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Abstract

Additive manufacturing is one of the most promising techniques for industrial production and maintenance, but
the specifics of the layered structure must be considered. The Direct Energy Deposition-Arc process enables relatively
high deposition rates, which is favourable for larger components. For this study, specimens with different orientations were
prepared from one AISI316 steel block — parallel and orthogonal to the deposition plane. Quasistatic tensile loading tests
were carried out, monitored by an infrared camera. The obtained surface temperature maps revealed structural differences
between both orientations. The consideration of surface temperature transients yields more details about the behaviour of
the material under tensile loading than the conventional stress-strain-curve. These preliminary investigations were
supplemented by thermographic fatigue trials. Although the anisotropy was also observed during fatigue loading the fatigue
behaviour in general was the same, at least for both inspected specimens. The presented results demonstrate the abilities
and the potential of thermographic techniques for tensile tests.

1. Introduction

The application of thermographic techniques is not limited to nondestructive testing and inspections but can also
be used in connection with destructive methods. Typical cases are the investigation of crack growth [1, 2], the monitoring
of impacts [3, 4], the investigation of the fatigue behaviour under cyclic loading [5] [6] and the determination of mechanical
strength by static load trials [7]. These applications are based on the spatially and temporally resolved observation of
surface temperature variation on object under test (OUT). Here, the thermoelastic effect in the elastic range [8] as well as
the heat release from damaging processes in the plastic range [9] are in the focus of such investigations. Since both effects
are directly related to the internal strain under loading the thermographic observation can provide valuable information
about local strain distributions. These methods are often summarized under the name TSA (Thermoelastic Stress
Analysis).

In this study, TSA was applied to analyse quasistatic load trials on AISI 316 steel additively manufactured by
Direct Energy Deposition-Arc (DED-Arc), an additive process with relatively high deposition rates and specific pros and
cons. A series of cross-section samples with different layer orientations was quasi-statically loaded until the ultimate stress
level was reached. All trials were inspected with infrared thermography. Due to the large extension until final failure, the
accurate evaluation of the surface temperature development in a certain region requires a reshape-procedure for the
thermograms. In addition, individual specimens were exposed to cyclic loads with different amplitudes (step-based
loading). The obtained thermographic results are discussed in relation to the stress-strain curves and a possible
substructure of the material.

2. Sample preparation

DED-Arc is an additive manufacturing process that uses an electric arc to melt and deposit metal wire (equivalent
to a weld pass) layer by layer, creating complex metal structures. This process enables faster deposition rates in
comparison to powder-based materials [10].

A steel block measuring 250 x 40 x 150 mm3, made of AlISI 316, was fabricated using a Direct Energy Deposition-
Arc (DED-Arc) process. This setup included a 6-axis industrial robot, a Metal Inert Gas (MIG) power source, and additional
sensors for monitoring the process. The manufacturing technique employed was the stringer-bead method. Each stringer
bead, integral to the block's structure, was 40 mm long, matching the block's thickness. The design involved 39 layers,
each comprising 55 stringer beads, totalling 2145 beads. A shielding gas mixture of 3% CO2 in argon was used, flowing at
a rate of 25 I/min. The deposition material chosen was a solid wire, G19 12 3 LSi (316LSi), in accordance with EN ISO
14343-A standard. A pulsed arc process was implemented for the deposition of all beads. Throughout the fabrication of all
layers, the arc process parameters were consistently maintained at a wire feed rate of 6 m/min and a travel speed of 0.4
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m/min. The entire manufacturing duration was approximately 12 hours, including time for interpass cooling to maintain a
temperature below 100 °C. The finished block has a weight of 13.5 kg. Fig. 1 illustrates the layer deposition schematically.

Due to the layered build-up of the material, where every layer consists of parallel weld beads, anisotropic
mechanical properties are expected. To investigate the anisotropy, tensile specimens of type E 2 x 16 x 40 according to
DIN 50125 with different orientations were extracted. Here, the so-called ZPL and ZPS orientations are investigated; the
cutting planes are indicated in Fig. 2. Both orientations cut the stringer beads in a plane, but the deposition physics behind
is different. ZPL represents stringer beads deposited directly one after the other, while ZPS represents a deposition with a
longer break between two stringer beads. In total, 7 specimens of both orientations were tested.
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Fig. 1: deposition scheme of the individual Fig. 2: Schematic of the primary bead structure
layers, arrows indicate stringer beads of the print strategy, The blue specimen shows the ZPL
orientation, the green specimen illustrates the ZPS
orientation,a layered substructure is expected for both
orientations

3. Experimental setup

The tensile tests were performed in accordance with DIN EN ISO 6892-1 using an MTS 810 testing machine,
which provides a maximum test force of 25 kN. The testing speed was 0.025 mm/s. The setup is equipped with cameras
and an illumination unit (see Fig. 3) to perform Digital Image correlation (DIC) measurements. The infrared inspections
were realised by an infrared camera observing one surface of the respective specimen (also shown in Fig. 3).

Fig. 3: setup for infrared observation during the quasi-static Fig. 4: setup for infrared observation during fatigue
tensile test. The IR camera is in front (tilted by 90° to exploit tensile test. The setup is similar but extended with a
the lateral extend of the detector array), the blue illumination ~ dummy specimen and a supplementary extensometer
is required for DIC measurements, the enlarged image
displays the coated specimen and the clamps after ultimate
failure
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The stress analysis during fatigue tests was performed with a different setup, which is shown in Fig. 4.. Fig. 4:
setup for infrared observation during fatigue tensile test. The setup is similar but extended with a dummy specimen and a
supplementary extensometer. The dummy specimen enables the observation of environmental influences on the
thermographic results. The main camera parameters for both setups are compiled in Table 1:

Table 1: main camera parameters of the infrared cameras used for thermographic observations during quasi-
static testing (first row) and during fatigue tests (second row).

Test Detector Pixel array Frame- | Int. sequence Distance Geometrical
rate time length resolution

Quasi-static | Cooled 320 x 240 (half | 10 Hz 140 us | 3...4 min 50 cm 3.3 pixel/mm

testing MCT frame format) (until fracture)

Fatigue Cooled 640 x 512 200 Hz | 793 ps 10 seconds 80 cm 6 pixel/mm

testing InAs

Please note that the quasi-static tensile tests comprise only one thermographic sequence per specimen while the
fatigue tests always include three sequences for every selected loading level. Here, about 15 different loading levels with
increasing amplitudes of fixed stress ratio equal to 0.1 by a cyclic frequency of 17 Hz were applied. More details of the
general procedure are described in [11].

4. Results from quasi-static tensile loads

In total, 7 ZPS specimens and 7 ZPL specimens were investigated. They were coated with HERP-LT-MWIR-BK-
11 (manufactured by LabIR) on the front side to improve the thermographic results. This coating turned out to be flexible
enough to endure 30 -35% strain. The effective emissivity was experimentally estimated to be >0.95 with the applied IR
camera. The rear side was coated with a typical speckle pattern for the DIC measurements running in parallel during the
trials.

The main outcome of the tensile tests is a stress vs. strain curve which allows the determination of typical material
parameters such as elasticity modulus, the 0.2% offset yield strength, and the ultimate tensile strength. Fig. 5 demonstrates
typical stress-strain curves for both orientations. Here, no specific difference could be observed between ZPS and ZPL
specimens. Fig. 6 shows the appearance of two selected specimens after reaching the ultimate tensile load. In case of the
ZPL-orientation a layered substructure appeared at the coated surface. In contrast, the surface of ZPS-specimen has an
irregular deformed surface.
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Fig. 5: Stress-strain curves from two specimens of Fig. 6: Enhanced photos from the specimens
both orientations, stress values consider the real cross- after ultimate failure, the ZPL specimen exhibits a
section areas, the detail plot shows the results from low layered surface structure, but not the ZPS specimen

loading levels

While the obtained mechanical material parameters are related to the central part of the specimen volume with
constant cross section area, thermographic inspection as well as DIC provide full-field information about local heat release
(thermography) and local deformations (DIC) during tensile stress. The next figures (Fig. 7 and Fig. 8) show thermograms
of the specimens at different loading levels for both material orientations. The presented temperature values were obtained
with the assumption that the emissivity is nearly 1.0 provided by the applied coating. The left-most thermogram in Fig. 7
and in Fig. 8 represents the initial temperature distribution before the loading has been started. The images to the right
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represent different loading levels. In both cases the lower end was warmer probably due to conductive heating from the
lower hydraulic clamp. Please note also the elongated specimen shape due to the high strain up to 30% resp. 35%. This
prevents the consideration of difference thermograms to eliminate the influence of the inhomogeneous initial temperature
distribution.

705 MBa

Fig. 7: Thermograms from the quasi-static Fig. 8: Thermograms from the quasi-static
tensile test on a ZPL-specimen at different loading levels:  tensile test on a ZPS-specimen at different loading levels:
0, 475 and 705 MPa 0, 453 and 768 MPa

Here, the thermograms reveal different heating patterns for both orientations at lower loading levels (central image
in Fig. 7 and Fig. 8). Thermograms of the ZPL specimen reveal a layered substructure, possibly related to the individual
stringer beads. By contrast, the ZPS specimen showed a more homogenous temperature distribution. Both examples are
typical for their respective orientation. The shape variation during the loading process prevents not only the calculation of
difference thermograms but also the correct consideration of heat release and surface temperature transients like in [7].
This will be regarded in the discussion part.

5. Results from tensile fatigue testing
5.1 Thermoelastic Stress Analysis (TSA)

In thermographic fatigue investigations an instantaneous temperature distribution like in Fig. 7 and Fig. 8 only
plays a minor role as demonstrated in other research [2, 11]. The average temperature does not permit a local analysis of
the damage zone, as it only allows the detection of a larger region. Furthermore, the temperature is dependent on
numerous factors, including heat exchange with the environment, which can result in difficulties in assessing damage
areas. In these conditions it becomes difficult to detect thermal variations especially for those materials where the damage-
related temperature changes are very small. Consequently, a more thorough filtering procedure is required. Thermoelastic
Stress Analysis (TSA) is a well-established technique that allows to obtain information on material surface stress state by
measuring the small temperature variations produced by cyclic loading in the elastic regime and adiabatic conditions (no
thermal gradients related to the damage). The TSA technique is well-known to allow the identification of anomalies in the
thermal map [11], which may be an indication of the presence of defects or manufacturing patterns in the material. In
particular, temperature amplitude and phase lag variations are represented in Fig. 13 and Fig. 15 for sample ZPLO and
sample ZPS1, precisely revealing the differences between the two patterns. By comparing Fig. 13 and Fig. 15, both the
temperature amplitude and the phase seems to be able to reveal the characteristic patterns induced by the technological
process.
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Fig. 9: Temperature amplitude maps for ZPL O Fig. 10: Temperature phase lag maps for ZPL O
and ZPS1 samples at a loading level in linear elastic and ZPS1 samples at a loading level in linear elastic
condition (maximum stress 163 MPa) condition (maximum stress 163 MPa)

5.2 Tensile fatigue testing

The analysis of thermoelastic temperature amplitudes and phase lags is also basis of the fatigue data evaluation.
These parameters allow the observation of local phenomena, including zones of stress concentration [11] (amplitude maps)
and zones of loss of adiabatic conditions [13] (phase maps), typical during damage processes.

It should be noted that the sample ZPLO ruptured unexpected under medium load near the upper clamp, which
was indicated before by a strong hot spot. Thus, the fatigue trial terminated at 163 MPa loading level.

The final result of a complete fatigue investigation is the compilation of amplitude and phase lag values for all
loading levels, as shown in Fig. 11 and Fig. 12. Here, the entire region between the extensometer clips was used to
calculate averaged values.
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Fig. 11: Temperature amplitudes from the first Fig. 12: Phase lags from the first harmonic for both

harmonic for both samples ZPL 0 and ZPS 1 versus samples ZPL 0 and ZPS 1 versus stress amplitude

stress amplitude

From the analysis of the curves in Fig. 11 and Fig. 12 it can be seen, that there is a significant variation in both
the thermoelastic amplitude as well as the phase around a stress amplitude of 150 MPa. The stress at which the significant
variation of the thermal parameters is found can be considered as an estimator of the fatigue limit of the material, which
seems to be in agreement with the results of previous studies [12].

Another noteworthy observation is that, despite the pronounced difference between the ZPL and ZPS specimens,
there are no discernible differences in the fatigue behaviour of the two directions, at least from these preliminary
investigations on these two specimens.
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6. Discussion of quasistatic tensile testing

As described in the introduction part the heat release of a specimen under load is mainly determined by the local
stress level. But the spatially resolved consideration of temperature transients could not be conducted in the usual way i.e.
computing an average temperature within a selected region of interest (ROI) along the entire sequence. Therefore, a
reshaping procedure was applied to compensate the shape variation due to the quasistatic loading tensile test. Essentially,
the applied displacement on the test specimen due to the tensile tests was measured using object-tracking with the
OpenCV Python library. Certain distinctive features in the testing machine grip that retained their appearance throughout
the test were identified and tracked across all the images of a sequence. A transformation matrix based on the translation
of the feature was used to perform the affine transformation (“warpAffine” function in OpenCV) on the thermograms to
correct for testing machine actuator movement. The measured displacement is then used to produce a corrected
thermogram where the original specimen size is kept, and the thermal data is representative of accumulating plastic
deformation.

The results of the reshaping procedure are exemplarily presented in Fig. 13, for the ZPL specimen. All significant
thermographic features remained. But now, difference thermograms can be calculated (Fig. 14). This procedure supresses
the influence of the heat impact from the lower clamp and makes the heat release due to damaging processes in the central
part more distinguishable.

Reshaped Reshaped NOT Reshaped
475 MPa 705 MPa 705 MPa
Reshaped Reshaped Reshaped  NOT Reshaped
0 MPa 475 MPa 705 MPa 705 MPa
- 34 6
33 5
325, 4 _
307 9 g
29 1
28
28 0
Fig. 13: Corrected thermograms from the quasi- Fig. 14: Difference thermograms of two
static tensile test on a ZPL-specimen at different loading corrected thermograms from Fig. 13 with the first
levels: 0, 475 and 705 MPa compared with the “un’- thermogram of the trial, a difference thermogram of raw
corrected thermogram. data is shown separately on the right side (discussion in

text)

This can easily be verified by the furthest to the right difference thermogram in Fig. 14 which represent a difference
thermogram without reshaping. The modified stretched sample geometry results in “ghost” features in the lower part, and
the maximum temperature in the central region is certainly lower than in the corrected difference thermogram. This results
probably from the incorrect difference calculation with a “zero-thermogram” with a lower warm clamp. Thus, raw
thermograms strongly suffered by the initial inhomogeneous temperature distribution of the specimens. A similar issue was
also regarded in [13] for fatigue measurements.

The obtained sequences of difference temperature distributions allow the quantitative analysis of the layered
substructure of the ZPL specimen detected at the raw thermograms (see Fig. 7). To highlight the wavy substructure some
profile lines in vertical direction were averaged to reduce the noise influence. Fig. 15 and Fig. 16 show the results for ZPL
and ZPS orientation providing again the different behaviour of material orientations under tensile loading. The temperature
profiles from the lowest tensile load are well below the yield strength, thus they are representing the thermoelastic cooling
effect. Please note the rising of the wavy substructure at the ZPL orientation starting in the range of 400 ... 500 MPa tensile
load. This appeared in parallel to the general temperature increase with its maximum in the central part of the specimen
with the smallest cross-section area. The amplitude of the temperature substructure is about 200 mK between minimum
and maximum, with a spatial width of about 18 pixels., which is equivalent to 5.5 mm. This value is 10% higher than
expected from the original width of 4.5 mm per bead with additional 10% strain for 500 MPa. Perhaps it is an indication of
inhomogeneous strain distribution along the vertical axis.
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Fig. 15: averaged difference temperature profile Fig. 16: averaged difference temperature profile
lines from a ZPL-specimen under different loading levels, lines from a ZPS-specimen under different loading levels,
each profile is an average of 5 individual parallel profile each profile is an average of 5 individual parallel profile
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Reshaped thermograms also allow the consideration of surface temperature transients within stationary regions
of interest (ROI). However, using a large ROI (large means large in comparison to the entire strain of the specimen) the
general shape of the transient curve is not really influenced by the reshaping. This can be inspected on Fig. 17, where the
stress curve is also plotted for comparison. The most impressive feature of this comparison is that the temperature curves
have a lot of features while the stress-strain curve is almost featureless although the same process was monitored. One
interesting aspect is the appearance of a plateau between 5 and 18% strain. From a physical point of view, it indicates a
change of the internal deformation processes within this strain range to other processes with almost no heat release.
During further strain increase a second change appeared, back to the usual behaviour with heat release. The transition is
sharp like an internal phase transition. On the other hand, the usually observed stress-strain-curve shows no indication of
these internal changes at all. The transients of the ZPS specimens (not shown here) also reveal a series of temporal peaks
but not this plateau.
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Fig. 17 comparison of a raw temperature and a corrected (by reshaping) temperature
transient profile (right scale) of the ZPL-specimen, averaged within the ROI indicated in the
thermogram on the left side, the related stress-strain curve (left scale) was already shown in Fig. 5

All presented thermographic results were obtained at one ZPL specimen and one ZPS specimen. Further results
from other specimens are similar but could not be reported here. The next step will be a complete evaluation of the entire
data sets from both: the mechanical as well as the thermographic investigations. In case of fatigue testing only the two
presented data sets were available, but further trials are scheduled. Of course, the assumptions and explanations
concerning the substructure must be verified by further investigations including DIC and optical micrography. Further, it is
necessary to investigate the other orientations of the manufactured block to understand the general behaviour of this kind
of material.

7. Conclusions
Specimens of two different orientations were machined from an AlSI 316 L block manufactured by DED-arc. The

different samples were investigated in tensile loading: quasi-static until ultimate failure and cyclic with different loading
levels to characterize the fatigue behaviour. Both methods were assisted by thermographic observations to learn more
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about the spatial distributions of stress and damaging processes. The thermographic results were similar across quasi-
static and fatigue loading. The specimens of one orientation (ZPL) reveal a substructure noticeably related to the
manufacturing process. In order to correct the strong deformation due to a strain of 30% and more the thermographic
sequences were processed with image processing tools to achieve a reshaping. A direct comparison of conventional
stress-strain curves with temperature strain curves could demonstrate the sensitivity of the temperature signal to inner
structural changes without any equivalent indication in the stress strain curve. In case of the ZPL orientation, a plateau
appeared in the temperature strain curve related to strain processes with almost no heat release far beyond the yield
strength. Although some mechanisms and their thermographic signature are not yet fully understood, the obtained results
highlight the additional benefits of using thermographic observations in conventional material investigations.
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