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Abstract

Steels with a high carbon content are considered to be difficult to weld. High carbon equivalent indicates not only problems
when joining such steels but also when using them as substrate in additive manufacturing (AM). In this study, the possibil-
ity of manufacturing a high-strength steel structure on a high-carbon steel substrate using plasma wire arc additive manu-
facturing (PWAAM) is demonstrated. This study deals with the thermal history and its effects on the substrate resulting
from a multilayer build-up. In-substrate temperature measurements as well as metallographic and hardness measurement
will provide an understanding of the influence of the process on the substrate. Additionally, a local pre-heating concept
using penetration depth induction (PDI) is considered. PDI also enables energy rearrangement in which energy is removed
from the AM process and introduced directly into the substrate by PDI. These variants of the preheating concept are also
being investigated concerning their effects on the substrate and its properties. A comparison of multilayer buildup without
and with PDI is intended to show the differences but also the possibilities that can be achieved with the PDI approach. The
investigations carried out are intended to create the basis for a quality AM structure on a high-carbon steel substrate as well
as optimized properties of the substrate. It is also shown that the transition zone between the substrate and the AM structure
is not trivial for such a material combination.

Keywords High-carbon steel; Plasma arc additive manufacturing - Penetration depth induction - Local heat treatment -
Microstructure - Properties

1 Introduction

The advantages of additive manufacturing (AM) are obvi-
ous, and the demand for innovations is high [1, 2]. Although
powder-based processes account for the majority of commer-
cial production [3], processes with higher melting rates and
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higher degrees of freedom are becoming increasingly impor-
tant. Wire-arc processes (WAAM) meet these requirements
[4], but there are still many challenges [5, 6]. One of these
WAAM processes is the plasma-based process (PWAAM).
Compared with the tungsten inert gas (TIG) arc, it offers a
higher energy density due to the focused plasma arc. Since
there are different types of arc modes in the plasma process
(transferred and non-transferred arc), this process can be
used to cover a variety of applications. For example, micro
welding up to key-hole welding but also surface cleaning or
activations are possible, which offers a wide range of pos-
sibilities in AM.

However, it is not only the processes that are of interest
but also the materials used [4, 7]. A great deal of thought
is being given to hybrid components in which the substrate
already represents a functional part of a component that is
supplemented by AM. Particularly in such cases, not only
the additive materials, but also the substrate materials are
important. One implementation of this concept already exists in
the repair of existing components such as dies or other tools [8].
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Some of these components are made of steel with limited
weldability, such as conventionally quenched and tempered
steels, which are widely used in tools and standard com-
ponents with high strength and good tribological proper-
ties [9]. The required properties are achieved by martensite
formation due to the high carbon content of these steels
[10]. The energy applied during welding as well as during
WAAM leads to the melting of the materials as well as to
high-temperature gradients in the unmelted material. This
zone is generally known as a heat-affected zone (HAZ) and
exhibits microstructural transformations which are due to
the welding-induced local heat treatment [11]. In the case of
high-carbon steels, this leads to hardness peaks in the HAZ.
In combination with residual stresses, this can result in cold
cracks or hydrogen-induced cold cracks in the presence of
hydrogen. Since other alloying elements also have an influ-
ence on the hardening and subsequently on the cold-cracking
susceptibility of the material, the carbon equivalent (CEV)
was developed. The carbon equivalent according to IIW is
shown in Eq. 1 [12].

Mn Cr+Mo+V  Cu+Ni.

CEV=C+?+ S + G in% (1)

At a CEV >0.45% (according to IIW), preheating is
required to avoid cold cracking [11]. The preheating tem-
perature depends primarily on the tendency to harden, i.e.,
the carbon content or CEV, but there are also other influenc-
ing factors such as sheet thickness, heat input, and hydrogen
content. Thus, there are different calculations to estimate an
adequate preheating temperature. In addition to global heat
treatments, there is also the possibility of tempering the weld
using the heat from the next weld layer, this is widely known
as temper bead welding. This technology has been estab-
lished very well for repair welding as it usually eliminates
the need for subsequent heat treatment [13, 14].

To study the influence of preheating for the AM on a
high C steel with and without preheating, local preheating
using a penetration depth induction (PDI) was used in this
work. Typically, induction as a heat source is mainly clas-
sified based on its working frequency. Penetration depth
thus depends on the substrate material’s electromagnetic
permeability (ur), but then mainly on frequency. The higher
the frequency, the more superficial the heating effect (skin
effect) of the induced eddy currents (I [A]) that are shorted
out by the material’s ohmic resistance (R [£2]), yielding a

heating power based on electric power (P =P*R [ W [15].
In theory, primary penetration depth (being defined as the
depth into the material where significant heat is being cre-
ated) could be achieved if the frequency is low enough, but
the poor field concentration at lower frequencies leads to
poor efficiency. With penetration depth induction, it is possi-
ble to achieve a high effective depth despite a low frequency
(15 kHz).

This study investigates the effect of preheating with a
local PDI system on the final microstructure and hardness
distribution for a high-C steel. Also, the annealing effects on
high-C steel during PWAAM are investigated and compared.
Additionally to classical preheating to reduce hardness, the
idea of “energy rearrangement” is applied. In this approach,
more energy is introduced into the substrate using preheat-
ing. In return, energy input from the welding process can be
reduced significantly.

2 Materials and methods
2.1 Material
2.1.1 Substrate

The substrate material used is a modified C55E whose
chemical composition is given in Table 1. It is classified
as unalloyed quenched and tempered steel according to EN
ISO 683-1 [16]. The CEV calculated according to Eq. 1 is
0.78%.

In this study, two different specimen geometries were
used, both of which were taken from a forged component.
The first geometry for the step test is shown in Fig. 1 and
was normalized for 35 min at a temperature of 850 °C before
final machining [10]. The three holes in the center of the
longitudinal axis were used for temperature measurement as
close as possible to the fusion line. For this purpose, disks
of the same material with the same heat treatment were
manufactured to which a type K thermocouple (TC) with a
spherical cap (Fig. 2a) was attached using capacitor weld-
ing. These disks with the attached TC were then pressed into
the specimen geometry (Fig. 2b). The second geometry is
a simple cuboid with dimensions 31 X 31 x 130 mm (shown
later in Fig. 8). This second geometry was not heat-treated.

Table 1 Limits of the chemical

% C Si  Mn P S ar M Ni Cu Cr+Mo+Ni

elements of a C55E and (mass7) ' " ' ° ' . ' ° !

chemical composition of the C55E min 052 0.1 0.6 _ - _ _ R _ _

substrate used max 060 040 090 0025 0035 040 0.1 04 03 063
Substrate 056 037 079 001 0001 026 0006 0.16 004 048
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Fig. 1 Schematic of the step test; below, specimen geometry; above, the welded layers

Fig.2 Specimen preparation for
internal temperature measure-
ment: a TC with spherical cap
and ceramic sleeve, b disk with
welded-on TC

N

(a)

2.1.2 Filler wire

The filler material used is a 10NiMnMoCr8-7-6 (3Dprint
AMBS80 HD) from voestalpine Bohler Welding group. It was
developed for the production of WAAM components which
provide high strength with good ductility and toughness.
Since in this study not only the transformation of the sub-
strate but also that of the deposited weld metal is of interest,
a CCT diagram of the welding wire used was already created
(see Fig. 3) [17]. The orange dashed lines show the cooling
curve of a tg;s time measured during the first experiment.
The CCT diagram also indicated the chemical composition
of the filler material used.

2.2 PWAAM process

All tests in this study were carried out with the SBI-
M3DP-SL (SBI GmbH). Figure 4a shows the working
chamber of the machine with the torch (PMW 450) and a
two-wire feeding system as well as a pyrometer (Micro-
Epsolon thermoMETER CTLaser) that moves with the
torch. Figure 4b shows the torch distance as well as the
positioning of the wire for all experiments conducted in
this study. In all experiments, only a single wire feeder
was used. The wire was fed directly into the transferred

AMB80 i position [weight-%]
Fe [ Si Mn Cr Ni Mo
bal. 0,09 0,40 1,70 0,35 2,00 0,60
Austenitization temperature: 1300 [°C]
Holding time: 5 [s]
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Fig.3 Welding CCT diagram for the filler metal used based on a
peak temperature of 1300 °C [17]. The dashed line represents a typi-
cal cooling curve for the AM process investigated in this paper. Val-
ues at the end of the cooling curves represent the hardness according
to Vickers HVS
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Fig.4 a Working chamber

of the 3MDP-SL with main
components, b torch with wire
feeder

plasma arc against the welding direction to create a fine
droplet material transition. A plasma nozzle with a diam-
eter of 3.2 mm was used for welding. The plasma process
was also used to clean the sample’s surface before the
experiment. Argon was used as the plasma and shielding
gas. The welding and cleaning parameters used are shown
in Table 2.

2.3 Penetration depth induction

For preheating, the penetration depth induction system
VauQuadrat V4 (VAUQUADRAT GmbH) with an inductor
type Robbiductor B was used. The inductor was mounted
on the actuator system which moves the torch. The power
recorded by the PDI system was measured using a ORNO
OR-WE-516 power meter.

2.4 Investigations

The samples from the experiments were cut, ground with
SiC paper up to #4000 grit, polished to 1 um, and then
etched with a 2% Nital solution for 5 s [18]. For the mac-
roscopic micrographs, a Nikon D90 with a Nikkor Macro
105 mm objective was used. Detailed microstructural
examinations were performed with a Zeiss Observer Z1m
microscope. Hardness measurements were performed
with the EMCO TEST DuraScan 70 G5 using Vikas HV
0.1 according to the standard EN ISO 6507-1.

3 Experiment

In this study, two individual experiments with different
experimental setups were performed.

3.1 Step wall test

The substrate with the three internal TC was clamped onto
the welding table as shown in Fig. 5a. The surface was
cleaned over an area of approx. 15X 300 mm using a soft
transferred arc plasma. For this purpose, three adjacent tra-
jectories were run with the parameters shown in Table 3
without filler material.

After the cleaning process, the sample cooled down until
all three TC were below 30 °C before starting the actual
experiment in order to avoid preheating of the sample.

Then the first layer with a length of 300 mm was welded,
the start of the layer is about 15 mm inside the specimen (see
Fig. 1). To smooth the start and end sequence of the process,
welding was performed with process ramps, which led to a
safe transition to the quasi-static welding process. The ramps
used are illustrated in Fig. 6. The temperatures of the three
TCs below the build served as a trigger for a continuation
of the process. Since the entire test setup heats up, a trigger
temperature of 80 °C was selected for layers 2 and 3 and
100 °C for layers 4, 5, and 6. The sampling rate of the TC
was 4 Hz during the whole experiment. The finished step test
is shown in Fig. 5b. The finished sample was cut as shown
in Fig. 7, so that a sample could be taken from the center of
each layer for further analysis.

Table 2 Cleaning and welding

Parameters Main cur- Voltage (V) Traveling speed Wire speed  Plasma gas  Shielding
parameters rent (A) (mm/s) (mm/s) (I/min) gas (I/
min)
Cleaning 55 18 10 - 1.5 10
Welding 260 28 5 50 1.5 10
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Fig.5 Welding test: a clamped
after plasma cleaning, b com-
pleted test after six layers

Table 3 Test matrix for the second experiment 3.2 Preheating with penetration depth induction
Test Task Power PDI (%) Welding . . .

current For the second experiment conducted in this study, pen-

(A) etration depth induction was used to selectively preheat a
Vi Temperature measurement 100 0 ;amplc*:. F;)r this %)uﬁ‘posle, the 1ndu;tor \x}/las mo.un;e'd agpfl?}i(.
va Weld reference 0 260 . glm in front o tde P aSI‘II(llE.l torc a; shown in 1g(.l. . The
V3 Preheating 9% 260 111c 1uctor w;ls mo}xlze at wle 1n§l% speed at a constant distance
V4 Energy rearrangement 100 195 of I mm above the sample surface.

In the first test, induction and the effect on surface tempera-
ture were measured. For this purpose, the inductor was moved
over the specimen at 100% power without an active plasma
0 length Layer 1 [mm] a0 process. The energy consumed by the PDI system during the

1 2 285 test was 11.2 kW. Since power losses within the device as
well as at the inductor or magnetic field losses could not be
detected, no further statement about the real energy input to
the sample can be made and the value is purely descriptive.

While the inductor was heating the sample, two tempera-
ture measurements were performed: one by the pyrometer
10 mm behind the inductor and the second one by a welded
TC type K at position K4 (see schematic Fig. 8). The sam-
1000 0s 95 g0 pling rate of the TCs was 5 Hz.
welding time Layer 1 [s] After this first experiment, a new specimen was clamped,

and a 100-mm-long weld was created with the parameter set
Fig.6 Process ramps used, example at layer 1 according to Table 2. Here, the same parameter ramps from
Fig. 6 were used at the beginning and end of the process.
This test (V2) was performed without preheating using PDI

260

uasi-static process
180 ! P

current [A]

50

wire speed [mm/s]

Fig.7 Cutting plan with cross-
sections taken from each of the
six layers

b 50 mm |
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Fig. 8 Real test setup (left) and
schematics (right)

and serves as a reference as the sample geometry and clamp-
ing are different from the other experiment (step wall test).

In the following test (V3), the same weld was performed
on a new specimen with PDI-based preheating. For this test,
the PDI system was reduced to 90% power.

In a final test (V4), the procedure was repeated but at
100% power of the PDI and a reduction of welding current
to 75% (195 A). The entire series of tests for the preheating
experiment are shown in Table 3. All test samples were cut
in the middle of the sample where the TCs are located.

4 Results
4.1 Step wall test
4.1.1 Temperature

Measured thermal cycles are shown in Fig. 9. The readings are
limited at 1000 °C, so values above this are not considered. It

Fig. 9 Temperature measured
during the step wall test 1000

900 \

700
600
500

400

temperature [°C]

300

200

100

0 500
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is noticeable that the cooling of TC K2 is slower than that of
K1 and K3; thus, the cooling curve of K2 intersects with that
of K3. Also, the peak temperature of layer 3 is higher for K2
than for K1. Since K3 is only over-welded on the first two lay-
ers, it does not show another temperature peak for further lay-
ers and approaches around 60 °C. The same applies to K2 at
the fifth layer. K1 experiences temperature peaks up to the last
layer, where they decrease successively from 930 °C (layer 3)
to 635 °C due to increasing build height. The measured peak
temperatures and tg/5 times of the individual TCs are listed in
Table 4; the temperatures and tg/5 times have been rounded.

4.1.2 Geometry and microstructure

Figure 10 shows the cross-sections after a different number
of layers in the step test. The first three layers are on average
about 1 mm narrower than layers 3—6. Thus, pinching at the
second layer can be seen. The build height decreases from
layers 1-5 continuously from 1.5 to 0.9 mm per layer and
increases in layer 6 to about 1.5 mm.

temperature data

l —TCK1
—TC K2
TC K3

—trigger temp.

1000 1500 2000

time [s]
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The size of the HAZ is mainly determined by the first
layer and does not change its shape over the other layers. It
exhibits a slight asymmetry, which is also constant across
all layers.

The microstructure of the first layer (Fig. 11) shows a
classic welded structure [11] with a columnar martensi-
tic structure in the weld metal, a martensitic coarse-grain
heat-affected zone next to the fusion line (Fig. 11d1), and a
subsequent fine-grain heat affected zone, which is initially
martensitic but then changes to fine-grained pearlite/ferrite
(Fig. 11d2) and finally ends in the original pearlite/ferrite
structure of the base material.

In the cross-section of layer 2 (see Fig. 12), the colum-
nar grains in the fusion zone of layer 1 partially trans-
formed into equiaxed coarse-grained martensite. The
grain size of the formerly coarse-grained zone of layer 1
changed into smaller martensitic grains (Fig. 12d3). The
fine-grained martensitic transition zone to the base mate-
rial now consists of tempered fine-grained martensite. The
lower part of this former fine-grained martensite area has
transformed into a fine-grained, mainly pearlitic structure.

This tempering of the martensite and transformation of
the former HAZ can now be observed layer by layer, with

each new layer and the resulting HAZ forming a further
zone of fine-grained martensite and pearlite/ferrite. This
leaves a recognizable undulating pattern. Figure 13 shows
this gradual transformation of the former HAZ of layer 1.

Continuous layer build-up not only influences the for-
mer HAZ and transforms its structure, but also the first
layers (see Fig. 14). The region of the former layer 1 now
shows a mixture of tempered martensite as well as pearl-
ite/ferrite in different grain structures due to sequential
dilution (Fig. 14d). The structure of the all-weld metal
where the influence of the substrate material is no longer
visible is clearly martensitic, varying in grain size until it
changes into a columnar structure in the area of the last
layer (Fig. 14).

4.1.3 Hardness

Figure 15 shows a comparison of the hardness and micro-
structure from layers 1 and 6. The previous layers and their
former contours are shown as blue dashed lines in the lower
part of the diagram, as well as their HAZ as red dashed
lines. At layer 1 we can see that hardness correlates with
the microstructure already described. The weld metal has a

Table 4 Measured peak

. Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6
temperatures and tg/5 times of
the individual thermocouples TC  Tpea tys  Theak tys  Theak tys  Tpea s Tpeak s Tpeax  lgss
K1 >1000 6 >1000 6 930 7 800 10 690 - 640 -
K2 >1000 6 >1000 8 >1000 9 850 10 140 - 90 -
K3 >1000 6 >1000 7 115 - 70 - 60 - 60 -

Fig. 10 Cross-sections of layers
1-6 and their dimensions
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Fig. 11 Microstructure of the
HAZ layer 1

Fig. 12 Microstructure of the
former HAZ after layer 2

Fig. 13 Comparison of the HAZ
of layers 1 (left) after adding the
second layer (middle) and after
six layers (right)

relatively homogeneous hardness of about 500 HV 0.1, in ~ HV 0.1 until it drops at the transition of the martensitic fine
the area of the fusion line hardness increases significantly ~ grain zone to the substrate until it settles at a level of 250
to a max. of 830 HV 0.1, which indicates a change to the =~ HV 0.1 in the base metal. This hardening is typical for the
martensitic coarse grain area where it remains at 700 to 800 ~ welding of high-carbon steels [19].

@ Springer



Welding in the World

Fig. 14 Microstructure of struc-
ture after layer 6

imprinfs

HV 0.1

distance [mm]

Fig. 15 Comparison of the wall after layers 1 and 6

The measurements after six layers show a very stable
hardness of around 400 HVO0.1 in the weld metal, which
fits well with the values in the CCT diagram. The annealed
weld metal of the former layer 1 is now the area with
the highest hardness, with a maximum of 540 HVO.1. In
the areas of the annealing zones (red dashed lines), hard-
ness decreases constantly to the 250 HV 0.1 of the base
material.

It can be seen that the former columnar grains in the
upper part of the diagram (layers 1 and 2) have com-
pletely transformed into an equiaxed grain structure. The
comparison also shows that hardening of the HAZ of
layer 1 has completely disappeared, and maximum hard-
ness is now in the area of the all-weld metal. The maxi-
mum hardness after six layers has decreased by about
300 HV 0.1 compared with the maximum hardness of the
HAZ of layer 1.

4.2 Preheating with penetration depth induction
4.2.1 Temperature

The temperatures of test V1 measured at location K4 are
shown as a green line in the right diagram in Fig. 16. This
temperature curve was recorded without an active plasma
process and reflects only the inductor as the heat source.
The value measured with the pyrometer in the center of the
sample was about 550 °C.

The left diagram compares the temperature measurements
with and without preheating (V2 and V3). Preheating is seen
in the first peak, which indicates the passing of the inductor.
The second peak is the heat of the subsequent plasma arc.
These two peaks differ from each other by approx. 100 °C.
Compared with the reference weld (V2), which is visible as
a dashed line, a significantly higher peak temperature can
be seen. A longer dwell time at a higher temperature level
can also be seen, which in turn means a longer tg/5 time in
the weld area [20].

The right diagram shows test V4, in which an energy rear-
rangement was performed in comparison with the reference
weld. The first temperature peak again indicates the induc-
tor and the second peak the plasma arc. In contrast to V3
(left diagram), the first peak is now about 100 °C higher,
which clearly shows the energy rearrangement. Again, the
temperature level and the dwell time are significantly higher
than those of the reference weld.

4.2.2 Geometry, microstructure, and hardness
The cross-section of the reference (V2) weld is shown in
Fig. 17 (left). The width and depth of the weld and HAZ of

test V3 are noticeably larger than that of the reference weld.
The situation is different in test V4, where the weld is higher
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Fig. 16 Left: preheating with PDI; right: energy rearrangement

and smaller, with a similar penetration compared with the
reference. The HAZ of V4 is very similar to the HAZ of V3.

The microstructure of the reference weld and its HAZ
are the same as described for layer 1 in Sect. 4.1.2. The
microstructure of the weld for V3 and V4 is comparable
with the reference. The HAZs of V3 and V4 are similar
but show significant differences compared with the HAZ
of the reference (see Fig. 18). The coarse-grained HAZ not
only consists of martensite but also contains pearlite and
ferrite (Fig. 18d5), which indicates much slower cooling
[20]. Further away from the fusion line, the microstructure
is fine-grained (Fig. 18d6). The transition from the coarse
grain zone to the fine grain zone can be seen as a striped
area in the HAZ. Even further away, the HAZ changes

Fig. 17 The geometry of the
welds and their HAZs from the
PDI experiment

V2 reference

@ Springer
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into a fine-grained pearlitic/ferritic structure, which cor-
responds to the substrate.

The hardness lines are measured in the same position
as for the step test. Figure 19 compares the reference
with the preheated welds (V3 and V4). The hardness of
the reference shows the same characteristic as shown for
layer 1 in Sect. 4.1.3, and comparable hardness values
are observed. The hardness values of tests V3 and V4 are
very similar to each other, and on average, they are 100
HV 0.1 lower than the weld metal of the reference weld.
However, in the HAZ, max. hardness is even lower com-
pared with the reference weld, which is a clear indication
of less susceptibility to cold cracking due to the in situ
preheating applied.

V3 preheating with PDI

V4 energy rearrangement
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Fig. 18 Microstructure V3

Fig. 19 Hardness measure- 1000
ments from the PDI experiment;
left, comparison reference and
preheating with PDI; right,
comparison reference and
energy rearrangement
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5 Discussion

The importance of the microstructure and the mechanical
properties achieved with WAAM components are attracting
increasing interest. For example, Hogstrom et al. [21]
and Huang et al. [22] are investigating the effects of
several temperature cycles on high-strength low-alloyed
(HSLA) steels. Both articles use physical and numerical
simulation to conclude microstructure formation and their
mechanical properties. Their aim is to predict the properties

distance [mm]

of WAAM-manufactured components. Both studies also
referred to the non-triviality of the process, as temperature
scenarios can differ. The filler metal investigated in the
current study falls within the concept of HSLA steels, but
the AM structure itself is not the focus of this study. So,
the temperature data shown here (Table 4, Fig. 9) refer to
the substrate. Hongstrom’s work shows similar temperature
cycles, but these relate to the AM structure. The temperature
data obtained are of more interest for the tempering effects
of the substrate in order to simulate these effects. [23]. Even
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this is challenging as temper bead welding does not proceed
in the same way as an WAAM process.

Welding the first layer leads to extreme hardening in the
substrate, which can be expected for these kinds of steels
[24]. This hardening makes these steels difficult to weld
concerning cold cracking. However, no cold cracking was
observed, neither after the first layer nor at the end of the
experiment. By continuously building up more layers, the
hardness in the HAZ could be significantly reduced, which
shows the tempering effect well. It is observed that the
maximum hardness decreased significantly and has shifted
to the transition zone in the area of the first layer (see
Fig. 15). This maximum hardness, due to the dilution of
the base material with the weld metal, is somewhat higher
compared with the all weld metal in the higher build area.
Therefore, the dilution should be as low as possible to
minimize the hardness peak.

The shape of the individual layers changes with continu-
ous buildup. A smaller width can be seen in the transition
zone between the substrate and AM structure, which can
be explained by the change in heat flow. In the first layer,
the heat flow is still in three dimensions, but from a higher
number of layers, it is only in two dimensions. The widen-
ing from layer 2 onwards is limited so that a constant layer
width occurs from a certain height onward. No constant
width could be achieved since only six layers were welded
in this study.

This smaller width in the transition zone could be coun-
teracted with a higher energy input in the first layers to
achieve a constant layer width from the beginning [25]. But
this would in turn lead to a larger HAZ. It is unclear whether
a similarly large tempering effect would then succeed with
subsequent layers.

Another way to avoid this smaller width in the transition
zone is to preheat with PDI, since this allows the first layer
to be widened with the same welding parameters as shown
in test V3 (Fig. 17). It was also shown that hardening of
the HAZ from layer 1 onwards is avoided, which offers an
advantage for low heights, as it does not require tempering
of subsequent layers. However, a significantly larger HAZ
was produced, which confirms the higher induction depth of
this process. This high energy input into the substrate by PDI
can be used to reduce the energy from the welding process.
This can be used to influence the weld geometry, as shown
in test V4 (Fig. 17).

In most studies on WAAM, the substrate is not considered
at all, only the AM structure. In combination with hard-
weldable materials as used in this study, known but for AM
new, challenges arise. Further research is required into the
transition from substrate to AM structure. This requires an
understanding of classic techniques such as temper bead
welding as well as the latest findings in the prediction of
weld structures as they occur in WAAM [21, 22].

@ Springer

6 Conclusion

The following statements can be made based on the experi-
ments and investigations carried out:

(1) Despite the enormous hardening in the HAZ which was
clearly evident in both experiments, no cold cracks or
other defects were detected. Therefore, the feasibility of
building hybrid AM structures with this high strength
on a high-carbon substrate is demonstrated.

(2) Significant hardening occurs in the heat-affected zone
but can be significantly reduced by using the heat from
successive AM layers.

(3) Hardening in the heat-affected zone can be avoided by
local continuous preheating using depth penetration
induction in the first layer.

(4) By rearranging the energy input from the process to
preheating using PDI, the weld shape can be influenced.

(5) It was shown that local heat treatment can be carried out
on carbon steels from the first layer onward, which has a
positive effect on hardness properties and susceptibility
to cold cracking.

(6) In the case of such a material combination, a better
understanding of the transition zone between substrate
and AM structure is required.

7 Outlook

Detailed microstructural investigations and mechanical char-
acterizations of the heat-affected zone are planned, to improve
the understanding of the strengths in the transition area of the
substrate and the weld metal. The measured temperature data
will be used for thermal modeling to better understand tem-
pering effects in the substrate as well as to model theoretical
temperature cycles in the AM structure.
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