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The present study demonstrates the suitability of wire arc additive manufacturing (AM) for hot work tool steel
processing. Different arc welding techniques and energy inputs were applied and systematically compared to
determine the deposition characteristics, microstructure and mechanical properties. All AM deposits show a
sound visual appearance and full density without macroscopic imperfections, i.e. cracking. By adhering to a pre-
defined interpass strategy, the cold metal transfer process can be used to achieve higher weld beads with lower
dilution and faster build-up rates than the metal active gas process. The microstructure of the AM parts is
comparable for all process configurations and consists of an o/o-matrix with a finely dispersed vermicular and
polygonal §-ferrite network; no notable amount of retained austenite could be measured, but it could be observed
by transmission electron microscopy embedded within the laths. Intensive precipitation of multiple
molybdenum-based precipitates is observed along the interface matrix to &-ferrite. In contrast, iron-based pre-
cipitates are predominantly found inside and at the boundaries of the laths of the matrix. Similarities are also
evident in the mechanical properties, resulting in an average hardness of 380-390 HV1 and absorbed impact
energy of 10-12 J at room temperature. High yield strength values of 1000-1100 MPa and ultimate tensile
strength of 1200-1400 MPa were obtained. No significant differences in the measured mechanical properties
could be noted regarding the specimen orientation, indicating the isotropy of the properties.

1. Introduction

In service, tools are exposed to complex thermomechanical loading
conditions and place high demands on material performance, e.g. high
wear resistance, extended service lifetimes and the possibility of
economical repair, including welding [1,2]. A variety of hot work tool
steels have been developed that combine the characteristics of strength,
wear resistance, and toughness under normal service conditions [3,4]. In
addition, the materials should be resistant to mechanical and
thermal-induced cracking as well as plastic deformation [2]. The most
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widespread grades are AISI H11 (1.2343/X38CrMoV5-1) and H13
(1.2344/X40CrMoV5-1), mainly used for the manufacturing of con-
ventional forging dies, injection molds and dies for presses.

Even though these medium-carbon martensitic chromium hot work
tool steels (e.g. AISI H11, H13) are widely applied in tool industry,
processing them by additive manufacturing remains challenging. Laser
Powder Bed Fusion (L-PBF) [5-12] and Laser Metal Deposition (LMD)
[13-17], i.e. powder-based processes, are mainly used to process such
tool steels. The material shows an increased susceptibility to cracking
due to its carbon content and the complex thermal cycling/residual
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stresses that occur in powder-based processes, limiting its application.
Regarding L-PBF, the susceptibility to cracking can be reduced by pre-
heating the build platform to a higher temperature [18], but cracking
can still occur. L-PBF processes are considered as leading technologies
when producing complex geometries combined with good surface
qualities. However, the powder size in the micrometer range and the
limitations imposed by the working chamber dimension restrict the
achievable deposition rates and part sizes [19].

Wire-based Arc Additive Manufacturing (WAAM) has high innova-
tion potential here, and particularly in tool manufacturing. This form of
AM can be utilized to restore the geometries of damaged structures as
well as to manufacture larger tool inserts that have customized geo-
metric, technological, and metallurgical properties. Such hybrid
manufacturing processes (i.e. additive manufacturing of required ge-
ometries on conventionally subtractively manufactured parts) are only
limited feasible for L-PBF, and direct energy deposition (DED) processes
like WAAM are more eligible. WAAM expands the established repair-
and AM techniques, offering a new strategy for restoring a worn and
cracked near-net-shape volume on a larger scale. However, very little
information is available about the WAAM of hot work tool steel grades.
The availability of suitable filler metals is highly limited, and processing
certain tool steel grades presents significant challenges. These grades are
conditionally weldable in the states: 1) annealed, 2) hardened as well as
in 3) tempered, and material needs to be preheated to a sufficient level
above the martensite starting temperature (Ms). During the deposition
process, the interpass temperature should remain between 325 °C and
475 °C [20]. Suitable filler metals for processing chromium hot work
tool steels are rare, and the X10CrMo6-3 grade is one of the few filler
metals that is considered to meet manufacturers’ guidelines [20,21].
This grade is characterized by its improved wear resistance combined
with sufficient toughness. Casati et al. [6] found that such low-carbon
composition of hot work tool steel is of major interest for AM, in
particular for printing parts with more complex geometry. These grades
are expected to provide a better toughness combined with a higher
resistance to residual stresses- and process related defects. Stockinger
et al. [22] and Pixner et al. [23] demonstrated that these lean carbon
grades could also be used for WAAM and for fabricating hybrid struc-
tures or structural parts with AIST H11/13.

In WAAM, an electric arc is used to melt the filler wire material.
Different processes can be used for WAAM [24], such as gas metal arc
welding (GMAW) [25,26], cold metal transfer (CMT) [25,27], gas
tungsten arc welding (GTAW) [28-31] and plasma welding [32-34].
While the filler material is introduced separately from the energy in the
plasma and GTAW processes, the energy and material introduction are
coupled in the CMT and GMAW processes. The respective material
input/build-up rate is directly proportional to the energy input. Since
volumetric AM components are usually built up over several hours and
are subjected to self-tempering, the heat management and thus energy
input play a crucial role. Thermal management is a critical factor in
WAAM for maintaining an economic process and mitigating heat accu-
mulation, both of which can help to overcome the limitations of the
deposition cycle, improve geometric accuracy, and ensure the anisot-
ropy of mechanical properties [35,36]. Especially for thermally sensitive
materials with interpass temperature requirements (e.g., HSLA [37]) or
heat treatments (e.g. hot work tool steel [38,39]), the temperature dis-
tribution, as well as material and energy input, are critical factores for
the formation of the microstructure and the associated mechanical
properties of the part. The selection of the arc welding technique, pro-
cess parameters, and build strategy are important for thermal manage-
ment as they allow to control the heat input and, consequently, the
characteristics of the parts built.

CMT and GMAW are widely applied in WAAM and are characterized
by their different process characteristics. GMAW is a welding process
offering a great potential for producing large-scale parts due to its high
energy efficiency and deposition rates [24]. However, GMAW is limited
to a minimum wall thickness and surface finish due to the relatively
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large melt pool, heat input, and limited arc stability [24,40-42]. By
applying CMT welding, a modified short circuit arc process developed
by Fronius [43], these constraints can be overcome by reducing the
burning period of the arc, i.e. reducing the energy input and reversing
the wire electrode back and forth [44-46]. Exceptional arc stability,
drop-by-drop controlled material deposition, low heat input, nearly
spatter-free application, and high process tolerance are typical CMT
process characteristics. Therefore, CMT has been selected as a promising
arc-based AM method [27,47,48]. The successful application of CMT for
the WAAM of various materials such as steels [41,46,49], titanium- [50,
511, nickel-based [52-54], magnesium- [55-57], and aluminium alloys
[58,59] has already been demonstrated. In general, the average depo-
sition rate is lower in CMT, although the process is highly suitable for
producing thin-walled components with challenging near-net shapes
and geometric features [24].

The literature on the WAAM of hot work tool steels is limited. In
addition, information about the arc welding techniques, heat input,
microstructure development, and mechanical properties is lacking,
because specific hot work tool steel grades remain challenging to
investigate. This study was carried out to demonstrate the suitability of
WAAM for building voluminous AM parts that can be used to restore hot
work tool steel components for use in the tooling industry. A systematic
comparison was made between different arc welding techniques and
energy inputs, and the influence on the resulting microstructure and
associated properties was investigated.

2. Materials and methods
2.1. Materials

The substrate used was AISI H11 (1.2343, X38CrMoV5-1), a chro-
mium martensitic hot work tool steel, with a thickness of 35 mm. The
substrate was quality heat treated, namely quenched and tempered, to a
hardness of 380-420 HB (which corresponds to approx. 400-440 HV). A
suitable low-carbon solid filler wire X10CrMo6-3 with increased chro-
mium and molybdenum content was used to deposit the AM structures
on the substrate. The diameter of the filler wire was @ 1.2 mm, and the
filler wire material as well as the wire diameter were kept constant
throughout the study, i.e. for both CMT and MAG processes. The nom-
inal chemical compositions of the materials are listed in Table 1.

High-alloyed steels and the corresponding microstructure are
described by the Schaeffler diagram or variants like WRC-1992 and
DeLong, using the chromium Creq and nickel Nieq equivalents. In
dependence on the calculated Creq and Nieg, a certain range with a
specific microstructure is observed, enabling a phase prediction to be
made based on the Creq and Nieq of the chemical composition of the built
part. The Creq and Nigq coordinates for materials used are calculated as
follows, where the respective coefficients represent the relative contri-
butions of each element to austenitic or ferritic stability [62]:

Creg=%Cr + %Mo 4 1.5 x %Si + 0.5 x %Nb + 2.0 x %Ti Equation 1

Nigy=%Ni+ 30 x %C + 0.5 x Mn + 30 x %N Equation 2

The derived Creq and Nieq values for the nominal chemical compo-
sition of the solid wire and the base material are summarized in Table 1;
in Fig. 1 the corresponding positions are marked in the Schaeffler dia-
gram. For the base material, the Creq and Nieq are 7.85% and 11.60%,
and for the solid wire, 10.40% and 3.30%, respectively.

2.2. Welding equipment

The shielding gas M21-ArC-18 (ISO 14175:2008 18 vol% CO2 and
82 vol% argon) for CMT in standard mode and M20-ArC8 (ISO
14175:2008 8 vol% CO5 and 92 vol% argon) for pulsed MAG welding
was used. The gas flow rate of the shielding gas was 15 1/min. The CMT
system used is consisting of a Fronius TPS 400i welding power source, a
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Table 1
Nominal chemical composition in wt.% of the substrate AISI H11 (1.2343, X38CrMo5-1) and filler wire X10CrMo6-3 [60,61].

Material C Cr Mo Mn \Y% Si Fe Creq Nieq
Substrate H11 0.38 5.20 1.30 0.40 0.45 0.90 bal. 7.85 11.60
Solid Wire X10CrMo6-3 0.10 6.50 3.30 0.60 - 0.40 bal. 10.40 3.30
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Fig. 1. (a) Schaeffler diagram and (b) detail of a specific area of interest with the materials used marked in red; FW.: filler wire, BM.: base metal, F.: ferrite, A.:
austenite, M.: martensite. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

WF 60i Robacta Drive CMT push-pull torch unit, and a wire buffer. The
welding characteristic MAG Puls-Synergic was used for MAG, a variant
of pulsed MAG welding. The motion control system consisted of an ABB
IRB 140 six-axis articulated robot, an ABB IRBP A positioner, and the
IRC5 control system.

2.3. Experimental

The optimized parameters for the present study are listed in Table 2;
these were selected based on a previously conducted design of experi-
ments (DoE) using a central composite design (CCD) (shown in the
supplementary data). For the CCD, single-track welds were deposited on
the substrate preheated to 400 °C (above Ms temperature of AISI H11)
and the following parameters were varied: 1) welding current from 178
to 262 A for CMT and 165-225 A for MAG and 2) welding speed from
0.65 to 1.35 cm/s. The objective of the CCD was to determine process
parameters (e.g. welding current) for each process that would provide
similar material input (i.e. wire feed) for the respective processes. To
ensure the comparability of the two processes, two identical material
inputs were chosen for the CMT and MAG processes: a low energy input
of 5.40 m/min and a high energy input of 7.20 m/min. The material

input serves as an important indicator in AM and can be set directly as an
input parameter (since it correlates with welding current) in the power
source, making it more suitable as a reference than the energy input. The
energy input is derived from several welding parameters, which may be
subject to change. Due to the intrinsic process characteristics of the two
different arc techniques, a different energy input was introduced even
though the material input was comparable. The power and energy input
per unit length was derived from the welding parameters and is listed in
Table 2.

The AM structures were additively manufactured using different
processes and energy inputs and subsequently characterized to deter-
mine their microstructural and mechanical properties. The deposition
process was performed on an AISI H11 substrate preheated to 400 °C.
The required minimum dimensions of the volumetric structures for
sampling and multiaxial mechanical testing are 70 x 20 x 120 mm
(Fig. 2b). The structures were fabricated in layers, with each layer
consisting of three adjacent weld beads with an axial offset n of 65% of
the weld bead (Fig. 2a). The value for the axis offset/overlap distance
and the selected weld sequence were chosen based on literature (axis
offset [22,46,63,64], weld sequence [22,46,65]). The interlayer tem-
perature was manually monitored using type K thermocouples with a

Table 2
Selected process parameter configuration for WAAM of hot work tool steel via cold metal transfer (CMT) and metal active gas (MAG) welding.
Attribute Variable Unit Values
CMT MAG
Low Energy High Energy Low Energy High Energy
Welding current Lyeta A 190 250 165 215
Welding voltage Uyeld \Y% 15.6 16.7 23.2 24.2
Power input P kw 2.96 4.18 3.83 5.20
Energy input E kJ/cm 3.95 5.57 5.10 6.93
Wire feed rate Viire m/min 5.40 7.20 5.40 7.20
Welding speed Vield cm/sec 0.75
Electrode stick-out - mm 15
Work angle ° 0
Travel angle - ° 0
Gas flow rate - 1/min 15
Arc length correction - None
Arc dynamic correction - None
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Fig. 2. (a) Schematic illustration of the selected welding sequence; (b) side view of the AM structure with the required minimum dimensions [23].

diameter of @ 0.2 mm. After each deposited layer, the deposition process
was paused, the interlayer temperature was then measured manually,
and the subsequent layer was deposited on top of the previous one once
the interlayer temperature was within a range of 350-400 °C, which is
approximately the Ms temperature. The final number of layers deposited
to achieve the desired height and the average build-up rates depend on
the selected welding parameters and are discussed in the following
sections.

2.4. Characterization

The microstructure and mechanical properties of the fabricated AM
structures were characterized. Different sample orientations (i.e. hori-
zontally/vertically oriented) were taken into account for the mechanical
characterization in order to examine the mechanical anisotropy. The
properties of the AM structures were evaluated in terms of the applied
process, energy input, and orientation. The mechanical properties: 1)
hardness, 2) Charpy V-notch impact toughness, and 3) tensile strength
were determined. For statistical validation of the results, three speci-
mens were examined for each configuration’s tensile and Charpy-V
notch test results, and the mean values and standard deviations were
derived. The microstructures formed were characterized by using digital
microscopy (DM), scanning electron microscopy (SEM) with electron
backscatter diffraction (EBSD) and energy-dispersive X-ray spectroscopy
(EDXS), X-ray diffraction (XRD), and transmission electron microscopy
(TEM). In addition, the chemical composition of the AM structures was
measured by using optical emission spectroscopy (OES).

2.4.1. Microstructural characterization

Digital microscopy was performed using a Keyence VHX-6000. The
cross-sections (ND-TD plane) were hot mounted, ground to #2000 grit
SiC paper, and polished with a silicon oxide polishing suspension (OPS).
The cross-sections were wet etched for 20 s with a modified
Lichtenegger-Bloech etchant composed of 100 ml distilled water, 0.75 g
ammonium hydrogen difluoride, and 0.9 g potassium disulfate.

Cross-sections were similarly prepared for scanning electron micro-
scopy, without wet etching for EBSD and EDXS studies and with 5%
Nital etchant (solution of HNO3 in CoHgO) for backscattered electrons
(BSE). The SEM investigation was performed using a TESCAN Mira3
microscope equipped with a Super Octane energy-dispersive X-ray
spectroscopy, a Hikari camera, and an APEX software package for the
EBSD and EDXS analysis. The EDXS analysis was carried out using an
acceleration voltage of 20 kV, a working distance of 15 mm, and a spot
size of 60 nm. EBSD measurements were performed using an accelera-
tion voltage of 25 kV, a working distance of 20 mm, and a spot size of 60
nm over an area of 100 pm x 100 pm, with a step size of 0.16 pm. The
generally accepted transition angle between LAGB and HAGB of 15° in
the case of an ideal arrangement of dislocations [66] was used to define
a high-angle grain boundary. Using the OIM Analysis v.8.6 software, a
minimum grain size of 1 pm was chosen to verify that each grain

consisted of at least five measured pixels. The confidence index was
standardized. The EBSD data were cleaned, considering a minimum
confidence index of 0.1 correlated to the neighbouring grains.

X-ray diffraction (XRD) was carried out on samples’ ND-TD plane
with a Rigaku MiniFlex600. XRD measurements were performed at
room temperature on specimens in polished condition with a 10 x 10
mm minimum cross-sectional area.

TEM observation was performed using a JEOL 200CX microscope
operating at 200 kV. Two types of samples for TEM were prepared: 1)
one-stage carbon replicas to identify secondary phases/particles and 2)
thin foils to identify the matrix character. Selected area electron
diffraction (SAED) was used to identify the phases. Carbon extraction
replicas were prepared in several steps. After grinding and polishing the
samples, they were etched with solution COR (10 ml HCl + 6 ml
CH3COOH + 1g C¢H3N307 + 72 ml CoHgO) for 5-10 s. Then, a thin layer
of carbon was applied to the surface to be removed from the samples
using anodic dissolution in 3% Nital (solution of HNOg3 in CoHgO) at a
voltage of 20 V. The TEM thin foils were prepared in the twinjet elec-
trolytic polishing equipment TENUPOLS using a solution containing 30
vol% HNOj3 and 70 vol% CH3OH at the temperature of —15°Cand 15 V.
In addition, TEM using a JEOL JEM-ARM200CF double-corrected field
emission atomic resolution analytical transmission electron microscope
equipped with a JEOL JED-2300 0.98 steradian solid-angle silicon drift
detector was used to perform energy-dispersive X-ray spectroscopy
(TEM-EDXS) and to determine the elemental distribution and compo-
sition of the nanoscale precipitates.

2.4.2. Mechanical characterization

The hardness measurements were carried out according to the
standard DIN EN ISO 6507-4: 2006-03 with an automated EMCO M1C
hardness machine. Vickers (HV) indentations were made with a load of 1
kp (HV1) and a dwell time of 15 s. The spacing between adjacent in-
dentations was 1 mm, and hardness maps were prepared for the cross-
sections in the ND-TD plane with different processes and energy inputs.

Tensile tests at room temperature were carried out using a Zwick
Roell ZMART PRO machine according to DIN EN ISO 6892-1 with
vertically (load-direction: ND, designated fracture plane WD-TD) and
horizontally (load-direction: WD, designated fracture plane ND-TD)
oriented specimens extracted from the AM structures. Round speci-
mens DIN 50125-B 6 x 30 with a gauge diameter of 6 mm, a gauge
length of 30 mm and a total length of at least 60 mm were selected as
specimen geometry. The specimens were initially preloaded to 200 N
and then subjected to stroke-controlled loading at a 1 mm/min constant
test speed until they fractured.

The sample impact toughness was determined at room temperature
for the WD-TD plane (vertical orientation) and ND-TD plane (horizontal
orientation), as shown in Fig. 3. Testing was performed following DIN
EN ISO 148-1 using Charpy ISO V notch specimens with a dimension of
55 x 10 x 10 mm (length x width x height) and a notch depth of 2 mm.
Information on specimen and notch orientation is shown in the
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Fig. 4. (a) Build-up times and (b) associated welding and waiting times for the CMT and MAG process with different energy inputs.

schematic illustration in Fig. 3.

2.4.3. Chemical composition

Atomic absorption spectroscopy was used to determine the chemical
composition of the AM structures. The extracted samples had a mini-
mum size of 25 x 25 x 15 mm and were taken from mid-height of the
structures. To ensure consistency, the sample position and orientation
(ND-TD plane) for all configurations remained always the same.

2.5. Thermodynamic equilibrium calculations

Thermodynamic equilibrium calculations were carried out using the
MatCalc 6.03 software, employing the steel database mc_fe_v2.060.tdb.
MatCalc minimizes Gibbs energies by applying Onsager’s extremum
principle [67] to Calphad-based thermodynamic data (see, e.g.
Ref. [67]) to identify and quantify stable phases. In this work, the
nominal composition of the filler wire was numerically compared
against the actual chemical composition of the AM structures. By this
means, volume phase fractions were evaluated, and the effects of
chemical variations on the transformation temperatures were investi-
gated. The findings are graphically summarized in equilibrium phase
diagrams.

3. Results
3.1. Material deposition

Pre-defined AM structures with a specific welding sequence (overlap
distance 65%, interpass temperature 350-400 °C) and geometries (min.
70 x 20 x 120 mm) were fabricated with a defined material input (5.4
m/min « theoretical deposition rate 2.8 kg/h and 7.2 m/min « theo-
retical deposition rate 3.8 kg/h). Due to the intrinsic properties of the
CMT process, the periodic retraction of the wire results in mechanical
droplet detachment, which leads to a lower energy input and energy

reduction of about 20% for the same material input as compared to the
input in the MAG process. The nominal values of energy input for low
and high wire feed rates are listed in Table 2; the energy input for low
wire feed rate is 3.95 kJ/cm for CMT and 5.10 kJ/cm for MAG (i.e.,
22.5% reduction), and for high wire feed rate is 5.57 kJ/cm for CMT and
6.93 kJ/cm for MAG (i.e., 19.6% reduction). In addition, the weld bead
geometry also changes significantly as compared to the weld beads
deposited using the MAG process; while the beads deposited using MAG
tend to be wider and shallower, the beads deposited using CMT are
narrower and higher. For selected parameter configurations, the average
layer height was 1.8 mm and 2.2 mm for the low and high energy input
CMT and 1.6 mm and 2.0 mm for the low and high energy input MAG,
respectively. Consequently, fewer layers were required to achieve the
desired height once the CMT process was applied, and the overall heat
input could be reduced. Consequently, CMT required 39 low-energy
layers and 32 high-energy layers, while MAG required 44 low-energy
layers and 35 high-energy layers. This represents a reduction in the
number of layers of approx. 10%. Maintaining the defined interpass
strategy and build sequence, a linear growth/build-up rate (R? > 0.99)
was observed for each configuration. The fastest build-up rates and build
time were obtained with the CMT process (approx. > 10% faster than the

Table 3

Total build time, welding time, waiting time, and average build-up rates for the
deposition of AM test structures with different welding techniques and material
inputs, derived from Fig. 4.

Process Energy Build Welding Waiting Build- R?
Input Time Time Time up Rate
[min] [min] [min] [mm/
min]
CMT High 127.0 26.0 101.0 0.54 0.9973
CMT Low 135.2 31.5 103.7 0.51 0.9993
MAG High 147.7 28.6 119.1 0.48 0.9963
MAG Low 144.8 35.8 109.0 0.46 0.9975
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Derived average build time rates, welding time rate, and the waiting time rate for the deposition of AM structures with different welding techniques and energy inputs,

derived from Table 3 and Fig. 4.

Process Energy Input Build Time Rate R? Welding Time Rate R? Waiting Time Rate R? Ratio
[min/mm] [min/mm] [min/mm]

CMT High 1.84 0.9973 0.37 1 1.47 0.9958 4.0

CMT Low 1.97 0.9993 0.45 1 1.52 0.9988 3.4

MAG High 2.17 0.9975 0.41 1 1.76 0.9962 4.3

MAG Low 2.09 0.9963 0.51 1 1.58 0.9935 3.1

MAG process).

The corresponding representative values for the build time, welding
time, waiting time and derived rates for each configuration are listed in
Tables 3 and 4, respectively. The total build time of the parts was about
135.2 min and 127.0 min for the low and high energy input with CMT,
respectively, and about 144.8 and 147.7 for the low and high energy
input with MAG. The reduced average build-up rate of the MAG process
required more layers, resulting in extended welding times compared to
the CMT process. Although the welding time is extended, the waiting
time is also due to the increased number of layers and increased heat
input by similar material input as compared to those in the CMT process.
Comparing the high to the low energy input for both processes, it can be
seen that, although fewer layers are required, the waiting time per
millimetre height increases in relative terms. While the waiting time rate
to welding time rate is 3.1 and 3.4 for low energy input, it is 4.0 and 4.3
for high energy input, respectively. In addition, no distinct differences in
the waiting time rate within the AM structure as a function of height can
be seen, namely in the lower and upper layers (R? > 0.99). This can be
assigned to the pre-heating condition of the substrate to 400 °C, which is
in a similar temperature range as the interlayer temperature of the AM
structures of 350-400 °C. Therefore, heat dissipation by conduction
based on the temperature gradient within the solid volume may be
comparable.

3.2. Chemical composition

Table 5 lists the actual as well as the nominal chemical composition
of the filler wire, and Table 6 lists the chemical composition of the AM
structures determined by atomic absorption spectroscopy. Considering
the main alloying elements and the carbon content, no significant dif-
ferences could be detected in the chemical composition between the
processes and the different energy inputs for the AM structures. Even
though a different shielding gas, i.e. active gas content, was used for
MAG welding, this did not alter the results significantly. Therefore, it
can be concluded that the final chemical composition and element loss
of the AM components is independent of the process and process
parameter range. Comparing the actual composition of the AM struc-
tures/filler wire to the nominal composition of the filler wire (Table 1),
it can be seen that the amounts of the main alloying elements, chromium
and molybdenum, are reduced. These deviations may be attributed to
manufacturing tolerances, since welding consumables are usually sub-
ject to a tolerance with regard to their chemical composition, and the
measured values fall within these tolerances. However, in the present
study, the decrease in the amount of alloying elements is mainly
restricted to the ferrite stabilizer, i.e. this leads to a significantly lower
chromium equivalent Creq.

Based on Table 6 and Equations (1) and (2), the chromium and nickel
equivalents can be calculated for the AM structures consisting entirely of

the filler wire material (nominal/actual chemical composition filler wire
listed in Table 5). For CMT, Creq 9.29% and Nieq 5.48% are obtained at
low energy, and Creq 9.42% and Nieq 5.62% are obtained at high energy,
respectively. Regarding MAG, Creq 9.33% and Nieq 5.46% are obtained
at low energy, and Creq 9.28% and Nieq 5.15% are obtained at high
energy, respectively. The reduction in molybdenum and chromium in
the AM structures compared to the nominal composition of the filler
wire results in a lower chromium equivalent. Higher carbon content and
the presence of nickel, which is not mentioned in the nominal chemical
composition of the filler wire, were measured in the AM structures,
resulting in a higher actual nickel equivalent of the AM structures
compared to the values derived from the nominal composition of the
filler wire (nominal filler wire: Creq 10.40% and Nieq 3.30%).

3.3. Microstructural characterization

Representative microstructures are shown in Fig. 5. No significant
macroscopic differences in microstructure between the investigated
configurations. The microstructure consists of an a/o-matrix, a finely
distributed vermicular §-ferrite network, and occasional larger polyg-
onal §-ferrite islands. According to the Schaeffler diagram (Fig. 1), the
actual chemical composition of the filler wire and the reduction of
ferrite-stabilizing elements would be sufficient for a martensitic micro-
structure. Nevertheless, the experimental results deviate marginally
from this, and a minor fraction of 3-ferrite remains.

The representative character of the matrix was further observed by
TEM on thin films and is shown in Fig. 6 for the CMT low-energy input
sample. The matrix consists of predominantly very fine lamellae with a
high dislocation density and a width of approx. 500-1000 nm. The
orientation of the lamellae varies and is either uniformly parallel or
differently oriented. Small amounts of laminar-like retained austenite
were found between the laths. Twin-type martensite, in addition to a
lamellar structure, was also observed, and SAED was used to index them.
Dark-field images were taken considering the diffraction points
(020)austenite (Fig. 6d) and (110)martensite (Fig. 6f).

In addition, the electron diffraction pattern of My3Ce was indexed
(Fig. 6d). As can be seen in the TEM thin foils (Fig. 6a and b) and SEM
images (Fig. 10a-d), spherical particles/cavities (indicated by arrows in
Fig. 6a and b) are uniformly distributed throughout the cross-section.
Randomly dispersed non-metallic inclusions (NMI) were formed dur-
ing the AM process, and the NMI have an diameter of around 1 pm or
less. The EDXS element distribution is shown in Fig. 7, and indicate that
the NMIs are silicon- and manganese-based oxides (Fig. 7).

Fig. 8a—f shows the EBSD results for the matrix of the AM structures
produced by applying the two different techniques and using a low-
energy input. The inverse pole figure (IPF) maps in Fig. 8a,d shows
the colonies of the o/’ structure. The kernel average misorientation
(KAM) maps in (Fig. 8b,e) and boundary maps (Fig. 8c,f) display the

Table 5

The actual chemical and nominal composition in wt.% of the filler wire X10CrMo6-3.
Filler Wire X10CrMo-3 C Cr Mo Si Ni Fe Creq Nieq
Actual 0.12 6.01 3.19 0.33 0.12 bal. 9.69 3.96
Nominal 0.10 6.50 3.30 0.40 - bal. 10.40 3.30
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Table 6

The actual chemical composition in wt.% of the CMT and MAG fabricated AM structures as measured by optical emission spectroscopy (OES).
Process Energy Input C Cr Mo Mn Si Ni Fe Creq Nieq
CMT Low 0.1685 5.880 2.970 0.490 0.295 0.175 bal. 9.29 5.48
CMT High 0.1735 5.920 3.045 0.490 0.300 0.170 bal. 9.42 5.62
MAG Low 0.1685 5.880 3.025 0.470 0.285 0.170 bal. 9.33 5.46
MAG High 0.1580 5.865 2.975 0.485 0.290 0.170 bal. 9.28 5.15

CMT Low Energy |

e ¥

MAG Low Energy

(d)

Fig. 5. Microstructures of AM structures made by using the arc welding technique CMT (a,c) and MAG (b,d) with low (a,b) and high (c,d) inputs; The micrographs
were captured from specimens extracted from the center of the AM structures, i.e., from the central weld track at the mid-height of the structures.

intricate a/o’ structure with a high level of local misorientation. The
maps in Fig. 8a—f reveal a comparable microstructure formed by the
CMT and MAG processes with a low energy input. The microstructures
of the AM cross-section of the AM structures produced by using the two
different techniques and a high energy input are shown in Fig. 8g-1. As
when using a low energy input, the o/’ structure colonies compose the
microstructure (Fig. 8g,j). The local misorientation (Fig. 8h,k) within
the o/’ matrix is higher than for the low energy conditions. The dif-
ference is more pronounced for the CMT (Fig. 8b compared to Fig. 8h).

Complementary to Figs. 8 and 9 quantifies the microstructural fea-
tures of the measured conditions. Fig. 9a shows the geometrically
necessary dislocation (GND) density distributions for the CMT and MAG
AM samples with low and high energy input. Fig. 9b shows the misori-
entation angle distribution; The misorientation distributions show
comparable similar values for misorientation angles smaller than 15°
(subgrain boundaries) and for angles smaller than 5°. It indicates that
the substructure, related to the fine a/a’, is comparable for all
depositions.

The difference in the GND density distribution between MAG AM
samples with low and high energy inputs is minimal compared to the
difference between CMT AM samples. The distribution of low and high
angle grain boundaries, and consequently the substructure size, is
related to the block and lath sizes of the o’. The thinner the o laths and
the more intricated the block structure is, the finer and more intricated
the substructure is. Considering one cooling cycle, the o block and lath
sizes are related to the achieved cooling rates. The faster the cooling, the
finer the block and lath sizes of the o’. Fig. 8 shows that The density of

low-angle grain boundaries (LAGB) is markedly higher for the CMT with
a high energy input (Fig. 8i) as compared to that with a low energy input
(Fig. 8c). It shows that the cooling rates were smaller in the CMT with
low energy input compared to the high energy input (Fig. 4b, Table 4).
Fig. 8h,i shows a higher local misorientation values (higher KAM values)
for CMT with a high energy input, which is also visible in the GND
density distributions in Fig. 9a. Thus, the higher cooling rates achieved
in the CMT with high energy input produced a o/« matrix with a finer,
more intricate, with higher local misorientation and GND density values
than the CMT with a low energy input.

The secondary phase d-ferrite is embedded in the matrix in all sam-
ples for both predominantly vermicular and, to a lesser extent, polygonal
forms (Fig. 10). The finely distributed vermicular §-ferrite has a width of
approximately 1 pym in all configurations. The EDXS element distribu-
tion shows the segregation of the ferrite-stabilizing refractory molyb-
denum, while the distribution of the ferrite-stabilizing chromium and
austenite-stabilizing nickel remains comparatively constant (Fig. 11).
In previous studies [23], similar behaviour was observed for molybde-
num segregation. However, as the nickel content in the hot work tool
steel increased, a more pronounced element partitioning was also
observed for nickel and chromium, in contrast to what is observed in
present study. The interface between the molybdenum-rich &-ferrite
with limited solubility of carbon and the carbon-enriched matrix is
characterized by precipitates covering the grain boundaries. TEM
observation with carbon replicates confirmed intense precipitation.
TEM observations reveal the precipitation of precipitates with different
morphology, size, and density. The precipitates could be generally
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Fig. 6. Overview pictures of the matrix showing very fine laths with a high dislocation density in (a) uniform and (b) different orientations; non-metallic inclusions
(NMI) are embedded in the matrix (marked by arrow). Detailed images of the additional matrix show (c) the presence of small fractions of retained austenite (RA)
between the laths (marked by arrow) and (e) the presence of twin-type martensite indexed by selected area electron diffraction (SAED) on associated dark-field

images (d,f).

Fig. 7. Scanning electron micrography of a cross-section from CMT with low energy input and corresponding energy dispersive X-ray element distribution for silicon,
manganese and oxygen, showing that the non-metallic inclusions are silicon- and manganese-based oxides. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

classified into two types: those forming 1) at the boundaries/inside the
laths of the matrix and those forming 2) at the grain boundaries of the
§-ferrite.

Type 1 precipitates are small, needle-shaped particles observed in-
side the laths which are confined to zones with morphological features
similar to that of lower bainite (Fig. 12b, Fig. 13a and b). The length of
the single needles is about 200 nm or less, they are randomly oriented,
and they can be clustered. High-resolution elemental mappings and
spots scans identified them as iron-based and enriched in chromium and
molybdenum main alloying elements as compared to the matrix
(Fig. 14). The average composition of the main elements of the single
and clustered needle-shaped particles is listed in Table 7. The weight

percentage is approx. 79-81% for iron, 10-14% for molybdenum, and
8-9% for chromium, respectively. The second precipitate zone is
confined to the interface between the §-ferrite and matrix (Fig. 13c and
d). The morphology of the precipitates varies along the grain boundaries
of the &-ferrite and can be classified as either blocky, needle-shaped, or
irregularly shaped. The chemical composition of these precipitates also
varies, with the smaller blocky particles being based on molybdenum-
iron (Fig. 15, number 3). In contrast, the larger irregularly shaped and
clustered (Fig. 15, number 2) and fine, needle-shaped particles (Fig. 15,
marked by arrow) are based on molybdenum-chromium. The composi-
tions measured in each case are listed in Table 8.

X-ray diffractograms of the cross-sections in the ND-TD plane
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CMT Low Energy

MAG Low Energy

CMT High Energy

MAG High Energy

Fig. 8. Electron backscatter diffraction (EBSD) analysis of the AM samples fabricated with low energy CMT (a—c), low energy MAG (d-f), high energy CMT (g-i) and
high energy MAG (j-1) arc techniques; (a,d,g,j) inverse pole figure (IPF) maps; (b,e,h,k) kernel average misorientation (KAM) maps; (c,f,I,1) boundary maps where
black and red lines indicate high- and low-angle grain boundaries, respectively. Identical investigated position in the AM structures (centre), similar view field for all
images a-1. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 9. Microstructure features of the matrix for the configurations CMT and MAG with low and high energy inputs: a) Geometrically necessary dislocations (GND)
distribution; b) misorientation angle distribution.

CMT Low Energy
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(d)

Fig. 10. Scanning electron micrographs of representative microstructures of AM structures, containing o/a’ matrix and §-ferrite, made with the arc welding tech-
nique CMT (a,c) and MAG (b,d) with low (a,b) and high (c,d) energy inputs.

Fig. 11. Scanning electron micrograph and EDX element mapping for the ferrite-stabilizing elements molybdenum and chromium, as well as for the austenite-
stabilizing element nickel. Segregation of the refractory molybdenum and enrichment in polygonal and vermicular §-ferrite.

prepared by the low and high energy input for the CMT and MAG pro- negligible in this work.

cess are shown in Fig. 16. Out of all samples, only bcc a-iron is indicated,

as diffraction peaks (110), (200), (211) and (220) were detected. These

diffraction peaks can be assigned to the bce/bet crystal structure, indi- 3.4. Mechanical characterization

cating that the fcc crystal structure is present only in a small fraction that

cannot be detected with the XRD measurements. Therefore, the presence 3.4.1. Hardness measurements

of retained austenite, as observed in a laminar form between the laths, is The hardness maps of the ND-TD cross-sections and the average
hardness values are shown in Fig. 17a and b as a function of the height of

10
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(b)

Fig. 12. (a) Scanning electron micrograph of the microstructure showing intense precipitation inside the laths of the matrix (1) and along the §-ferrite grain
boundaries (2); (b) transmission electron microscope on carbon replica, particles with different morphology were observed at the grain boundaries of the d-ferrite; on
the right-hand side, bigger particles of irregular shape (marked by black arrow) and high density of small needle particles were observed at the left side (marked by
white arrow). A dashed line delaminates an area morphologically similar to the lower bainite, showing also precipitates.

N

Blocky-Shaped

() (d)

Fig. 13. (a) Transmission electron microscope (TEM) on carbon replica — detailed view of the area, which is morphologically similar to that of the lower bainite, high
density of small needle particles was observed inside the lath and (b) related scanning electron micrograph (SEM) of the particles inside the lath (c) TEM on carbon
replica - detailed view of different particles at the grain boundaries of 8-ferrite with varying morphology and (d) related SEM of the precipitates covering the
grain boundaries.

Fig. 14. High-angle annular dark-field (HAADF) image and EDX element mapping for main elements chromium, iron, and molybdenum of the precipitates located
within the laths of the matrix.

11
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Table 7

Average chemical composition in wt.% of the main elements chromium, iron,
and molybdenum for the single and clustered needle-shaped iron-based particles
located within the laths of the matrix shown in Fig. 14.

Morphology Cr Fe Mo
Small Needle Particles 7.6 78.8 13.6
Cluster of Needle Particles 9.1 81.0 9.9

the AM structures. In general, each sample was found to have a
macroscopically homogeneous degree of hardness in both height as well
as width, with only some randomly scattered hardness changes pre-
dominately observed within the standard deviation range (Fig. 17a and
b). The mean hardness values are 389 + 48 HV1 and 392 4+ 48 HV1 for
the CMT process with low and high energy inputs and 382 + 47 HV1 and
381 + 82 HV1 for the MAG process with low and high energy inputs,
respectively. The reference is the quenched and tempered substrate AISI
H11 with a specified hardness of 400-440 HV. The mean hardness per
layer remains nearly constant and does not deviate greatly from the
average hardness of the whole cross-section (Fig. 17b). No visible
tempering/softening effect was observed by subsequently layering weld
beads on the preceding ones. The hardness in the upper layers, i.e. the
last weld beads, does not vary significantly from the average hardness
values of the whole section (Fig. 17b dashed lines) and is within the
range.

3.4.2. Impact toughness

Charpy impact tests were performed on vertically (designated frac-
ture plane WD-TD) and horizontally (designated fracture plane ND-TD)
oriented V-notched specimens at room temperature. The absorbed
impact energy as a function of the welding process, process parameters,
and test direction is shown in Fig. 18. The absorbed impact energy
values in the WD-TD plane (vertical) are 11.3 + 1.2 J and 8.7 + 2.3 J for
CMT and 12.0 + 3.0 J and 10.3 £+ 2.1 J for MAG with low and high
energy inputs, respectively. The absorbed impact energy values in the
ND-TD plane (horizontal) are 10.7 + 1.5 J and 7.7 + 2.1 J for CMT and
10.7 £1.2J and 9.7 £ 2.1 J for MAG with low and high energy inputs,
respectively. The reference is the quality heat-treated base material AISI
H11 with a measured absorbed impact energy of 14.2 + 1.9 J. The
fractured specimens did not show pronounced lateral expansion. No
significant differences between the absorbed impact energy in WD-TD
and ND-TD plane for the respective configurations were observed, but
high energy specimens tended to have slightly lower impact energy.

3.4.3. Tensile properties

The tensile properties of the AM structures were determined verti-
cally (load-direction: ND, designated fracture plane WD-TD) and hori-
zontally (load-direction: WD, designated fracture plane ND-TD). The
tensile strength as a function of the welding process, parameter
configuration, and direction is shown in Fig. 19. The yield strength
values are 1065 + 55 and 1118 + 63 MPa in the WD-TD plane (vertical)
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and 988 + 21 and 1105 + 77 MPa in the ND-TD plane (horizontal) for
the CMT process with low and high energy inputs, respectively. The
ultimate tensile strength values are 1383 + 10 and 1306 + 115 MPa in
the WD-TD plane (vertical) and 1285 + 99 and 1257 + 137 MPa in the
ND-TD plane (horizontal) for the low and high energy input CMT pro-
cess. The yield strength values are 1083 + 54 and 1125 + 11 MPa in the
WD-TD plane (vertical) and 1045 + 72 and 1048 + 111 MPa in the ND-
TD plane (horizontal) for the MAG process with low and high energy
inputs. The ultimate tensile strength values are 1384 + 35 and 1333 +
113 MPa in the WD-TD plane (vertical) and 1364 + 29 and 1228 + 251
MPa in the ND-TD plane (horizontal) for the low and high energy input
MAG process. The heat-treated base material AISIH11 with a measured
tensile strength of YS 1103 + 14 MPa and ultimate tensile strength UTS
1316 + 5 MPa was used as reference value. The multidirectional tensile
strength of the AM material is at the level of the quality heat-treated base
material for all configurations.

Representative stress-displacement curves for vertically and hori-
zontally oriented tensile samples for each configuration are shown in
Fig. 20. In all cases, the stress plateau is reached in order to derive the
ultimate tensile strength. No significant differences in strain/displace-
ment were observed between the configurations, and the strain/

Table 8

The average chemical composition in wt.% of the main elements chromium,
iron, and molybdenum for the particles shown in Fig. 15; needle-shaped parti-
cles in the matrix are labelled as 1 and particles located at the grain boundary of
§-ferrite are labelled as 2 as well as 3.

Nr Morphology Cr Fe Mo
1 Small Needle Particles Inside the Laths 11.2 71.8 17.0
2 Bigger Particles of Irregular Shape 23.6 2.0 74.4
3 Smaller Particles of Blocky Shape 7.9 24.5 67.6
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Fig. 16. X-ray diffraction patterns of the base material AISI H11 and AM
structures made with CMT and MAG low and high energy input.

Fig. 15. High-angle annular dark-field (HAADF) image and EDX element mapping for main elements chromium, iron, and molybdenum of the precipitates located at
the interface 8-ferrite and matrix (labelled as 2 for irregular-shaped and 3 for blocky-shaped, arrows indicate the needle-shaped precipitates) and in the laths of the

matrix (labelled as 1 for needle-shaped precipitates).
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Fig. 17. (a) Hardness distribution in the ND-TD plane of the AM bulk material for different welding processes and energy inputs; (b) corresponding mean hardness
levels depending on height (markings) and mean hardness of the AM material for the respective configuration (dashed line).
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Fig. 18. Absorbed impact energy at room temperature in the vertical (fracture
plane WD-TD) and horizontal (fracture plane ND-TD) orientations of AM parts
made with CMT and MAG process with different energy inputs; solid and
dashed lines represent the measured average impact toughness and its stan-
dard deviation.

displacement is comparably low. A total displacement of less than 3 mm
until fracture was achieved, while a plastic deformation of less than 2
mm was observed for the total specimen length of 60 mm. All fractured
specimens show no signs of significant necking.

4. Discussion
4.1. Material deposition
To make representative comparisons between the processes, the

parameters for both processes were chosen to achieve similar material
deposition (wire feed rate), i.e. once 5.4 m/min at low energy input and
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once 7.2 m/min at high energy input. Due to the intrinsic properties of
the CMT process, the periodic retraction of the wire results in mechan-
ical drop support, which leads to an calculated energy input reduction of
about 20% for the same material input as compared to that in the MAG
process. In addition to the CMT process’s lower energy input, the weld
bead geometry changes significantly as compared to the weld beads
deposited with the MAG process. While the beads deposited with MAG
tend to be wider and flat, the beads deposited with CMT are narrower
and higher.

Oliveira et al. [68] compared standard CMT and GMAW methods for
the WAAM process on ER70S-6 mild steel using the same measur-
ed/actual heat input per unit length; a 28% higher material deposition
rate for CMT could be achieved (8.17 m/min CMT and 6.39 m/min
GMAW). In addition, good agreement was found between the nominal
average values of the process parameters and the actual measured
values, allowing estimation of the actual heat input by deriving it from
the nominal ones. Similar to the present study, more pronounced weld
beads are observed when applied by the standard CMT method than by
the GMAW. Oliveira et al. [68] attribute this to the low heat input and
rapid solidification of the CMT process over GMAW. Galeazzi et al. [69]
compared variants of the CMT process with the conventional GMAW
process for martensitic WAAM AISI 420 stainless steel; the focus was
particularly on very low deposition rates, i.e., 1.7 m/to build thin-walled
structures. In the CMT process, the instantaneous power at the time of
arc reopening is reduced to 75% compared to the conventional GMAW
process, due to the combination of wire movement and current modu-
lation control. The CMT process and the conventional GMAW process
produced good and significantly similar results, with no significant
difference in macroscopic morphology. However, CMT provided better
arc stability, resulting in better control of final dimensions, metal
transfer, and thus higher material and process efficiency; this is
consistent with the present study. Prasanna Nagasai et al. [70] investi-
gated the WAAM process for austenitic 308L stainless steel to produce
cylindrical components using again the standard CMT and conventional
GMAW processes. At a nominal wire feed rate of 5 m/min, the GMAW
process required 27% more heat input per unit length (0.391 kJ/mm)
than the CMT process (0.308 kJ/mm). In addition, fewer layers and
faster build-up were possible with CMT, as the average layer height was
16% higher than with GMAW, which is in a similar range to the present
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Fig. 19. Tensile strengths at room temperature for vertically (designated fracture plane WD-TD) and horizontally (designated fracture plane ND-TD) oriented tensile
specimens of AM parts fabricated with CMT and MAG process with (a) low energy input and (b) high energy input; dashed lines represent the average tensile

strengths of the quality heat-treated base material AISI H11.
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Fig. 20. Representative stress-displacement curves at room temperature for (a) vertically (designated fracture plane WD-TD) and (b) horizontally (designated
fracture plane ND-TD) oriented tensile specimens of AM parts fabricated with CMT and MAG process with low energy input and high energy input; no clear dif-

ferences in displacement are seen between configurations.

study. Prado-Cerqueira et al. [71] studied variants of CMT with con-
ventional GMAW for ER70S-6; at a constant moderate wire feed rate of
2.5 m/min, lower heat input was found for CMT compared to GMAW,
associated with a 13% higher layer height for CMT (1.02 mm CMT, 0.90
mm GMAW). The differences in heat input per unit length for the same
material input in CMT and pulsed MIG processes is assigned to the
different metal transfer mode [72]. Metal transfer by dipping, i.e.,
short-circuiting, lowers the penetration depth and heat input in CMT
over pulsed GMAW, where metal deposition is usually by globular and
spray transfer depending on the applied current or in pulsed form [72].
In the case of CMT, repeated cycles of switching the arc on and off,
assisted by electronically controlled forward and backward movement
of the feed wire, ultimately reduce arc energy and heat input, thereby
reducing dilution and overall penetration depth. In pulsed GMAW
technology, the wire is not retracted and the arc remains on all the time,
although the current pulsing reduces the overall arc energy [72].
Consequently, CMT promotes a faster build-up process and higher
structures. As a result, fewer layers were required to achieve the desired
height and resolve the desired geometry. The overall energy input could
be reduced in present study once the CMT process was applied. This
corresponds to a reduction in the number of layers by about 10% in the
CMT process as compared to the MAG process. The material transfer that
takes place in the CMT process at a lower energy level is responsible for
the lower welding temperature, i.e. waiting time, and less dilution with
the substrate/preceding layers [47,73]. Due to its low heat input and
dilution, CMT seems more suitable for AM than standard GMAW
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processes [47]. The lower heat input and dilution ensure continuous
deposition and prevent the overheating or excessive remelting of pre-
viously deposited material [47]. By maintaining the defined interpass
temperatures and build-up sequence, the CMT process achieves the
fastest build-up rates (>10% faster than those in the MAG process).

4.2. Microstructure and chemical composition

No significant deviations were measured between the actual chem-
ical compositions of the AM structures produced with different processes
and parameters. Only some minor and negligible changes in individual
elements were detected. These findings indicate that the welding tech-
niques and the chosen material/energy input do not contribute signifi-
cantly to the element loss, e.g. evaporation during AM of hot work tool
steel grades. The scatter observed between nominal and actual chemical
composition is more significant. The actual chemical composition of the
AM structures deviates significantly from the nominal chemical

Table 9

Transformation temperatures for the X10CrMo6-3 filler wire/AM structures for
nominal and actual chemical composition, calculated by using thermodynamic
equilibrium calculations.

A [°C] A3[°C] A4 [°C]
Nominal Chemical Composition 839 984 1178
Actual Chemical Composition 823 907 1275
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composition of the filler wire, and especially for the main alloying ele-
ments, ferrite-stabilizer Cr and Mo. In addition, an increased carbon
content was measured after AM, which may be attributed to the active
shielding gas containing CO,. The nickel content was also increased,
which benefits the formability/drawability of the filler wire; however,
nickel is not listed in the nominal composition according to the data-
sheet [74] but measured in the actual composition of the filler wire. The
1) reduction in the fraction of main ferrite-stabilizing elements Cr and
Mo, 2) increased carbon content, and 3) austenite-stabilizing element Ni
lowers the Creq/Nieq ratio. Thermodynamic equilibrium calculations
performed with the nominal and actual chemical compositions show
that the change in composition primarily enlarges the austenite region,
lowers the equilibrium temperatures of A; and As and increases Ay,
Table 9. Fig. 21 shows the equilibrium phase fractions as a function of
temperature for the nominal and actual chemical compositions. The
equilibrium calculations show that the change between the nominal and
actual chemical compositions has little effect on the phase fraction and
solubility of precipitates Ms3Cs and MX. The calculations for these
values remain fairly similar (Fig. 21a and b). A maximum equilibrium
phase fraction of 3.7 mol.% M3Cg and 0.08 mol.% MX was predicted for
the nominal composition by the simulation. The change in chemical
composition primarily affects the « — y — & transformation and vice
versa. The added nickel and increased carbon content act as an austenite
stabilizer in the chemical composition. In contrast, the Cr and Mo con-
tent (ferrite stabilizer) is reduced as compared to the nominal compo-
sition. This content increases the austenite range and alters the critical
equilibrium temperatures Aj, Az and A4, as shown in Fig. 21c.

Materials Science & Engineering A 888 (2023) 145799

The microstructure of comparable carbon-bearing hot work tool
steels produced by wire- and powder-based AM processes depends on
the applied process, process parameters, welding sequence, and inter-
pass strategy. Ali et al. [38], Ge et al. [75], and Wang et al. [39]
investigated WAAM on H11 and H13 tool steels, respectively. Ali et al.
[38] described the influence of the selected interpass temperature on the
properties of H11 a.m. components. If the interpass temperature is kept
below Ms, fresh martensite and some retained austenite will form in the
deposited layer as Mf is below room temperature. Subsequent layers
heat treat the previous ones; this means that, when the austenitizing
temperature is exceeded, martensite is converted back to austenite, and
areas that do not reach the austenitizing temperature are tempered. The
amount of retained austenite is thus reduced. Consequently, for
carbon-bearing hot work tool steels, interpass temperatures below Ms
lead to an undesirable graded microstructure and inhomogeneous
properties unlike interpass temperatures above Ms, which produce ho-
mogeneous properties [38].

AM components are subjected to multiple thermal cycles during
layer-by-layer metal deposition, affecting the local and global micro-
structure, and associated mechanical properties. Temperature control
and thermal management are essential to achieve the desired material
properties [72]. In WAAM, subsequent layer deposition is often started
after a fixed idle time (e.g., Refs. [76,77]) has elapsed. However,
depending on the size and shape of the AM component, a constant idle
time may not be sufficient to control the temperature. Montevecchi et al.
[77] consider that the main challenge in applying the idle time tech-
nique is to choose variable idle times depending on the layer/position to
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ensure a constant interpass temperature, since the cooling rate of the
workpiece changes throughout the process. Therefore, in the present
study, the interpass temperature was directly monitored and the sub-
sequent layer was deposited as soon as the required interpass tempera-
ture (above Ms) was reached. The results shown in the present work
agree with those of Ali et al. [38]. For example, using an interpass
temperature above Ms resulted in the creation of a comparable homo-
geneous microstructure and hardness distribution for the fabricated AM
parts in the present study. Unlike to Ali et al. [38], no diffraction peaks
for fcc by XRD were measured in the present work (although observed
by TEM), indicating that the presence of retained austenite is negligible.
As compared to the other carbon-bearing hot work tool steels H11/H13
(nominally 0.38 wt% and 0.40 wt%), the lower carbon content of the
tool steel used in the present study, X10CrMo6-3 (nominally 0.10 wt%,
actually 0.15-0.17 wt%), can explain the absence of the larger amount
of retained austenite observed in this investigation. In carbon-bearing
hot work tool steels (AISI H11/H13), the microstructure consists
mainly of martensite and intercellular/interdendritic retained austenite
(RA). The cellular structure is the result of constitutional undercooling
accompanied by microsegregation leading to the concentration of
alloying elements in the interdendritic regions [78]. Wu et al. [79] found
that nickel, chromium, and molybdenum have effect on retained
austenite, and Bajaj et al. [80] reviewed that in particular the enrich-
ment of carbon stabilizes the austenite at room temperature in hot work
tool steels. The retained austenite content increases linearly with
decreasing Ms temperature, while high Ms temperatures lead to low
final austenite contents [79]. Stabilization of RA at room temperature in
the microstructure can be assumed if the final martensite temperature
(Mf) of the alloy is below room temperature [81]. Fonseca et al. [82]
performed atom probe tomography (APT) on L-PBF on H13 to locally
resolve the chemical composition. Regions with C concentrations above
4 at.% are most likely parts of RA (about 3 vol%), while those with lower
C concentrations are associated with fresh martensite. Interfaces exhibit
local peaks of C, Cr, V, Mo, and Mn. These interfaces are assumed to be
martensite/RA interfaces. The microsegregated microstructure at the
cell walls exhibits a complex composition containing both
austenite-stabilizing (C) and ferrite-stabilizing elements (Cr, Mo). The
distribution of the elements, especially C, on RA locally lowers the Ms
temperature and prevents the formation of a fully martensitic micro-
structure in the as-built condition [82]. In the present study, a
low-carbon hot work tool steel alloy was used, which offers advantages
such as a softer martensite, resulting in lower susceptibility to cracking
and residual stresses, and allowing printing more complex geometries
([6,83]). Deirmina et al. [83] investigated such low-carbon hot work
tool steels by comparing a conventional H13 grade (approx. 0.4 wt% C)
with a carbon-lean H13 grade (0.25-0.30 wt%) in L-PBF. Both, con-
ventional H13 and the modified composition, were characterized by a
cellular dendritic solidification microstructure comprising an ultrafine
martensitic matrix and microsegregation of alloying elements at the
cellular/dendritic boundaries. The microsegregation resulted in stabili-
zation of RA, however the RA content in the modified H13 alloy (2 vol%)
was significantly lower than that of the conventional H13 (11 vol%),
most likely due to the lower carbon content. The reduction of about 0.1
wt% C almost suppressed the formation of RA, retaining only a small
amount of 2 vol% RA. In the present work and used filler wire alloy, not
only the carbon content is lower compared to Deirmina et al. [83] but
also the content of the ferrite stabilizing elements Mo and Cr is signifi-
cantly increased.

Regarding the chemical composition, the filler wire grade used
shows similarities with high-temperature creep resistant Cr-steels such
as P91 (approx. 9 wt% Cr, 1 wt% Mo and a low carbon content of 0.1 wt
%) and the stainless steel PH 13-8Mo (approx. 13 wt% Cr, 2 wt% Mo and
0.05 wt% carbon). Li et al. [84] observed an ultrafine martensitic matrix
with fractions of &-ferrite in WAAM of P91, and Ghaffari et al. [85]
observed vermicular and lath §-ferrite residues in a martensitic matrix in
WAAM of PH13-8Mo. Moreover, in WAAM of AISI 420 (high chromium
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content of about 12-14 wt% and a carbon content of 0.15-0.40 wt%),
Salahi et al. [86] and Lunde et al. [81] report a similar microstructure as
before, namely &-ferrite embedded in a martensitic matrix. The
vermicular §-ferrite phase formed along the prior austenite grain where
higher concentrations of element Cr (a ferrite stabilizing element) and
lower concentrations of iron are present. When the content of
ferrite-stabilizing elements in the chemical composition of martensitic
stainless steel predominates over austenite-stabilizing elements (as in
the case of ER420 and the low-carbon hot work tool steel used in this
study), it is possible that the high-temperature §-ferrite phase is retained
in the martensitic matrix at room temperature.

Considering the actual composition and the deviation of the Creq and
Nieq from the nominal chemical composition, it can be assumed that all
AM structures are within the fully martensitic range close to the
martensite + ferrite regime, i.e. without the presence of residual
§-ferrite, according to the Schaeffler diagram (Fig. 22). However, the
AM structures’ micrographs show a predominately fine vermicular
5-ferrite network embedded in an o/’ matrix. No apparent difference in
the morphology and proportion of 5-ferrite could be detected due to
differences in the process or energy input. In AM processes, the material
is generally rapidly molten, solidified, and quenched at extremely high
rates, resulting in elemental micro-segregations. While the high solidi-
fication and cooling rates in the L-PBF process generally suppress
§-ferrite formation and cause the solidification of the austenite phase in
hot work tool steels [87], the presence of &-ferrite has been observed in
H13 a.m. parts produced with the wire-based WAAM process [75]. In
particular, in the overlap zone, i.e. the remelted zone of the adjacent
weld traces, the microstructure is composed of a dual-phase consisting of
1) a blocky-like soft &-ferrite, which has a large distribution in size, and
2) refined martensite was observed [75]. In the present study, soft
&-ferrite was also observed, which was homogeneously and finely
distributed over the entire cross-section instead of being confined to
specific zones (e.g. remelted areas). The selected hot work tool steel has
an increased chromium and molybdenum content as compared to that of
the H13 grade studied by Ge et al. [75], which promotes the segregation
of certain elements and the stabilization of undesirable §-ferrite [23,88].

Visible imperfections (e.g., cracks) were not detected in any of the
AM cross sections examined, but randomly scattered non-metallic in-
clusions (NMIs), typically silicon- and manganese-based oxides, were
seen. When active gas is used as a shielding gas, the alloying elements
silicon and manganese have an affinity to react with oxygen, acting as
getters and forming harmful silicon and manganese oxides [89-94]. As a
result, non-metallic inclusions and oxides form especially to a large
extent in AM-manufactured components; these then have a detrimental
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effect on the mechanical properties, e.g. toughness and fatigue, of these
components [95].

4.3. Mechanical properties

Similarities in the microstructures of the AM structures fabricated
with the investigated processes and energy inputs are also evident when
examing their mechanical properties. All AM structures had a reason-
ably homogeneous hardness distribution with an average Vickers
hardness of about 380-390 HV1. The present results agree with those of
Ali et al. [38]. Keeping the interpass temperatures above the martensite
start temperature (Ms) in processing hot work tool steels forms micro-
structures with homogeneous hardness profiles along the building
height. This finding contrasts with those of Plangger et al. [46] and
Stockinger et al. [22], who reported that continuous heating-cooling
cycles with temperatures below Ms in martensitic steel led to perma-
nent tempering by the subsequent weld beads. As a result, an increase in
the hardness of the surface layers and an inhomogeneous hardness dis-
tribution could be observed as soon as the interpass temperature drop-
ped below Ms. According to the manufacturing guidelines [60], a
hardness of approx. 38-42 HRC in the untreated state can be expected
for the filler wire, corresponding to the measured HV values converted
into HRC (380 HV ~ 39 HRC). As comparison with similar 3D-printed
hot work tool steels remains challenging due to the limited amount of
available literature. Therefore, the hot work tool steel grade H11 (sub-
strate) and H13 serve as a reference for the present investigation. The
hardness of the wrought material H11 depends on the heat treatment
applied (e.g. austenitization, tempering temperature duration) and
representative hardness values are 50-56 HRC (513 HV-616 HV) in the
hardened condition and ~54 HRC (578 HV) after annealing twice at
500 °C. When H11 is processed by powder- and wire-based methods, the
hardness in the "as-built" condition varies. For example, reported
hardness values range from 500 to 730 HV, and representative values
are listed in Table 10. In general, the hardness level of the wrought and
powder-based 3D-printed substrate H11 is higher than that of the
wire-based printed X10CrMo6-3, partly because the chemical composi-
tions differ. In addition, the proportion of soft &-ferrite contributes to the
hardness; the higher the &-ferrite proportion, the lower the average
hardness [23].

In hot work tool steels, Cr, Mo, and V are added to increase hard-
enability and promote carbide formation, depending on the chemical
composition and heat treatment applied. The carbon content of the H11
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substrate differs and is significantly higher (about 0.38 wt%) than that of
the X10CrMo6-3 filler wire, and V is also added to promote the forma-
tion of MC. The metal matrix’s vanadium-rich MC and chromium-rich
M7C carbides contribute to and increase wear resistance and hardness
[96-98]. However, the AM of hot work steels remains challenging due to
their high carbon content, which increases their susceptibility to
cracking during deposition, which has been attributed to residual
stresses. Regarding L-PBF, this susceptibility to cracking can be reduced
by preheating the build platform [18], but cracking can still occur.
Casati et al. [6] found that a low-carbon composition of hot work tool
steel may be useful when the 3D printing complex parts by using L-PBF.
These parts are then expected to have higher toughness and damage
tolerance to residual stresses and processing defects. A lean version of
H11 tool steel with a 30% carbon reduction (i.e. 0.24 wt%) resulted in a
hardness level of 427 HV1 [6], which is comparable to the present re-
sults and the hardness level of 380 HV1 (89% of [6]) for AM structures
with an actual carbon concentration of about 0.15-0.17 wt%.

The measured absorbed impact energy of the AM parts produced by
WAAM is significantly higher than that of the samples produced by
powder-based L-PBF processes from other carbon-bearing hot work tool
steels (Table 11). The reasons for the comparatively low absorbed
impact energy of L-PBF printed AM parts are manifold: 1) the residual
stress level differs due to the rapid cooling rates influenced by the pre-
heating conditions, 2) imperfections are introduced, causing, e.g. a lack
of integrity due to partially melted particles or (cold) cracks, and 3)
different proportions of retained austenite can occur due to complex
thermal cycling and rapid cooling rates [102-105]. With regard to
certain aspects, the applied WAAM processes differ significantly from
the powder-based L-PBF process, leading to comparably lower cooling
rates and complete integrity [75] due to the intrinsic process charac-
teristics and preheating level.

The tensile strengths slightly, but not significantly, increased when
specimens were loaded in the perpendicular direction (vertical) as
compared to specimens loaded in the direction parallel (horizontal) to
the welding direction. The changes in tensile strengths shown in this
work are still within the standard deviation ranges, indicating a signif-
icantly isotropic tensile strength. This may be attributed to the interpass
strategy as well as the homogeneous, finely distributed §-ferrite in the
AM structures. In contrast, Lyu et al. [106] and Ge et al. [107] observed
anisotropic tensile properties for martensitic stainless steel 2Cr13, and
Wang et al. [39] and Ge et al. [75] observed these for the hot work tool
steel H13 fabricated with WAAM. However, the anisotropic tensile

Table 10
Representative hardness levels according to literature for powder and wire-based 3d printed AISI H11 and H13 hot work tool steel grades.
Process Feed Stock Material Interpass Strategy Condition Remark Hardness Ref.
L-PBF Powder H11 ~380 °C As-Built - 642 + 9 HV1 [18]
Hardened 1100 °C/15min 737 +£16 HV1
Annealed 1100 °C/15min + 2 x 550 °C/2h 585 + 9 HV1
L-PBF Powder H11 - As-Built - ~506 HV1 [6]
Annealed 1010 °C/10min + 500 °C/2h ~548 HV1
L-PBF Powder Lean H11 - As-Built - ~427 HV1 [6]
Tempered 550 °C/2h ~486 HV1
L-PBF Powder H13 100 °C As-Built - 620-670 HV 5 [99]
LMD Powder H11 - As-Built - ~730 HVO0.5 [14]
Tempered 3 x 570 °C/2h ~690 HV0.5
Annealed 1080 °C + 3 x 570 °C/2h ~600 HVO0.5
LMD Wire H11 - As-Built Single/Multitrack ~50/60 HRC [100]
LMD Wire H11 - As-Built Single Layer ~700 HVO.2 [101]
CMT Wire H11 100 °C As-Built Zone A 500-600 HV1 [38]
Zone B ~700 HV1
300 °C - ~690 HV1
600 °C - ~700 HV1
CMT Wire H13 Interpass 60s As-Built Martensite Zone 475 HV [75]
Interlayer 300s Martensite + Ferrite Zone 360 HV
MIG Wire H13 150 °C As-Built - 300-360 HV [39]

The absorbed impact energy in the ND-TD and WD-TD planes of AM specimens fabricated with low energy input is within the range of 10-12 J, which corresponds to
70-85% of the heat-treated H11 substrate and 64-76% of the heat-treated H13 substrate (15.7 J [102]), respectively.
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properties can be attributed to a graded microstructure and hardness
profile due to continuous deposition and in-situ micro-tempering
treatment, resulting in a thermally induced martensite transformation
into ferrite. Lyu et al. [106] also found that the soft 3-ferrite residue
significantly affects the tensile properties and isotropy, as cracking starts
at the interface or within the §-ferrite due to the deformation in-
compatibility between the soft 3-ferrite and the hard martensitic matrix.
Those findings are also consistent with those of Ge et al. [75], who
studied the WAAM of H13. They measured a reduction in the hardness
and tensile strength of the remelted overlap zone between two weld
beads (martensite + ferrite) as compared to the single melted zone,
which is almost entirely composed of martensite.

Furthermore, the intense precipitation along the interface between
d-ferrite and matrix may also contribute to the anisotropy. Conse-
quently, the morphology, distribution, and proportion of detrimental
d-ferrite should be controlled to reduce the anisotropy and decrease
tensile properties in martensitic AM structures [106]. Lyu et al. [106]
had the morphology of &-ferrite oriented and elongated along the
build-up direction, i.e., perpendicular to the loading during a tensile test
in a direction parallel (horizontal) to the welding direction. In the pre-
sent study, the d-ferrite was distributed predominantly homogeneously
as a finely dispersed network, improving the isotropic conditions of the
3D printed material.

For the hot work tool steel grade X10CrMo6-3 and the welding
sequence applied, the yield strength is about 1000-1100 MPa, and the
ultimate tensile strength is about 1200-1400 MPa. However, limited
information is available for the tensile properties of AM components
made from carbon-bearing hot work tool steels (e.g. H13 [39,75]) pro-
duced by wire-based additive manufacturing. Therefore, properly
comparing results remains challenging. The measured tensile strengths
are comparatively higher and more consistent than for 2Cr13 [106,107]
and H13 [39,75] martensitic grades produced by wire-based processes,
but lower than for H11 and H13 grades produced by powder-based AM
processes (Table 12) and wrought in the annealed condition (Fig. 19).

To achieve the desired mechanical properties for high temperature
applications and to stabilize the microstructure for service conditions,
hot work tool steels are usually subjected to tempering. The established
heat treatment route for conventional hot work tool steel materials is

Table 11
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austenitizing, quenching and double tempering, which usually leads to
an improvement in the properties of hot work tool steels [109]. The
martensitic matrix without precipitates obtained during quenching is
hard and brittle, and tempering is used to regain some ductility by
precipitating carbon in the form of carbides from the martensite matrix
[80]. Since hardening during tempering is mainly due to the precipita-
tion of secondary phases, the final microhardness is highly dependent on
the volume fraction and size of the precipitates [109]. In AM, cooling
rates are typically high during processing, and martensite formation is
induced during AM processing of hot work tool steels [6,14]. The
retained austenite of e.g. AISI H13 decomposes during post-heat treat-
ment at 500 °C, and the cellular solidification structure disappears at
tempering temperatures above 600-700 °C [7,8,80]. Full austenitization
(1020 °C/70min) of AISI H13 followed by quenching and double
tempering results in a tempered martensitic microstructure and carbides
very similar to conventionally produced material [9].

In AM of carbon-bearing hot work tool steels (AISI H11/H13), the
microstructure consists mainly of martensite and intercellular/inter-
dendritic retained austenite. This contrasts with the present study and
the material grades investigated, which contain a considerable amount
of §-ferrite and a negligible amount of retained austenite, compared to
AM of AISI H11/H13. The transient as-built microstructure was inevi-
table because of the complex thermal history during the deposition
process. Such a microstructure in turn would require additional or
adapted heat treatments after AM [75]. To eliminate the undesirable
heterogeneous §-ferrite residues, a homogenization treatment followed
by an established double tempering would provide a solution to ho-
mogenize the microstructure and restore mechanical properties. The
homogenization treatment promotes dissolution of &-ferrite and
elemental redistribution into the austenitic matrix, which then trans-
forms into martensite during subsequent cooling. Afshari et al. [110]
and Ghaffari et al. [111] showed for WAAM of PH 13-8Mo that 1050 °C
is sufficient to dissolve undesirable residual §-ferrite phases, resulting in
a fully martensitic microstructure. Rodrigues et al. [112] have shown for
WAAM of 316L that changing the solution treatment from 1050 °C/2h to
1200 °C/1h can further reduce the residual §-ferrite content from 2.8%
to 0.5% (16.9% in the as-built state). A similar HT at 1200 °C/2h was
sufficient in WAAM of P91 [84] to remove the heterogeneous

Representative values for absorbed impact energy by Charpy V-notch testing at room temperature according to the literature for powder-based 3D printed AISI H13 hot

work tool steel grade.

Process Feed Stock Material Condition Remark Orientation KJ [J] Ref.
L-PBF Powder H13 As-Built Vert. 5.4 [103]
Annealed Vert. 10.8
L-PBF Powder H13 As-Built Partially molten powder influences KJ - 4-23 [104]
L-PBF Powder H13 As-Built Build platform preheated 200 °C - 6.0 +1.4 [105]
L-PBF Powder H13 As-Built - - 14.4 [102]
Table 12
Representative tensile strengths at room temperature according to the literature for powder and wire-based 3d printed AISI H11 and H13 hot work tool steel grades.
Process Feed Stock Material Condition Remark Orientation YS [MPa] UTS [MPa] Ref.
L-PBF Powder H11 As-Built Hor. - ~1000 [18]
Vert. 2000-2100
Annealed Hor. - 1700-1800
Vert. 2148 £ 16
L-PBF Powder H13 As-Built Hor. - 1150-1275 [99]
Vert. - 1550-1650
LMD Powder H11 As-Built Hor. 860 + 8 1710 £+ 170 [14]
Tempered Hor. 1630 £ 9 2130 £ 10
Annealed Hor. 1480 + 1 1800
LMD Powder H13 As-Built Hor. 1288 + 54 1064 + 51 [108]
Vert. 1564 + 24 2033 + 38
CMT Wire H13 As-Built Martensite Zone Hor. - 1322 [75]
Martensite + Ferrite Zone - 847
MIG Wire H13 As-Built Hor. . 1085 [39]

Vert. . 871
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microstructure (5-ferrite, lath martensite, and MX precipitates) and form
a single uniform martensite structure throughout the deposit. After ho-
mogenization and quenching, tempering can be performed for second-
ary hardening and to recover ductility.

Suitable post-processing heat treatments should be used to further
stabilize and adapt the microstructure to ensure the required mechanical
properties. The aforementioned post-processing heat treatments are the
subject of future research to achieve the desired mechanical properties.

5. Conclusion

The present study successfully demonstrated wire-based additive
manufacturing of hot work tool steel using various arc welding processes
and energy input levels. Applying a proper interpass strategy and
following a welding sequence, sound volumetric AM structures of a
chromium-molybdenum hot work tool steel with a pre-defined structure
were deposited on an AISI H11 substrate. The application of the CMT
welding process resulted in higher weld beads than MAG, and the lower
energy/heat input resulted in a faster build-up process for the same
material input. In all cases, the AM parts exhibited good integrity and
were subsequently characterized to determine their microstructural and
mechanical properties. The results lead to the following conclusions:

The AM structures exhibit similar microstructural features, regard-
less of the applied arc welding process and energy input used, when
similar interlayer strategy is applied.

The microstructure consists of an o/«/-matrix and a predominately
finely distributed vermicular §-ferrite network. Unlike in other
carbon-bearing tool steels, no significant amount of retained
austenite was measured. Intense precipitation of molybdenum-based
precipitates with different morphology and composition was
observed.

The mechanical properties are comparable for all configurations, and
the differences in the mean values of hardness, tensile strength, and
absorbed impact energy are within standard deviation ranges.

e All specimens exhibited a relatively homogeneous hardness distri-
bution across the entire cross-section. The average hardness values
fall within the range of 380-390 HV1.

The tensile strength of the AM deposits is 1000-1100 MPa yield
strength and 1200-1400 MPa ultimate tensile strength, which cor-
responds to values for the tested heat-treated H11 substrate. These
results are higher than the values reported in the literature for
WAAM of a comparable AISI H13 grade.

The absorbed impact energy at room temperature for the AM struc-
tures fabricated with a low material/energy input is 10-12 J, cor-
responding to 70-85% of the heat-treated H11 substrate.

No significant differences in the tested mechanical properties (tensile
strength, impact energy) of the horizontally and vertically oriented
specimens were observed for all configurations, indicating that these
properties are isotropic.
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