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Abstract

This paper investigates the feasibility of producing hard structures capable of wear resistance by depositing a hardfacing flux-
cored wire while using arc directed energy deposition (DED-Arc) as process. The present paper discloses the compatibility of
a metal hardfacing flux-cored wire with this technology by deposition of single walls and block fabrication. The deposition
of walls and blocks was made using different parameters and deposition strategies, in order to avoid solidification cracking
associated with the precipitation of chromium carbides. Macro and microstructural analyses, as well as hardness tests, were
carried out to validate the use of this wire with DED-Arc. The use of a grinder for slag removal was also investigated. Withal,
the deposition of a 40-layer wall and blocks indicated that a hardfacing flux-cored wire can be used to produce a near net shape
part by additive manufacturing. Additionally, gradient properties of additively manufactured metal parts can be achieved by
depositing layers of materials with different characteristics and, with DED-Arc, this can be done through the use of differ-
ent types of metal wire. Thus, studies on the possibility of constructing a bi-metallic part, by DED-Arc, using a low carbon
steel (ER70S-6) and the same hardfacing-cored wire were developed, focusing on crack minimization procedures, such as
the application of pre-heating. Assessment of metallurgical transformations and mechanical properties were investigated to

assure that the material properties were kept. A final multi-metal part was produced with DED-Arc.

Keywords Arc directed energy deposition (DED-arc) - Flux-cored wire - Multi-metal parts - Microstructure -

Microhardness - CMT

1 Introduction

Metal additive manufacturing (MAM) processes allow the
reduction of costs by decreasing material wastage and time
to market. Likewise, these techniques enable the manufac-
turing of near net shape parts, increasing design freedom
and weight saving [1]. Although different AM processes
for metallic parts fabrication are available, arc directed
energy deposition provides a promising solution for pro-
ducing medium to large metal parts through layer-by-layer
deposition [2]. This technology uses a solid wire as consum-
able for deposition, managing to achieve high fabrication
envelopes and deposition rates [3, 4]. However, DED-Arc
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manufactured parts are subject to high heat inputs, which
induce high residual stresses and distortions [4]. Therefore,
several strategies have been developed to minimize residual
stresses, either by post-processing technologies, like thermal
treatments, or even by the control of the build-up residual
stresses during the deposition, such as the high-pressure
inter-pass rolling, optimization of part orientation, back to
back building and symmetrical building [5, 6]. Addition-
ally, DED-Arc fabricated parts are likely of medium to low
complexity, which inhibits the deposition of some shapes,
such as sharp angles and curve shapes with large curvature,
due to the large molten pool and shape distortion caused by
surface tension [7].

Nonetheless, to this day, a variety of components have
been successfully manufactured by DED-Arc, including
Ti—6Al-4V spars and landing gear assemblies, aluminium
wing ribs, steel wind tunnel models, and cones. Although
a variety of materials already produce fine results with
this type of additive manufacturing technology, such as
aluminium, titanium, and steel alloys, there is still the
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need for further investigation on process parameters and
to test more materials, in order to strengthen and enlarge
the application field of this technology [8—13].

In this context, the present work aims to study the
potential of a hardfacing flux-cored wire in DED-Arc, as
this material can give rise to parts with high wear resist-
ance. The studied material, the UTP AF Robotic 600 flux-
cored wire, presents hardfacing characteristics that may
allow the production of wear resistance components [14].
Additionally, as only solid wires have been studied so far,
the study of flux-cored wires presents an attractive innova-
tion since this type of wires are associated with high depo-
sition rates and high productivity and could even further
reduce lead times, improving productivity and promoting
cost savings. Presently, the maximum hardness observed
in an additive manufactured part was a tool steel disc with
an average hardness of 599 HV [15]. The final aim of this
work is to obtain hard near net shape parts deposited with
the flux-cored hardfacing wire envisioning high hardness
and wear resistance parts. Considering that hardfacing
deposited materials are extremely difficult to machine,
the successful construction of near net shape structures
would vastly spread the DED-Arc range of applications.
For the success of this technology, it is required that the
produced parts are defect-free and that a good cohesion
between layers is achieved, thus metallurgical analysis and
hardness tests were made to evaluate the potential of using
a hardfacing wire in the manufacture of components by
DED-Arc. Also, in order to manage residual stresses and
eliminate manufacturing defects, deposition strategies and
heat treatment processes were considered [1, 15]. In addi-
tion, and envisioning a wide range of applications for such
wire, parameters optimization was carried with different
thicknesses.

Moreover, the combination between the hardfacing wire
and a low carbon steel wire was studied. The intent was
to produce multi-material parts, with enhanced charac-
teristics where needed, for instance, increase the hard-
ness on critical areas or allow a greater ductility on less
demanding areas, which can contribute to the increase of
the part’s lifespan and performance, as well as provide
greater design flexibility [16]. The fabrication of multi-
metal parts can additionally lead to a reduction of the final
product cost using, for example, a costless material where
no specific requirement is needed and a more expensive
one where wear resistance is needed.

Fig.1 Set up of the experiment: (1) Fronius VR 7000 CMT (cold
metal transfer) power source; (2) substrate plates; (3) shielding gas;
(4) 6-axis KUKA robot; (5) grinder; (6) jigs for clamping

2 Materials and methodology
2.1 Material

The main used consumable in the present work was a flux-
cored wire, denominated as UTP AF Robotic 600, developed
by Voestalpine. For bi-metal parts, a low carbon steel wire,
ER70S-6, was also used. The chemical composition of each
wire can be seen in Table 1, where Fe is the balance element.
Both consumables presented a 1.2 mm diameter. A shield-
ing gas mixture composed of CO, (18%) and Argon (82%)
was used for both wires, as recommended by the EN ISO
14175:M21 standard.

Carbon steel plates with 20 mm thickness have been used
as substrate to perform the experiments. Extra space was con-
sidered for clamping the substrate plate to the welding table.
The plates were mechanically cleaned and then fixed on the
worktable before the deposition process.

2.2 Equipment

Figure 1 shows the DED-Arc system used in the present
research. As also depicted in Fig. 1, substrate plates were

Table 1 .Chemical composition C Mn P S Si Cu Cr
of the wire metals, wt%
UTP AF Robotic 600 0.45 04 - - 3.0 - 9.0
ER70S-6 0.09 1.65 0.012 0.018 0.95 0.35 -
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clamped to a welding table with jigs for a stable deposition.
For some wall depositions, a grinder was used (explained in
Sect. 3.1). Regarding the bi-metal tests, a propane blowtorch
and a thermocouple were used in some trials, for pre-heating
purposes (as described in Sect. 3.3). Metallographic investiga-
tion was performed on a Zeiss microscope. As for the samples’
hardness, Vickers hardness tests on the deposited sections were
performed using a Struers Duramin Vicker hardness indenter.

2.3 Methodology

In order to obtain the process parameters for this flux-cored
wire, a preliminary study was carried out making single
beads under CMT operation mode with different combina-
tions of process parameters. The main variable parameters
were the wire feed speed (WFS), the travel speed (TS),
and the waiting time between layer deposition. The other
parameters remained constant through the study, namely the
shielding gas, the flow rate that was equal to 18 1/min, and
the distance between the contact tip and the workpiece with
a value of 18 mm. Subsequently, the study moved to linear
wall deposition using the parameters identified in the previ-
ous step. Blocks were also built with different deposition
strategies, particularly the oscillation, the parallel, and the
weaving strategy, as represented in Fig. 2. The same proce-
dure was used to make the two-metal deposits.

Following deposition, the study progressed to sample char-
acterization through microstructural analysis. Eye observa-
tion, macro, and microscopic evaluation were employed in
order to search for defects, such as porosities, cracks, and lack
of fusion. Each set of tests adopted the following procedure:
(1) samples cut by electrical discharge machining (EDM), due
to the high hardness associated with the hardfacing material,

(2) polishing and etching; (3) macro and microscopy observa-
tion using optical microscope; (4) hardness tests.

Regarding polishing procedures, they were performed as
follows: the samples were hot polished during 9 min in hot
(at 180 °C) and 9 min in cold. After, the samples’ surface
was grinded following the presented method: grinding with
80, 120, 220, 320, 500, and 1000 grit sandpaper. Several
polishing steps were pursued: application of diamond paste
of 6 pm, finished with 1 pm. To etch the samples, in the
first place, a solution of Nital 2% (98 ml of alcohol and
2 ml of nitric acid) was used to contrast the substrate during
10 s; next, and following the E 407-99 Standard Practice for
Microetching Metals and Alloys, the reagent used to etch the
deposits was the Vilella (100 ml alcohol, 5 ml hydrochloric
acid, and 1 g picric acid).

Micrographs were taken at 50x, 100x, 200 x and
500 x magnification. The indentations on the Vickers hard-
ness tests were carried out along the central line with a load
of 1 kg during 10 s, with increments of 1 mm spacing, from
half of the substrate to the top of the wall.

3 Results and discussion
3.1 Wall deposition

The majority of the tests were carried out with bidirectional
deposition, which allowed to obtain a balanced wall, with
a constant height along the wall’s length, as can be seen by
some of the deposited walls depicted in Fig. 3. The walls
were built with 6 layers and 120 mm in length. For the ini-
tial trials, 30 s of waiting time were used between layers.
However, in subsequent tests, the waiting time had to be

Fig.2 Deposition strategies: a
oscillation, b parallel, ¢ weaving
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Fig.3 Example of wall deposition using different parameters

Table 2 Parameters optimization

WES (m/ WFS/TS Thickness  Total Waiting
min) (mm) height time (s)
(mm)

Normal 6.5 21.7 13 10.9 60
Thinner 5 20 10.8 11.2 60

5 15 9.5 16.3 60

4 10 7.4 10.0 60

4 5 4.8 7.7 30

3 5 4.3 74 30
Weaving 5 10 9.2 15.8 180

increased accordingly up to 180 s, in order to give the slag
enough time to come off.

Firstly, deposits were made using different parameters
in order to obtain a record of workable parameters. With
this, different heights and thicknesses were determined
in function of the WES and the TS, which would allow
future parts construction with different geometries. The
study of parameters for CMT mode has led to the results
indicated in Table 2, considered to be the best results by
visual inspection due to the regular superficial aspect
of the deposit. The parameters that provided the better
results for the weaving deposition technique can also be
found in Table 2. From the data collected in Table 2, it is
possible to understand that to produce thinner walls, the
WES should decrease or the TS should increase, in order
to lower the ratio WFS/TS. However, it is necessary to
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compromise to produce sound deposits, so even if it’s pos-
sible to decrease the wall thickness greatly by increasing
the TS, it is also necessary to balance the WFES (or else
walls will be deposited with irregular thickness, as dem-
onstrated by the fourth wall, counting from the bottom to
the top, in Fig. 3). Also, when the thickness is lower, and
subsequently the TS is higher, the waiting time needed for
the slag to come off also decreases.

The maximum deposition rate obtained in these tests, cor-
responding to the “normal bead” parameters, was 4.5 kg/h.
Although close, this value did not surpass the deposition rate
found in literature of 5 kg/h for the AISI 316L, for example.
However, it still provides a higher deposition rate compared
with titanium and nickel-based alloys, which present a depo-
sition rate of 2.5 kg/h [4, 17].

As flux-cored wires produce slag, a fundamental part of
this research focuses on the effect that the slag could have
on the integrity of the weld. Therefore, two samples with six
layers each were built using the same parameters, however in
one of the tests manual grinding between layers, with a Dre-
mil, was used to remove any traces of slag, while in the other
sample just a slight brushing between layers was applied.

Microstructural analysis of these samples reveals no sig-
nificant differences between the two cases, both having a
predominant martensitic structure with evidence of chro-
mium carbides, as seen in Fig. 4. Nevertheless, a notorious
difference is observed at the macroscopic level, Fig. 5. The
grinded deposited wall is considerably more uniform, espe-
cially in what concerns to the width regularity, than the wall
deposit without grinding. The higher uniformity phenom-
enon may be due to the grinding of the deposit surface at the
cooling stage, which slightly deforms its shape, accommo-
dating the material to the sides, and probably due to a better
wetting characteristic. That uniformity can be seen by the
correlation between the total wall width (TWW) and effec-
tive wall width (EWW). TWW is the largest width that could
be achieved in the deposition and EWW is the actual wall
width that can be obtained after machining the part. These
parameters allow the study of the deposition geometry, its
uniformity and permit an estimation of the material wastage
after machining. A considerable difference between TWW
and EWW implies a lot of machining and a lower buy-to-fly
ratio. Buy-to-fly ratio is defined as the ratio of the weight
of raw material used to manufacture the part to the weight
of the final part. Smoother and regular surfaces are essen-
tial to improve buy-to-fly ratios, which can be especially
important when machining hard metal, like the one studied.
The deposited UTP AF Robotic 600 wire is associated with
high hardness values so it can be difficult to machine, as
its machinability is grinding only, and for this reason, the
samples had to be EDM cut. Therefore, the smoother the
surface of the wall, the less machining time it will be needed
to achieve the piece’s final shape.
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Fig.4 Identical microstructure
for both specimens: a middle,
b right bottom. The areas are
marked in Fig. 5. Specimen 27
(left) deposited without slag
removal. Specimen 29 (right)
grinded for slag removal

Fig.5 Left: macro of specimen
deposited without slag removal.
Right: macro of the grinded
specimen, with slag removal

From Fig. 5 it can also be seen that in both samples the
first two/three deposited layers have lower width compared
to the following ones, result of the higher heat flow through
the substrate, meaning that heat extraction is more efficient
and the beads shape rapidly. So, for lower side surface wall

100 ym

variations, different parameters should be used in the first
layers.

The hardness measurements made on both walls showed
very similar values, being the hardness obtained at the
last 6.5 mm of each specimen (corresponding to the 3 last
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deposited layers) between 55 and 62 HRC (639 to 803 HV).
These values are in accordance with the values given by
the manufacturer of the wire for hardfacing applications, for
which no more than three layers are usually deposited [14].
Considering the limited number of layers in which this wire
is normally applied, and in order to analyze the possibility
of producing medium to large parts with this filler, walls
with several layers were tested, using the “normal bead”
parameters, presented in Table 2.

As result, a 40-layer wall was successfully fabricated,
which indicates the possibility of constructing parts entirely
from this material. Each layer presents an average height of
3.1 mm and 13 mm of thickness. The analysis performed
on this wall indicated that no defects were present in the
sample, namely pores, inclusions, or even the evidence of
cracks, being the former very common when welding this
type of metals.

Microstructural observations and hardness evolution of
the 40-wall specimen, similarly to the samples previously
presented, show that the surface layer is constituted by mar-
tensite with high hardness levels, while the other layers have
a tempered martensite microstructure with chromium car-
bides, due to the subsequent thermal cycles. At the sample’s
macography (Fig. 6) it is possible to identify darker lines
that appear between layers, corresponding to the interface
between two layers. This phenomenon appears due to the
Heat Affected Zone (HAZ) of each layer, meaning that when
depositing another layer on top of a previous one, a HAZ
is formed at each layer, heat-treating the metal due to the
heat conduction from the molten pool to the former weld
bead. Moreover, for the lighter areas, as for the bottom and
top part, the heat dissipation is mainly done by conduction
through the substrate for the first deposited layers, whereas
at the top part more heat is extracted by convection and radi-
ation. As for the middle of the specimen, heat dissipation
becomes less effective and heat accumulates in the build-
ing direction, as heat from the previous layers is introduced
[18]. These different thermal variations and heat extraction
differences lead to inhomogeneous material properties and
differences in the local microstructure. These differences are
traduced in a wide disparity of hardness values that can be
justified by the carbide precipitation, formed due to high
carbon content (0.45 wt%) that at high temperatures (above

Fig.6 Overlay of the 40-layer
specimen’s hardness in its
macrography
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426 °C) reacts with chromium, forming chromium carbide.
This precipitation weakens the metal, thus reducing its hard-
ness [19, 20].

These thermal effects change the hardness due to the
increase amount of chromium carbide precipitations in cer-
tain regions, as a result of the high heat input associated.
Hardness measurements made in this specimen showed
great variability with a range obtained from 390 to 806 in a
Vickers’ hardness scale. Values below 639 HV, the lowest
hardness given by the manufacturer, occurred frequently.
Figure 5 also overlays the hardness measurements along the
centerline of the building direction with the macrography,
clearly showing that the darker areas present a minor hard-
ness value, compared with the lighter areas.

The effect of heat accumulation on the microstructure can
also be seen on the thinner specimens case, where a higher
hardness is obtained because of the less heat input and
higher cooling rate. However, these specimens also showed
shrinkage cavities where the hardness is higher.

3.2 Block fabrication

In order to understand the influence of the deposition
strategy, different blocks were produced to test the
appearance of defects and the quality of the weld, both
superficial and at a microstructural level. Three deposition
strategies were implemented for regular beads: oscillation,
parallel, and crossed overlap (left figures in Table 3) and two
for weaving beads: oscillation and parallel (right figures in
Table 3).

For oscillation and parallel deposition, bidirectional dep-
osition was used (Fig. 7a) and for cross overlap deposition,
the path adopts the path represented in Fig. 7b and c.

For block deposition, the traditional flat-top overlapping
model (FOM) was used to determine the overlapping ratio of
the beads (Fig. 8). This model states that to attain a flat depo-
sition surface, the optimal center distance is d=0.667w [21].

However, for the weaving blocks, an overlap of 67% pro-
duced an area of valley too high, as the weaving bead shape
is different from the regular bead, resulting in an uneven
surface. To overcome this problem, an optimal overlap of
55% was experimentally obtained.
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Table 3 Regular bead blocks vs Weaving bead blocks

Regular Beads
(a) Oscillated, (b) Parallel, (c) Crossed Overlap

Weaving Beads
(a) Oscillated, (b) Parallel

A

v

A

VN

v

A 4

Py N

A A

A 4

a)

A

b) 9

Fig. 7 Bidirectional deposition: a Cross overlap deposition: b top view, ¢ side view

Center distance d

Area of valley

Bead height h

Overlapping area

A

Bead width w

Fig.8 Overlapping welding beads

During the process deposition, a pre-cleaning step was
made between layers to remove the slag, as in block fabrica-
tion the slag is expelled to the adjacent area, where the torch
will pass to deposit the next bead. So before the succeeding
pass, the surface was wire brushed.

Macro and microstructural observations of the blocks
produced revealed the presence of cracks and or microc-
racks [a crack usually only visible under the microscope
(50 x)], and also shrinkage cavities. However, the strategies
that gave rise to the lower internal imperfections were the
oscillated and parallel regular bead blocks (top figures in
Table 4). On the contrary, weaving blocks exhibit severe

cracks (bottom figures in Table 4). Although weaving has
proven to produce better results in comparison with regular
oscillated and parallel deposition strategies for other wires
(for example at [12]), in this case, the flux-cored wire over-
lays slag to protect the weld bead, so the weaving movement
can mix the flux ingredients at the weld pool. In this case,
the weaving deposition is not beneficial, only detrimental,
facilitating crack formation.

In all the blocks analyzed it was observed, with more
or less prominence, that whenever cracks appear, they are
located at the transition between beads, at the top and bot-
tom of the sample (top left figure in Table 4). Interdendritic
shrinkage cavity is observed at all specimens due to con-
traction at the deposit superposition, with greater promi-
nence found at the top. Longer cooling time could be used
to minimize this effect. If not minimized, shrinkage cavities
could expand to what is seen in Fig. 9a), where the former
cavity expanded due to the heat received by the following
weld bead layer.

The results were compared with the ISO 5817:2014 [22],
a standard for fusion-welded joints, which highlighted the
severity of the imperfections found. Based on the same stand-
ard, the samples produced by oscillated and parallel deposi-
tion are considered acceptable for the lowest required qual-
ity level in what concerns internal imperfections. Although
cracks are not permitted at any quality level, cracks were
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Table 4 Macrography of a section from each of the block specimens

Blocks Oscillated Parallel
Regular

Oscillated Smm_
Weaving

5 mm

Fig. 9 Micrographic details
from the regular oscillated
block specimen, from the top
left image in Table 4. a Shrink-
age cavity expanded, b crack at
the bottom

only found at the bottom (Fig. 9b), arising from the sub-
strate, so this would have to be machined and removed as
well as the bottom layers. Regarding the micro-cracks, they
are permitted and acceptable at any quality level, depending
on the application. Concerning shrinkage cavities, they are
only acceptable to the D level, the lowest level, and if it does

@ Springer

not break off the surface; however this issue does not arise.
Nonetheless, this standard (ISO 5817:2014) was designed for
fusion-welded joints and not for DED applications, but it can
point to the severity of the imperfections found.

The microhardness profiles show an overall lower hard-
ness and a more irregular curve, especially for the weaving
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blocks that do not even reach 700 HV (see Fig. 10). In multi-
layer deposition, the heat transfer not only comes from the
top, but also from the deposited sides, creating a more com-
plex cooling cycle, thus having more hardness irregularity.

Nevertheless, no matter the deposition used or even if
it is block fabrication or single wall deposition, all of the
tested samples presented a higher average hardness than any
other part or study samples found in literature, regarding
DED-Arc. The highest documented hardness applied to wear
applications corresponds to tool steel with an average hard-
ness of 599 HV whereas for oscillated block fabrication the
average hardness value is 611 HV [15].

3.3 Two-metal deposition

The possibility of being able to construct a part with more
than one metal is desirable because it can allow more design
freedom, reduce the costs if a cheaper metal wire is used in
locations where high strength is not needed, and coat criti-
cal locations with the hardfacing material allowing different
properties. It could also be necessary to have a two-metal
part by imposition of its requirements or function. Based on
this goal, three walls were built, each with eight layers of
low carbon steel, on top of which six layers of the hardfacing
wire were deposited. To analyze the influence of pre-heating
temperature, different pre-heating temperatures (50, 100 and
140 °C) were used before depositing the hardfacing metal, as
the first material deposited would cool down to room tem-
perature when changing the wires. Walls were pre-heated
with a propane blowtorch and the temperature monitored
by a thermocouple, both placed at the middle length of the
deposited layers, where the sample would later be cut from.
The microstructure and microhardness of the three samples
were similar: no differences were observed with the increase
of the pre-heating temperature. Furthermore, the interfaces
between both metals presented an absence of defects (as
seen in Fig. 11), appearing, by visual inspection, a strong
and cohesive connection between the two metals, as well as
similar hardness along the sample’s height (Fig. 12).

Hardness of regular bead blocks
800
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700 .—’_ 2
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= 600y v a * L ]
T, 500 =
2 L .
2 400 # Oscillated
£ 300 W Parallel
I Crossed overlap
200
100
0 r T T T T T T 1
0 2 4 6 8 10 12 14

Vertical Spacing [mm]

Fig. 10 Hardness comparison between regular and weaving blocks

Also, a block was made with oscillation deposition. How-
ever, for this case, microanalyses showed cracks with an
upper direction arising from the interface between the two
different metals likely due to localized uncleaned slag that
the melted ER70S-6 wire tends to produce.

Lastly, at the end of the study, a solid part was produced
using the two metals. The proposed final part intended to
test the conclusions and achievements obtained before. It
was built with a stair geometry of the ER70S-6 wire, coated
with the hardfacing metal to form a rectangular geometry
at the end, as exemplified by Fig. 13. Two layers compose
each stair.

For this part, parallel deposition strategy was used, as
it was the one that provided the least number of defects in
block fabrication, generating a more even and balanced pro-
file. Occasionally, crossed overlap deposition was used. The
progression can be seen in Fig. 14. No pre-heating tempera-
ture was used between the interface of the two metals.

4 Conclusions

The applicability of a hardfacing flux-cored wire, a wire
never before experimented, was tested for arc directed energy
deposition. The progressive testes proved, firstly, with the
deposition of a 40-layer wall, that this wire can be applied
to a greater amount of layers, not only for coating but also
for AM purposes; secondly, although some micro-cracks
were found in block fabrication, they are acceptable and a
solid part can be deposited; thirdly, the deposition of two
compatible metals, however more challenging, can be done.

The posterior tests employed to the samples produced,
namely the micrography and the microhardness tests, lead
to the following conclusions:

e A satisfactory range of bead thickness was obtained, and
they were the result of different parameter combinations.
e [t was not possible, with the performed parameter optimi-
zation, to surpass the higher deposition rate found in the

Hardness of weaving blocks
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Fig. 11 Macro (left) and
micrographies (right) of a sec-
tion of a bi-metal deposit, where
it can be seen the absence of
defects (being the low carbon
steel the bottom deposited mate-
rial, above which the hardfacing
metal was deposited)

V]

Hardness [H

literature for DED-Arc (5 kg/h for steel) [4]. However,
this is a rough comparison as the studied wire presents
a different density than the one found in literature, and
further experiments with higher WFS could lead to a
higher deposition rate.

For a bigger thermal delivery, more waiting time was
needed in order for the slag to come off.

Slag removal by a grinding machine did not modify the
microstructure of the sample, but it changed its geometry,
smoothing the side waviness of the wall and reducing the

900
800 22
<,

-]
600 _—
500 g

L 4 * 50°
400 ﬂl 7y m 100°
300 A 140°

A
QL T e
100
0 r T T T T T J
0 5 10 15 20 25 30

Vertical spacing [mm]

Fig. 12 Hardness of the two-metal deposits with different pre-heating
temperatures
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side waviness considerably, thus reducing the material
waste when machining. This measure proved especially
interesting when applied on expensive and hard-to-
machine metal wires.

Higher hardness is observed for areas where the heat dis-
sipation is greater, for instance at the bottom and top
of the wall. However, for faster cooling/minor thermal
deliveries, cracks are more likely to grow due to inter-
dendritic contractions at the top.

Weaving deposition strategy is not recommendable for
flux-cored wires, as it introduces a variable weld pool,
not providing a stable wire flux to the deposit, resulting
in severe crack formation. The oscillated and parallel
deposition strategies are the best suited for this wire.
As the cooling profile is more complex at block fabrica-
tion, and consequently at the fabrication of a part, the
hardness profile is more variable.

The samples produced in this work presented a higher
average hardness (e.g., 611 HV) compared to what was
found in literature for both wear applications (599 HV
for tool steel discs) and simply documented hardness of
tested metals (e.g., 200 HV for stainless steel) [15, 23].
However, work should progress to minimize the hardness
variation along the height, bringing the minimum value
closest to the maximum.
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Fig. 13 Left: drawing and measures for the final part. Right: section AA of the final part

Fig. 14 Final part construction

e Regarding the two-metal walls and block deposition,
whatever the pre-heating temperature, a strong con-
nection was established between the metals, and it did
not affect the microstructure or the hardness of the
samples. Crack formation when joining two different

} 2 layers

20 15

150

metals can be minimized by a careful pre-cleaning of
the surface before applying the following metal and by
employing parallel deposition strategy with both wires
for an even and balanced distribution of material and
residual stresses.

@ Springer
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