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Abstract: This paper investigates the effects of various process parameters, specifically the substrate
temperature, on weld track geometry in Directed Energy Deposition (DED) processes. A specialized
experimental setup integrated within a DED machine facilitates controlled thermal conditioning of
sample sheets. Through Design of Experiments (DoE) methods, individual weld marks are
generated and analysed to assess geometric characteristics. Regression models are constructed to
predict machine parameters for desired weld geometry at different substrate temperatures.
Validation experiments confirm the accuracy and reliability of the regression models. Results show
a consistent trend towards target geometric features across a broad range of substrate temperatures.
Despite deviations in measured values, successful fabrication is achieved, demonstrating robust
bonding between weld and substrate. Contact angle predictions exhibit precision within a partial
temperature range for proper deposition. The developed model offers insights for optimizing DED
process parameters to achieve desired weld characteristics, advancing the capabilities and reliability
of additive manufacturing technology. Future work aims to refine the regression model and explore
additional mathematical relationships for enhanced accuracy. An implication of this work is the
potential to vary the local mechanical properties of parts by controlling the temperature profile
while maintaining consistent geometric characteristics. By manipulating the substrate temperature,
it may be possible to tailor the microstructure and mechanical properties of fabricated components
in the future to meet specific requirements in different regions of the part.

Keywords: additive manufacturing; direct energy deposition; laser metal deposition; DED; LMD;
316L; 1.4404

1. Introduction

In the realm of additive manufacturing, particularly in the DED process, achieving precise
control over weld seam geometry is one crucial factor for ensuring structural integrity and functional
performance of fabricated components [1]. To this end, understanding the intricate interplay between
process parameters and resulting weld characteristics is indispensable. In this paper, we present
comprehensive investigations focused on elucidating the effects of various machine parameters and
specifically the temperature of the substrate on weld track geometry in DED processes. The
experimental setup employed in this study integrates a specialized apparatus for heating of sample
sheets within the workspace of the DMG MORI LT65 3D DED machine. This setup facilitates
controlled thermal conditioning of the samples, essential for reproducible experimentation.

In previous studies [2—4], researchers investigated the impact of temperature on DED processes.
However, they did not address the broader scope covered in this work. Here, we focus on developing
a comprehensive model to ensure consistent weld geometry across a wide substrate temperature
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range, up to 800 °C. Key process parameters including laser power, traversing speed, powder mass
flow, and substrate temperature are therefore methodically altered to examine their influence on
weld track geometry. Utilizing Design of Experiments (DoE) methods, a total of 360 individual weld
marks are generated and analyzed. The geometric characteristics of each weld track, including height,
width, dilution and contact angle, are assessed through incident light microscopy. Subsequently, the
acquired data is employed to construct regression models, enabling the prediction of suiting machine
parameters for a desired weld geometry at different substrate temperatures. Validation of the
regression models is conducted through additional experiments, where machine parameters are
determined based on target geometry specifications. Results of these validation experiments, along
with their comparison to the specified values, provide insights into the accuracy and reliability of the
regression models. Through this systematic investigation, we aim to enhance the understanding of
the intricate relationships between process parameters and weld track geometry in DED processes.
The findings presented herein offer valuable insights for optimizing DED process parameters to
achieve desired weld characteristics, thereby advancing the capabilities and reliability of this additive
manufacturing technology.

2. Materials and Methods

The following section of this work gives a brief introduction into the here used additive
manufacturing technology DED. Finally, the experimental setup and procedures are explained.

2.1. Directed Energy Deposition (DED)

The DED process is characterized by the simultaneous delivery of powder and laser onto a
substrate. As shown in Figure 1, metal powder in the form of particles is carried within an inert gas
flow through the channels of a coaxial nozzle. A laser heat source, directed through the inner opening
of the nozzle, creates a locally allocated melt pool on a chosen substrate. The fine metal powder
particles are then melted within the melt pool and fused to the substrate. By placing welds next to
each other and stacking the created layers, a 3D object is created. Besides creating whole 3D parts,
the process can also be used to repair high-value parts by, e.g., filling in worn-out regions of a die-
cast tool. By facilitating special powder delivery systems, it is also possible to change or mix different
powders during the process to create graded materials. The particle size of typically used powder in
the DED process ranges between 50 and 150 pm [5]. It should be noted that there is a variety of
different names for the DED-Process in the literature [6]. [7] gives a good overview about the used
terms in the literature for the interested reader.

substrate

Figure 1. Schematics of the DED process [5].

2.2. Experimental Setup

To conduct the experiments, a dedicated apparatus for precise heating of the samples was
integrated within the workspace of the DMG MORI LT65 3D DED machine (see Figure 2a). This
apparatus comprises a ceramic body designed to securely accommodate the sample sheets, thereby
providing both thermal insulation and electrical isolation from the ambient environment. The sample
sheets are affixed onto the ceramic body through the utilization of water-cooled electrodes, which are
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secured by toggle levers. Each sample sheet measures 30 x 170 x 3 mm and is composed of the material
1.4404. For resistive heating, a welding transformer delivering a peak current of 630 A at a voltage of
4.85 V was used. The temperature of the sample sheets was monitored utilizing an infrared camera
(Optris P1400i) in conjunction with a thermocouple. The used nozzle was the machines standard
COAX14 AA13 nozzle.

water cooled
electrodes

ceramik sample
holder

() (b)

Figure 2. Experimental setup and samples: (a) experimental setup; (b) Samples sorted in ascending
bins by substrate temperature in zig-zag-fashion (Start: Upper Left Corner > down -> right & up).

2.3. Experimental Procedure

The experimental protocol commenced with the initiation of the welding program for the
application of individual weld tracks, with the laser head positioned just prior to the starting point
of the operation. Subsequently, the feed rate was manually adjusted to 0%, and the sample sheet was
heated to approximately 50°C above the target temperature. Once the temperature of the sample
sheet approached within a range of +5°C of the target temperature, as determined through
temperature measurements, the feed rate was reinstated to 100%, and the program execution was
thereby initiated. Following the heating phase, five individual welding tracks, each measuring 20 mm
in length, were deposited onto the preheated substrate under identical powder mass flow rate
conditions. The parameters for the welding tracks were systematically varied as outlined below:

1. laser power in W: 500, 1000, 1500, 2000, 2500

2. traversing speed in mm/min: 400, 800, 1200

3. powder mass flow in g/min: 5, 12.5, 20

4. substrate temperature in °C: RT, 100, 200, 300, 400, 600, 800, 1000

The experimental setup as well as the experimental outcome is shown in Figure 1.

Using DoE-Methods, the parameters were combined and experiments with the chosen
combinations were conducted. The resulting 360 individual weld marks were first separated
orthogonal to the direction of application and embedded, ground, polished and etched using V2A
etching component (hydrochloric acid fuming 37%: 500 ml/l, nitric acid >65%: 50 ml/l, Dr. Vogel's
economy etch: 1.5 ml/l) for further investigations. Stitched images of the weld track cross-section were
then taken using an incident light microscope (Keyence digital microscope VHX5000) with 200 times
magnification. This images then were used to determine the geometric characteristics analog to the
literature [2,8-11] as shown in Figure 2.

The data obtained was then used to create a regression model to make specific predictions about
the machine parameters required for different desired geometric characteristics. The ones chosen
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were bead width and height, dilution and contact angle of individual weld seams at different
substrate temperatures. The contact angle has been measured at both sides of the weld and used to
form a mean value. To approximate the level of dilution the ratio between the area of the molten
substrate Material (4.) and the total area of molten material (3. +4.) is used.

Dilution =

3. -I-.4. @

The “Minitab 2018” software was then used to create regression functions. The boundary
conditions are defined as follows:

Responses Continuous predictors

. Travel speed o Bead width

J Laser power o Bead height

. Contact angle o Dilution
. Substrate temperature
. Powder mass flow

All other settings within the software have been left as standard. The contact angle response is
used as a check to ensure that the contact angle is within a specified tolerance range of > 90 °. As
mentioned in the work of [12], contact angles of near 90° or below are not desirable since they can
lead to a higher probability for lack of fusion defects with the substrate. Another, more recent work
suggests that for a fully dense component outcome, the contact angle should be between 120 and 140
° [13]. As the powder mass flow rate is not a directly controllable process variable, it was assumed
here as a predictor as it can be kept constant during the process. The model can therefore be used to
specify the desired target geometry in the form of seam width, height, and dilution. With knowledge
over the desired powder mass flow and the substrate temperature, the traversing speed and laser
power required to generate these target variables will then be calculated using the developed
regression functions.

3. Results

The measurement results of the conducted experiments were analyzed using correlation
analysis. The Pearson correlation coefficients and the corresponding p-values resulting from the data
are shown in Table 1.

Table 1. Correlationmatrix.

Laser Powder Substrate | Bead | Contact | Bead
Feedrate ) .
power mass flow temp. width angle | height
Feedrate 0.00
1.00
Cell contents:
Powd i 0.00 0.00 - Correlation according
owder mass flow 1.00 1.00 to Pearson
- p-value
0.00 0.00 0.00
Substrate temperature
1.00 1.00 1.00
Bead width 0.53 -0.23 0.11 0.26
0.00 0.00 0.04 0.00
-0.26 | -0.15 0.57 -0.34 -0.28
Contact angle
0.00 0.00 0.00 0.00 0.00
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5
0.10 -0.60 0.68 -0.01 0.49 0.61
Bead height
0.06 0.00 0.00 0.91 0.00 0.00
o 0.64 0.03 -0.47 0.23 0.33 -0.61 -0.33
Dilution
0.00 0.64 0.00 0.00 0.00 0.00 0.00

The following main dependencies can be derived from this:

e  Track width & laser power (0.527)

e  Contact angle & powder mass flow (0.566)

e  Track height & powder mass flow + feed rate (0.677 + -0.597)
e  Dilution & laser power (0.638)

Thus, the track width increases with increasing laser power. The contact angle increases with
increasing powder mass flow. The track height increases with increasing powder mass flow and
decreases with increasing feed rate. The dilution increases with increasing laser power. Since the
powder mass flow is not reliably controllable during the process — it must be calibrated before each
print job — this process parameter will be kept constant. This leaves the feedrate and laser power as
controllable process-parameters. The evaluation of the 360 experiments yielded the following
regression functions for the responses travel speed, laser power, and contact angle:

Feedrate = 876,7 - 0,0327 bead width - 0,6827 bead height + 1,829 dilution + 0,0002

substrate temperature + 43,45 powder mass flow M

Laser power =-310 + 0,3367 bead width - 0,0614 bead height + 16,82 dilution - 0,7274 o)
substrate temperature + 40,78 powder mass flow

Contact angle = 94,63 -0,01991 bead width + 0,04392 bead height - 0,1893 dilution - 3)

0,03146 substrate temperature +2,439 powder mass flow

To validate the model, experiments were carried out in which the regression functions were used
to determine the machine parameters for selected geometry target variables. In this experiment, we
deposited five beads at each substrate temperature level, using identical process parameters. This
mirrors the setup of the previous 360 experiments, with a minor adjustment: we controlled the
temperature between each bead and, if needed, waited for the substrate to cool before proceeding.
The values for the continuous predictors and geometry target variables were chosen as 3 mm for the
bead width, 1 mm for the bead height, 15% for the dilution, and 15 g/min for the powder mass flow
at substrate temperatures of RT, 200, 400, 600, and 800°C. Choosing 15 g/min is the attempt of
maximizing the material output while not fully utilizing the material transport capabilities of the
machine. The height and width that has been chosen fits the literature requirement of an aspect ratio
of 3 to 5 (aspect ratio = width / height) [14]. The resulting machine parameters can be found in Table
2:

Table 2. Answers to regressions functions at different substrate temperatures.

Substrate temperature °C Feedra.te Laserpower Contact Angle
mm/min \4 °
RT 775.09 1485.865 111.77825
200 775.125 1358.57 106.2675
400 775.165 1213.09 99.9695
600 775.205 1067.61 93.6715
800 775.245 922.13 87.3735

As can be seen, the difference in feed rate is negligible compared to the laser power. However,
according to the model, there is a significant difference in the resulting contact angle of the individual

d0i:10.20944/preprints202404.1587.v1
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tracks, which must be considered in further investigations if it actually occurs. Three weld beads were
produced for each parameter pair for model validation using the same experimental setup as before.
The results of the investigations are shown in Figure 3.

Figure 3. Cross-sectional image of a weld track with the measured geometric characteristics. 1: height,
2: width, 3: welded-on area above substrate surface, 4: welded-in area within substrate, 5: contact
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Figure 4. Results of model validation experiments shown as error bands (squares indicate mean value,
error-band derived from standard deviation) for individual welding bead bins with the desired
quantities as horizontal dashed line and the anticipated contact angle values as triangles: (a) width;
(b) height; (c) dilution; (d) contact angle.

4. Discussion

The results of the model validation indicate a deviation between the measured target variables
and the specified values. However, it’s important to note that the DED process typically exhibits a
certain level of variability in results, particularly concerning weld bead heights and widths. This
inherent variability is well-known in the field, and as such, the observed results can be considered
sufficiently accurate. Notably, there is a consistent trend towards the target values of geometric
features across the range of substrate temperatures, which aligns with the primary objective of this
study. The maximum deviation of the mean measured value across the temperature range from the
target value is 7% for width, 11.82% for height, and notably, 82.69% for dilution. While the significant
deviation in dilution may initially raise concerns, it’s essential to consider the practical implications.
Despite the low measured dilution values, examination of cross-sectional images (Figure 5) reveals a
robust bond between the weld and the substrate, demonstrating successful fabrication even with
minimal measured dilution.

Figure 5. Images of cross-sectional cut weld beads, dilution in % in the upper part of pictures,
substrate temperature adjacent to each picture.

Regarding the prediction of contact angles, the model demonstrates decent precision,
particularly at room temperature and 200°C substrate temperatures, where the error band closely
encompasses the predicted values. Although the model predicts a decrease in contact angle with
increasing temperature, real-world investigations reveal a different trend. Nonetheless, the contact
angles for each temperature level falls within the range necessary for proper deposition, spanning
from 90 to 140 degrees.

In summary, the developed model effectively forecasts process parameters for different
substrate temperatures, resulting in a consistent geometric outcome of individual weld beads. While
adjustments may be necessary to enhance the accuracy of the prediction, the manufactured weld
beads meet all criteria for the theoretical production of fully dense volumetric parts. Future
endeavours should focus on refining the regression model using data from validation experiments
and conducting a precise analysis of the relationships between process parameters and target values.
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