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Abstract

In this work, AISI H13 tool steel build-ups were produced through wire arc additive manufacturing (WAAM). The cold
metal transfer (CMT), low spatter control (LSC) and pulsed synergic (PS) current deposition modes were compared. Similar
deposition strategy was employed in order to attempt to evaluate the influence of energy input on geometrical and mechanical
properties of the deposits. To evaluate the mechanical properties of the deposits, hardness and tensile tests were carried out.
Microstructures were analysed in optical microscope. As a result of the intrinsic characteristics of each current waveform and
adjustments of the heat source used to perform the deposits, the heat input value was similar for CMT and PS mode and lower
for the LSC mode. The CMT deposit was the tallest and widest. Temperatures were higher using the PS deposition mode.
The hardness values for all deposits were higher than the usual ones for this tool steel. The microstructure was composed by
hard phases, and the precipitates at grain boundaries were responsible for the brittle fracture observed in tensile specimens.

Keywords Wire arc additive manufacturing - Mechanical properties - AISI H13 Steel - Current waveform - WAAM

deposition mode

1 Introduction

Additive manufacturing (AM) is a technology that allows the
production and repair of products with complex geometry
and made of difficult-to-cut materials. From the economic
perspective, the application of AM technologies is very
beneficial when applied to the production of small batches
or when a “mass customization” of product is required [1].
Lately, AM development has been strongly supported by
the transition to the Industry 4.0 paradigm [2]. Also, the last
COVID-109 crisis showed the potential for AM technologies
when an urgent need for spare or new parts are required [3].
The most common AM technologies for metals are based on
powder-bed that are able to create very complex shape prod-
ucts but are characterised by low productivity and dimen-
sion limitations. Alternative approaches that do not require

< William Hackenhaar
williamhackenhaar @ gmail.com

Welding & Related Techniques Laboratory, Federal
University of Rio Grande Do Sul UFRGS/PROMEC,
Porto Alegre, RS, Brazil

Department of Industrial Engineering, University of Firenze,
Via di Santa Marta 3, 50139 Florence, Italy

the use of a powder bed have been developed, known as
direct energy deposition (DED) methods. These use different
strategies to melt a metal feedstock, mainly powder or wire,
and create a bead of fused metal on a substrate. The main
approaches use laser beam, electron beam and electrical arc
as deposition sources. In general, the use of powder allows
to achieve better accuracy at a lower deposition rate, while
the use of wire is a faster but less accurate process [4]. The
advantage of DED approaches is suitable not only for the
production of brand-new components but also for repairing
high-cost parts, like turbine blades or stamping dies.

In this paper, wire arc additive manufacturing (WAAM) is
used to build-up a model component with deposition of suc-
cessive layers of AISI H13 steel, often used in the toolmak-
ing and die sector. WAAM is basically a 3D welding pro-
cess based on fusion Gas Metal Arc Welding (GMAW) that
uses a metal wire electrode and an electrical arc to create a
deposition bead. The main advantages are the possibility to
create very large parts like the ship propeller made by RAM-
LAB [5], with a very high deposition rate that could reach
more than 10 kg per hour using different metallic alloys as
steel, aluminium-based, titanium-based and others [6]. Typi-
cally, the resulting shape is affected by a relevant waviness
of the surfaces, so often it is required a finishing step on a
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machine tool to complete the production cycle. WAAM is
interesting also due to the easy integration on a numerical
control machine tool to create an hybrid additive-subtractive
machine, a solution already available from most prominent
machine tool manufacturers [7].

Since WAAM is often used to produce thin-walled struc-
tures by building-up successive layers of metal, the heat
accumulation in the workpiece is one of the main issues of
this approach. Therefore, advanced solutions to lower the
heat input of the deposition process are adopted both for
the current/voltage waveform and for the wire feeding. An
example is the cold metal transfer (CMT) mode that intro-
duces small movements of the wire at the tooltip of the torch
synchronised with the current waveform in order to substan-
tially reduce the heat input [8].

A basic WAAM system consists of an arc welding source,
a positioning system (robot, 3/5-axis NC machines) and
some additional and optional systems for controlling the
process (e.g. active cooling, thermocamera, crack sensors).
Differently from powder-based AM processes, WAAM
allows a broad selection of filler material, base material,
metal transfer mode, current waveform, heat treatments and
deposition strategies. But the main advantage is related to
the high deposition rate, as reported by Wu et al. [9]. The
rate for GMAW standard transfer modes is about 3—4 kg/h;
in tandem mode, it can reach 6—8 kg/h, while for cold metal
transfer, CMT is about 2-3 kg/h. For processes that require
lateral wire feed (rotation of the torch or the wire feed sys-
tem) as gas tungsten arc welding (GTAW) and plasma arc
welding (PAW), the deposition rates are about 1-2 kg/h
and 2—4 kg/h, respectively. Both PAW and GTAW have an
intrinsically lower fusion rate than GMAW. This is because
in such processes the filler metal is not molten directly by
the high temperature arc, but it is fed into the molten pool,
which is at a lower temperature.

However, deposition rate is not the only topic to be
addressed on WAAM; specimens with superior mechani-
cal properties and workpiece weight were generated by
Moradi et al. [10] in a modelling optimization of fused
deposition study. A topological improvement using a CMT
laser hybrid WAAM with a trailing laser beam was per-
formed by Nisstrom et al. [11]. Wang et al. [12] evaluated
the effect of single and double wire on the mechanical
properties of an Al-Cu-Sn alloy deposited by WAAM, and
the importance of the heat input in the forming and perfor-
mance of depositions. The properties and the microstruc-
ture of an AlI-Mg alloy fabricated by WAAM were studied
by Ren et al. [13]. Yang et al. [14] using WAAM-CMT
on AlSi7Mg0.6 thin-wall parts researched the effects of
heat treatment on microstructure and mechanical proper-
ties. Prado-Cerqueira et al. [15] performed deposits with
WAAM CMT using the steel wire AWS ER70S-6 to ana-
lyse mechanical and metallurgical properties. Different arc
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modes were tested using WAAM CMT in 5183 aluminium
alloy by Fang et al. [16]. Shassere et al. [17] developed a
WAAM correction-based approach to improve bead geo-
metrical conformity using the Surface Tension Transfer
module depositing AWS ER70S-6 steel wire. Mechani-
cal properties of AWS ER70S-6 steel wire deposited by
WAAM were evaluated by Astarita et al. [18]. The effect of
molten pool size on WAAM properties using Ti-6Al-4 V
was studied by Wu et al. [19], finding that manufacturing
parameters influence the cooling rate and thermal gradient
and can control the equiaxial grain morphology forma-
tion. Another work about the grain refinement with GTAW
applied to WAAM was made by Guo et al. [20] in a mag-
nesium alloy by modifying the pulse frequency.

Martina et al. [21] studied the dilution values to different
transfer modes and highlighted a strong influence of these
since the value achieved for GMAW CMT is 3%, for GMAW
pulsed AC is 8% and for GMAW pulsed + DC is 28%. A low
dilution means preservation of the original substrate prop-
erties. Also, related to the toolpath planning, according to
Geng et al. [22], the angle at which the filler metal is fed in
the molten pool has a great influence on the bead geometry.
Thus, the concentric wire feed in GMAW presents as a posi-
tive alternative to be applied in WAAM.

Another issue is how to maintain a stable arc reducing
the heat input that requires a deep process control. Modify-
ing the current waveform can reduce the heat transferred
by the power source to the workpiece and avoid deleterious
microstructural phases, distortion or thermal stresses. Cur-
rently, the state-of-the-art solutions are power sources able
of achieving the controlled short-circuit current waveform.
Norrish and Cuiuri [23] compared different controlled short-
circuit power sources and CMT was identified as capable of
combining low heat input, low spatter and equipment reli-
ability. In the present work, to study the effect of some dif-
ferent deposition modes applied to WAAM, the following
modes were selected: CMT, low spatter control (LSC) and
pulsed synergic (PS).

Besides a particular waveform, CMT mode provides the
wire motion control. LSC is a dip transfer arc with high arc
stability and low level of spatter generation thanks to the adop-
tion of an improved current waveform. The transfer process
is based on short-circuit, the current is reduced before break-
ing the short-circuit bridge, leading to a soft reignition of the
arc. Compared to GMAW short-circuit mode, the PS mode
presents a lower heat transfer to the base metal resulting in
less overall distortion and a reduction of some deleterious
microstructures. In PS mode, the average current is reduced
due the current pulse. In the lower period, the current pulse is
kept at lower levels to not transfer the wire material, but high
enough to not extinguish the electrical arc. Next, the peak cur-
rent is raised above the transition current long enough to pro-
mote the formation and transfer of a metal drop. These known
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deposition modes developed for fusion arc welding have been
extensively used to WAAM.

The AISI H13 belongs to the hot-work steel group, marten-
sitic chromium steel series and shows good strength and hard-
ness at high temperatures. Some applications include the con-
tact with other hot-work materials, as in die casting, extruding
and hot forging, where the surface resistance to mechanic abra-
sive contact at high temperatures and mechanical resistance are
required. The high temperature hardness properties are result
of the moderate chromium content combined with carbide for-
mer elements, as molybdenum, vanadium and tungsten [24].
The hardness values generally range between 40 to 50 HRC
[24]. Regarding the material AISI H13, one of the main issues
is the cracking susceptibility. Recently, the number of studies
focusing on additive manufacturing applications increased. In
a study of H13 tools with nickel based (Stellite) electrodes,
Rajeev et al. [25] using CMT deposited layers using different
heat treatment conditions. It was found that cracking could be
avoided by pre-heating and a post-weld annealing. Legesse
et al. [26] used a hybrid CMT milling approach to manufac-
ture an AISI H13 die. It showed that the workpiece could be
manufactured avoiding cracks by using a pre-heating system.
The deposition of H13 samples using a regular GMAW pro-
cess was tried by Wang et al. [27], annealing was performed
for 4 h at 830 °C and resulted, as expectable, in a significant
reduction of the mechanical properties: tensile strength in the
deposition direction decreased from 1085 to 536 MPa for the
annealed ones. The deposition of a H13 free-crack block with
limited porosity and proper mechanical properties using CMT
was demonstrated to be possible by Ge et al. [28]; the material
was deposited in an as-annealed substrate.

The main aim of this work is to analyse the effect of the
above-mentioned deposition modes, characterised by lower
heat inputs when compared to conventional GMAW, on
the mechanical properties of AISI H13 tool steel applied to
WAAM. The process parameters and the thermal history were
analysed and related to the mechanical properties.

2 Experimental methods

To compare the influence of deposition mode in geometrical
and mechanical characteristics of deposits produced using
CMT, LSC and PS, a TPSi 320 CMT by Fronius® weld-
ing power source has been used. The CMT torch has been
mounted on a 3-axis milling machine, whose numerical con-
trol could be programmed with standard ISO language to
define and obtain the toolpath and the torch speed with good
accuracy. The deposited beads were produced with the total

length of 170 mm and altering the deposition direction to avoid
accumulation of material in the start point. The idle time for
the depositions was set to 35 s. In general, idle times are used
between the deposition of subsequent layers to allow reduction
of the temperature under the phase transition range [29-32].
This value has been selected from preliminary tests in order
to avoid an excessive remelting of the top layers and has been
kept constant for all the tests. The wire feed material was a
chromium-molybdenum-vanadium alloyed steel AISI H13
(EN X40CrMoV5-1) with diameter of 1.0 mm. According to
the manufacturer Bohler-Uddeholm, this steel has a tensile
strength of 1820 MPa and yield strength of 1520 MPa at room
temperature when quench and tempered to achieve 52 HRC.
Its chemical composition is indicated in Table 1. A carbon
steel bar was used as base plate (substrate) for the depositions
and had the dimensions of 250X 150 12 mm. The substrate
preheating was 120 °C.

The parameters set for all the depositions were the
following: wire feed speed =5.0 m/min; deposition
speed =240 mm/min; contact-tip-to-work-piece = 18 mm at
first and the torch was moved 3.5 mm up after each deposit;
shielding gas Ar+2% CO, with 15 1/min flux; number of
layers =30. One deposition (wall) was performed for each
type of deposition mode, and a general view of the deposits
can be seen in Fig. 1.

Tensile tests specimens were machined in accordance
with ASTM ES8/E8M-16 [33] using the subsize dimensions
with a 4 mm thickness, as can be observed in Fig. 2. For
each wall, 3 tensile specimens were extracted longitudinally

Fig. 1 General view of deposits manufactured using the different dep-
osition modes: CMT, LSC and PS

Table 1 .Nominal chemical C Cr Mo v Mn Si Fe
composition of AISI H13 steel
wire (wt.%) 0.39 53 1.3 0.9 0.4 1.0 Bal
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to the building direction and named as “top”, “middle” and
“base” with the purpose of verifying any possible influence
of specimen position in results, since the bottom beads expe-
rience a larger number of thermal cycles than the top ones.
The tensile tests were performed at room temperature on a
universal testing machine (Instron MTS 810) with a constant
speed of 0.5 mm/min.

Hardness and microstructural analysis were carried out
in samples extracted from the grip section of each fractured
tensile specimen, that is, transversally to the building direc-
tion, as shown in Fig. 1b, c. The samples have been mounted
in phenolic resin and prepared using standard metallographic
procedures: grinding in abrasive papers from 80# to 2000#-
grit and polishing. The samples were etched with 2% Nital
solution. Optical imaging was conducted using the micro-
scope Nikon Eclipse LV150. The hardness Knoop has been
performed using a Shimadzu HMV-2000 device using a load
of 300 g and dwell time of 10 s. The distance between iden-
tations was 0.5 mm, resulting in almost 20 hardness meas-
urements in each specimen.

Thermal cycles were measured at substrate using K-type
thermocouples. The position of the thermocouples is shown

Tensile Test Specimens

Hardness and

samples
)

To

microstructural

in Fig. 3a; they were placed at distances of 5 mm (TC1 and
TC2) and 12 mm (TC3) from the wall border (first bead). A
resistance spot welding procedure was used to fix the ther-
mocouples. An example of a complete deposit with thermo-
couples positioned is presented in Fig. 3b.

3 Results and discussion

The graphs of Fig. 4 show the measured deposition current
and arc voltage for each layer of the three deposition modes.
The deposition process parameters acquired using the inte-
grated logger of power source are shown in Table 2 for each
deposition mode. It is noteworthy to mention that, although
the wire feed speed (W) has been set up as 5.0 m/min, inter-
nal control of the power source “adjusted” this value for each
deposition mode, and the results are as indicated in Table 2.
Moreover, the deposition energy input (E) for each deposi-
tion mode was calculated based on the mean arc power (IP)
delivered by the source and the employed deposition speed,
which was the same for the three deposition modes.

Fig.2 a Schematic showing the dimensions of deposits and position of tensile test specimens. b, ¢ Regions of micro-structural and hardness
analysis. d Dimensions of tensile test specimens. e Specimen machining for tensile test

Fig.3 a Schematic showing

thermocouple positioning in Thermocouples
substrate. b Example of a com- 145 10
plete deposit with thermocou- et -— 10

ples in substrate

=

75
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Fig.4 Variations in electric current and arc voltage according to the deposited layer for each deposition mode

Table 2 Deposition parameters

for CMT. 196 and bS 1(A) U () W (m/min) IP (W)#* IE (kJy*#* E (kJ/em)
deposition modes CMT 128.0 145 5.8 2249 71.0 5.6

LSC 117.0 16.6 4.7 1914 65.0 4.8

PS 80.0 219 4.9 2153 62.0 5.4

Average values of 30 deposits
““IP =mean value of arc power

“IE =total arc energy

Table 3 Geometries (height and width) for each deposition mode

Height (mm) Width (mm)
CMT 71.0 9.0
LSC 65.0 8.0
PS 62.0 8.3

In Fig. 4 can be observed small variations in deposition
current and voltage for LSC. Although the higher dispersion
of current values for CMT, and its higher current and lower
voltage values compared to LSC, the same trend was noted
for both deposition modes. However, the PS presented the
lowest average current value and a decrease in its values as
more layers were deposited; the difference from layer 1 to
layer 30 was about 28.6%. The inverse trend was observed
by the arc voltage in this mode, varying from 21.4 V in layer
1 to 23.3 in layer 30. The adopted deposition mode, and
consequent parameters, affected the geometry of the depos-
its, as can be seen in Table 3 and Fig. 1. As stated before,
the torch vertical movement between consecutive layers was
kept constant (3.5 mm) to all deposits. As the total height of
PS wall was the lowest, a small cumulative increase in the
contact-tip-to-work distance (CTWD) should have produced
the progressive increase in tension, compensated by synergic

power source programme by an electric current decrease.
Also, the programme is generally designed for single pass
and can be influenced by the heat accumulation as the part
is build up [4]. Whereas the lower electric current value can
be associated to the waveform and CTWD changes in PS,
the higher current in CMT is related to the higher wire feed
speed Table 2, which was adjusted by the source for this
mode, leading to the highest deposition current between the
three deposition modes. It is worth noting that, although the
evident difference in deposition parameters, the resulting
deposition energy input was similar for CMT and PS modes
and slightly higher than that observed for the LSC.

The wall manufactured using CMT mode exhibited the
larger height and was the widest. This can be attributed to
the higher wire feed speed and deposition current, as the
welding speed was the same for the three deposition modes.
The electric current affects the deposition rate; there is an
increase in wire fusion rate, and therefore deposition rate,
with an increase in current. Even though the energy input
for LSC was lower than that one for PS mode, its wall height
was higher, again showing the significant effect of the elec-
tric current on deposition rate.

The increase in the heat input decreases the cooling rate,
however, an increase in layer volume causes the opposite
effect, facilitating the heat extraction. So, both the heat input
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and deposition mode affect the manufactured deposits ther-
mal cycles, as can be observed in Fig. 5. Although the ther-
mocouple was placed in substrate, which implies in lower
temperatures than that actual in the layer been deposited, it
is possible to observe the general trend in thermal cycles
for each deposition mode employed to produce the walls:
the thermal cycles were more extenuated for LSC mode and
sharper for PS mode. It is possible to note that even the pre-
heating of substrate and the vicinity of thermocouple with
the first layer, the peak temperatures were relatively low,
reaching 255 °C, 271 °C and 353 °C for LSC, CMT and
PS modes, respectively. This means that most of the heat
generated during initial deposition was transferred to the
base plate and to the surrounding environment (workbench,
clamping system, ambient), as expected for these low energy
deposition modes. Peak temperatures for each deposition
mode are illustrated in Fig. 6. It is important to note that the
thermocouple was not centralised to the total length of the
deposit, so as the layers were produced in alternated depo-
sition directions, when the deposition starts in the opposite

side of the point where the thermocouple is placed, it has
more time to cool down until the heat source (torch) reaches
the point again. This explains the alternating peak tempera-
tures (as a “zig-zag”) when considering each thermal cycle
(Fig. 5) or peak temperature (Fig. 6). LSC mode always pre-
sented the lowest peak temperature for each deposit, and this
could be associated to its lowest deposition energy input
compared to the other modes, as shown in Table 2. How-
ever, the energy input value per se is not capable to explain
the difference in thermal cycle/peak temperature behaviours
when comparing CMT and PS modes, because their energy
input values were similar but peak temperatures observed
for PS mode were higher than those for CMT mode, at least
in the first deposited layers, where the minimum distance
between to the thermocouple position is lower. The effect is
due to the joint action of deposition current waveform and
wire motion characteristic of CMT deposition mode.

The hardness profiles are shown in Fig. 7a, representing
the total indentation points measured in samples extracted
from tensile specimens, that is, in the vertical direction of

Fig.5 Thermal cycles for CMT, 450
LSC and PS deposition modes.
Results referring to thermocou- 400 I
ple 1 (TC1), placed in substrate 6
at 5 mm from the border of the s~ 350
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the deposition. Macrographic analysis were carried out and,
although the heterogeneity in macrostructure, it was no
observed internal defects (cracks, porosity, lack of fusion) in
the manufactured walls. It was possible to note three differ-
ent grain zones alternated between each layer are illustrated
in Fig. 7b, c; these suggested zones (refined grain, partial
refined grain, and coarse grain zones) are based on the com-
mon regions found in the heat affected zone in multipass
welded joints [17, 34]. In general, it was noted that the lower
values of hardness were found in the refined zone with prev-
alent equiaxial shape; the subsequent increase was related
to the partial refined grain zone and finally the coarse grain
zone, which presented larger columnar grains. For example,
as shown in Fig. 7a, for the PS mode the indentation number
24 with 757 HK was performed in the coarse grain zone
and the next one (indentation 25) with 746 HK referred to
the refined zone. Then, these zones could be related to the
hardness oscillation, Fig. 7a, in which new deposited layer
creates new zones with specific microstructure due to the
heating and cooling of the material. These mechanisms are
common on additive manufacturing of metal parts, where
the energy transferred by the power source and the cooling
influence the final microstructure, and common for non-
heat-treated WAAM deposits. That is, the hardness profile
can support the representation of the heterogeneity of grain
size and microstructure. It seems in Fig. 7a that the vari-
ation in hardness values is larger for PS deposition mode
compared to the other ones, as well as smaller in the middle

Fig. 7 a Hardness profile for
CMT, LSC and PS deposition
mode. b Macrograph of CMT
top specimen, indentation
13-755 HK. ¢ Macrograph of
LSC medium specimen, inden-
tation 17-756 HK. The three
macroregions are highlighted
(coarsening, partial and refining
grain zones)

specimens (approximately in the central region of wall
height). As stated by Shassere et al. [17], the region with
greater homogeneity in the hardness profile is also the one
where the quasi-steady heat flow state is achieved.

Figure 8 indicates the average, minimum and maximum
hardness values for each deposition mode according to the
position in the vertical direction. A higher variation of hard-
ness was observed in the regions near the substrate and in the
top layers: the lowest hardness value of 690 HK (approxi-
mately 58 HRC) was observed in a base sample for the PS
deposition mode, whereas the maximum of 826 HK (near
64 HRC) occurred for both CMT and PS modes, in a base
and a top sample, respectively. The overall results shown in
Fig. 7 and Fig. 9 indicate that, even considering the lowest
hardness result, these values are very high and indicative of
a microstructure composed by hard phases. The AISI H13
is a carbon steel alloyed with chromium, molybdenum and
vanadium, which are strong carbide formers. This steel has
high hardenability, and transformation of austenite into mar-
tensite occurs for a wide range of cooling rates. It means
that the deposition modes employed and subsequent thermal
cycles did not cause significant alterations in the hardness
values of the AISI H13 steel deposits.

The results of tensile tests are presented in Fig. 9, where is
also possible to observe the individual results for base, mid-
dle and top samples for each deposition mode. The strength
values are high, however inferior to the one specified by
the manufacturer using conventional routes of fabrication.

1 3 5 7 9 1113151719 21 23 2527 29 31 33 35 37 39 41 43 45 47 49 51 53 55

—e—-CMT -—e-LSC —e—PS Indentation
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The specimens did not present the necking, with a brittle
fracture, as can be seen in the example in Fig. 9b, the low
elongation preventing the attainment of full tensile strength.
Besides, considering the dispersion in results, it was not
observed significant difference between them related to the
deposition modes. There are some factors that could con-
tribute to the unsatisfactory mechanical properties. Residual
stresses can affect mechanical properties. They originate
from gradient temperatures during deposition process as
well as from the cooling-down and from solid-state phase
transformations [35]. Cottam et al. [36] used direct metal
deposition to produce a part of AISI H13 steel and demon-
strated that transformation of retained austenite to martensite
caused compressive stress regions, whereas regions of ten-
sile stress were attributed to the martensite being tempered
by the heat from the laser during building-up. Besides, it
was demonstrated that the distribution of stress was not sym-
metrical [36]. In the present study, residual stresses were
not evaluated, but thermal gradients are inherent to the
WAAM, and solid phase transformations are characteristic
to the AISI H13. Another point that could contribute to the
strength results is the heterogeneity in grain structure caused
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by regions with equiaxial, columnar and dendritic grains,
which during tension behave in different ways and therefore
can cause a non-homogeneous deformation, creating zones
with stress concentration. At last, the properties of the highly
alloyed AISI H13 are very dependent of the schedule and
parameters applied during heat treatment. The deposition
modes used in this study induced several thermal cycles in
the material, which in its turn induced to “not controlled”
microstructural alterations. In fact, as stated bellow, the
resulting deposition microstructures had a major influence
on the mechanical properties.

According to Ning et al. [37], in usual heat treatment
processing routes for AISI H13 steel, most of carbides dis-
solve in quenching temperatures, and there is a precipita-
tion stage during tempering, forming nanoparticles. The
tempering schedule typically uses two-step tempering to
transform any residual retained austenite into martensite.
Lerchbacher [38] cites that typical precipitation sites for
alloyed carbides in tool steels includes dislocations, previ-
ous carbides (as cementite) and boundaries of formed aus-
tenite and martensite laths. Quenching temperature affects
the austenite grain size and, consequently, lath width of
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martensite. Therefore, the size and distribution of the pre-
cipitates, as well as martensite lath width and amounts of
retained austenite, affect the toughness and strength of the
AISI H13 steel.

The highly alloyed AISI H13 steel provides marten-
sitic structure at relatively low cooling rates and its car-
bides are rich in vanadium, chromium and molybdenum.
Figure 10 shows that all microstructures were composed
by a matrix of martensite and carbides precipitated in
the matrix and in grain boundaries, along with retained
austenite. It is possible to note in Fig. 10 that the mar-
tensite had the lath morphology; however, it seemed
more tempered when the CMT deposition mode was
employed. Regarding to the retained austenite, the high
amount of alloying elements in AISI H13 steel facilitates
segregation during solidification, which generally occurs
in intercellular or interdendritic regions. The segrega-
tion can contribute in some cases to hot cracking but
also can stabilise (chemically) the austenite, lowering
the martensite-start temperature (M,), because there is
a dependence of Ms with the chemical composition of
austenite.

During the building-up of the walls, the martensi-
tic structure was partly tempered due to the re-heating
when a new layer was deposited. Also, the repetitive
thermal flow facilitated the diffusion of alloying ele-
ments, leading to a coarsening of the precipitates. In
Fig. 10, it is possible to note that precipitates using the
CMT mode were more visible and larger than the ones
observed in LSC and PS deposition modes. However, as
already cited, for all deposition modes employed, it was
observed precipitation in grain boundaries. Therefore,
the embrittlement of tensile specimens can be attributed
to stress concentration generated in these regions during
tension.

Fig. 10 Microstructures
observed in grain refined zones
(a—c) and coarse grain zones
(d-f). a CMT 28-756 HK. b
LSC 10-746 HK. ¢ PS 10-752
HK. d CMT 27-747 HK. e LSC
11-749 HK. f PS 12-748 HK.
All the images belong to middle
samples. Numbering refers to
the hardness indentation and
value measured

4 Conclusions

In this work was studied the effect of deposition modes as
cold metal transfer (CMT), low spatter control (LSC) and
pulsed synergic (PS) applied to WAAM process on the
mechanical properties and thermal cycles of AISTI H13 steel.
Based on the experimental results and the analyses, the fol-
lowing conclusion can be stated:

e The additive manufacturing via WAAM applied to AISI
H13 steel proved to be viable with the different modes of
metal transfer, CMT, LSC and PS. All deposition modes
produced deposits without discontinuities.

e Regarding the electric deposition parameters, the LSC
and CMT modes exhibited similar mean values of arc
voltage and current, while the PS mode presented oscil-
lations during the consecutive deposition layers resulting
in the lower arc current and higher voltage mean values.
The lowest energy was observed for LSC mode. The PS
mode exhibited the highest substrate temperatures, but its
volume of deposited metal was the lowest. CMT mode
produced the tallest and widest deposit wall.

e Comparing the three deposition modes studied in this
work, no strong differences were found in the mechanical
properties evaluated. The hardness results were very high
indicating the presence of hard phases in the microstruc-
ture. High tensile strength values were obtained, but all
the specimens exhibited low elongation brittle fracture.
The microstructure was composed by martensite, car-
bides and retained austenite. Grain boundary precipitates
caused the embrittlement observed in tensile tests.

e According to the remarks above, although the three
deposition modes studied, CMT, LSC and PS, allow to
achieve WAAM deposits exhibiting similar characteris-
tics, the mechanical properties of the deposits were not
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satisfactory because of the metallurgical characteristics
of the AISI H13 steel. Another deposition schedule or
application of a heat treatment could improve the proper-
ties of deposits.
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