaussian
parameter of M = 1. Fig 9 compares the experimental cross-sectional micrograph with the
simulated maximum temperature distribution, showing that the chosen heat source dimensions
reproduce the fusion zone with good agreement.

Temperature [°C]

1500.00
1450.00
809.47

692.85

Fig. 9 Cross-sectional micrograph of the deposited wall compared with the maximum temperature
distribution from the simulation.

MATERIAL MODELLING

The thermo-mechanical behavior was described using a fully coupled thermo-elasto-plastic
constitutive model as implemented in Simufact Welding®. Elastic behavior was modeled as
linear isotropic elasticity with temperature-dependent Young’s modulus and Poisson’s ratio.
Plastic deformation was governed by a von Mises yield criterion with isotropic hardening,
using temperature-dependent flow curves provided by the Simufact material database.
Thermal strains were calculated based on the temperature-dependent coefficient of thermal
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expansion. Phase transformations were neglected, and therefore no transformation-induced
strains or transformation plasticity effects were considered.

The deposition of material was modeled using the quiet element method [11]. In this
approach, all deposit elements are included in the mesh from the beginning but are initially
set to a "quiet" state, where they do not significantly affect the analysis (e.g., very low thermal
conductivity and Young’s modulus). As these quiet elements are heated by the moving heat
source, their actual thermo-physical properties are activated, thereby mimicking the material
deposition process.

State-of-the-art WA-DED simulations often employ the dead element method. In this
approach, deposit elements are initially removed from the calculation and are gradually added
(e.g., layer by layer) before being activated in the same way as in the quiet element method.
This strategy significantly reduces computational effort in the early stages of the simulation.
However, it is not well suited for cases involving large deformations, since nodes of new
elements are added with their original coordinates. As a consequence, highly distorted or even
negative-volume elements may occur.

RESULTS

This section presents the results of the three WA-DED trials alongside the corresponding FEM
simulation. Experimental results are shown as mean values, with the standard deviation
reflecting the scatter between the repetitions.

THERMAL HISTORY

Figure 10 shows exemplary results from two thermocouples (TC1 and TC2) for both
experiment and simulation. TC1 is closest to the molten pool, TC2 is located at the strain-
gauge position. For the far-field location (TC2), the experimental measurements show only
minor scatter between the three trials, indicating good repeatability at the strain-gauge
position. In contrast, near the molten pool (TC1) the measurements show significant
differences (up to ~150 °C) in peak temperature. Possible reasons are direct interaction with
the plasma gas and slight positioning differences. Because of the steep thermal gradients near
the pool, even small position offsets can lead to substantial temperature differences. At TC1
location, the simulation predicts a maximum temperature gradient of 95 °C/mm, so an offset
of less than 1.6 mm could already cause a deviation of 150 °C. The temperature at strain-gauge
location remains within the datasheet’s maximum allowable temperature of 250 °C.

Overall, the simulated temperature histories agree well with the mean experimental curves,
supporting the adequacy of the thermal calibration and the thermophysical properties used in
the model. Measurements from the remaining thermocouples also show similarly good
agreement with the simulation.
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Fig. 10 Thermal history of thermocouples TC1 and TC2 - experiment vs simulation

DISPLACEMENT HISTORY

Fig. 11 compares the experimental and simulated vertical displacements at the contact point
of the displacement sensor. The small scatter between trials demonstrates the good
reproducibility of the setup. At the beginning of the welding process, the substrate bent
downward due to the higher thermal expansion of the top surface relative to the bottom. As
deposition continued, the substrate gradually bent upward, primarily driven by solidification
shrinkage of the deposited weld seam. This downward—-upward sequence repeated with each
layer, with most of the displacement occurring after the first layer. This behavior is consistent
with observations from a previous study [12]. The simulation captured the overall trend but
tended to slightly overpredict the downward bends and underpredict the upward bends.
Possible reasons include variations in substrate properties, limitations of the material model
that neglected phase transformations, an imperfect heat-source representation, and general
modeling simplifications.”
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Fig. 11 Displacement history - experiment vs simulation

Stress history

As illustrated in Fig. 12, the stress evolution measured by the strain gauges shows the same
qualitative pattern as the displacement history. Scatter between the trials was small, again
confirming the reproducibility of the measurements. The largest scatter occurred immediately
after each layer was deposited. A possible explanation is that these are the moments of highest
temperature, where the deviation of the strain measurement is also most pronounced.

Overall, the simulated stresses align well with the measurements. Similar to the z-
displacements, the model tends to slightly overpredict stresses during downward bending,
pointing to a modeling rather than measurement error. It should be noted that the stresses
measured at the strain-gauge location remain well within the elastic regime of the substrate
material throughout the process. Consequently, the thermoelastic assumption used to calculate
stress from the measured strain signal at the measurement location is fulfilled.
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Fig. 12 Stress history — experiment with compensation vs simulation
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Finally, Fig. 13 compares the simulated stresses to the experimental stresses without
temperature compensation. While the overall trend is captured and the magnitudes are in the
expected range, the curve shape deviates significantly. This clearly demonstrates that
temperature compensation is essential for obtaining accurate stress history results.
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Fig. 13 Stress history — experiment without compensation vs simulation

DISCUSSION

The results of this study demonstrate that high-temperature strain gauges can be successfully
applied to capture the transient stress evolution during WA-DED. The scatter between
repeated trials was very low, indicating high repeatability of both the experimental setup and
the measurement procedure.

Comparison of experimental and numerical results showed only minor deviations in both
displacement and strain measurements, underscoring the adequacy of the simulation setup and
the applied material model.

For reliable stress measurements, accurate temperature compensation is essential. This
requires precise knowledge of the temperature at the gauge location as well as of the
substrate’s thermal expansion coefficient. Another key limitation is the operational
temperature range of the strain gauges. Consequently, stress can only be measured at a certain
distance from the weld pool, where an optimum must be found between proximity to the weld
and exposure to the maximum mechanical loading.

The installation of strain gauges is laborious, requiring careful surface preparation and
controlled curing of the adhesive. In this study, a furnace curing cycle was used to ensure
accuracy and reproducibility. However, in many cases such a procedure may not be feasible.

Despite these limitations, the method offers several advantages. Strain gauge measurements
are non-destructive, relatively compact compared to optical methods, and capable of
delivering time-resolved stress data with high precision. However, pre-existing residual
stresses in the substrate can influence the results. For this reason, the strain gauge method is
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best suited for analyzing relative changes in stress during the process rather than providing
absolute residual stress values.

Overall, the present study demonstrates the feasibility of using high-temperature strain
gauges for in-situ monitoring and validation of WA-DED simulations, thereby contributing to
more reliable predictive modeling in additive manufacturing.”
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