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Abstract: Market demands coating processes with high-performance, high reliability, high flexibility
for processing of complex geometries and multi-material depositions, as well as increased deposition
rates. The systematic coupling of two plasma transferred arc welding systems that interact in the same
melt pool to form a tandem Plasma Transferred Arc (PTA) system accomplishes these tasks. Previous
research has shown that the deposition rate with the tandem PTA method reaches 240 percent when
comparing to the conventional single torch PTA method. Within one layer, up to four different
powders and powder fractions can be combined at the same time. This allows for the creation
of multi-material coatings that are suitable for sustaining high mechanical loads and wear- and
temperature-resistant surfaces by use of tungsten carbides (WC). This study examines and analyzes
defined functionally graded structures made from super duplex steel 1.4410 and corrosion resistant
austenitic steel 1.4404. The mechanical-chemical properties of the tandem PTA system can be precisely
controlled by changing the powder feeding positions. Furthermore, an additively manufactured
specimen from previous studies is examined and evaluated. A direct comparison with conventional
single torch PTA was performed to demonstrate the benefits of the tandem PTA-process.

Keywords: additive manufacturing; 3D Plasma Metal Deposition (3DPMD); austenitic stainless steel;
super-duplex stainless steel; multi-material; functionally graded; high deposition rate; arc; powder

1. Introduction

Durability is a critical factor for a metallic component exposed to wear or corrosive
environments. Surface modifications and choosing the proper manufacturing process are
essential for mechanical components to increase their service time. In addition to lifetime,
other limiting factors are cost, time pressure, geometric, and material constraints [1]. The
challenge of providing high-efficient, high-performance, and safe coatings for complex
geometries and components with flexible material depositions while increasing the deposi-
tion rate is driving the market increasingly. On the other hand, mechanical, thermal, and
chemical effects such as crack formation, thermal stress, and intermetallic phase formation
can be a hindrance in process selection. There are several suitable coating processes, in-
cluding plasma transferred arc welding (PTA) [2], laser powder cladding, metal inert gas
(MIG) welding, as well as tungsten inertia gas (TIG) cladding with wire material, thermal
spraying, and others, each with its advantages and disadvantages [3]. In addition, PTA [4],
wire arc additive manufacturing (WAAM) [5], laser powder cladding [6], and TIG [7] are
suitable for the additive manufacturing process. Additive manufacturing may provide
considerable advantages over traditional manufacturing and has transformative potential
for various industrial applications [8]. The traditional production processes often require a
considerable number of machining operations and are unable to satisfy the ever-increasing
demands [9], which can be avoided by additive manufacturing. The motivation for additive
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(a)

Shielding gas

manufacturing is the need to reduce energy consumption, minimize waste material, and
improve material efficiency [10]. PTA is a suitable method to require these motivation
arguments in additive manufacturing.

In essence, PTA is a crucial surface modification process. The advantages of this
method are its high deposition rate, controllable dilution rate, narrow heat-affected zone,
and the utilization of a wide range of feed materials supplied in powder form. Furthermore,
this process has the ability to fine-tune important cladding parameters such as powder
feed rates, current, and heat input [11]. However, conventional PTA is not efficient enough
for rapid production. Recent research shows that conventional PTA can be improved
by development of the tandem PTA-process. Tandem PTA is fulfilled by the systematic
coupling of two plasma transferred arc welding systems (Figure 1). Arc occurs between
electrode and substrate, as well as powder feeding the melt pool (Figure 1a). Both coupled
PTA systems are positioned in such a way that they act in a common melt pool (Figure 1c).
Previous research has shown that the tandem PTA method can achieve a deposition rate
of 240% when compared to the conventional single-torch PTA method [1]. Furthermore,
bonding dissimilar metals, such as metal matrix composite deposition, is more efficient in
tandem PTA in comparison with conventional PTA. In a study, the thermal decomposition
of the WC hard material particles can be reduced, and the geometric distribution of the
WC hard material particles can be positively influenced by varying the position of the hard
material particle feed in the serial tandem PTA coating process. The percentage of WC hard
particles of the cladded material is reached by a factor of 4 with tandem PTA in comparison
to conventional PTA [12]. In another study, the application of additive manufacturing by
tandem PTA has been tested and proven [13].

(b) (c)
Torch 1 Torch 2 Torch 1
y : Cladding direction
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: z=8 mm [—>
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20 mm

Figure 1. (a) Cross-section of torch conventional PTA (b) and tandem PTA (c) systems.

Both conventional PTA and tandem PTA systems offer the possibility of the combi-
nation of different metals in powder forms for coating and additive manufacturing. The
combination of different powder metals in a common melt pool provides excellent bonding
of dissimilar metals. Joining dissimilar metals is an effective way to achieve economic and
better performance to produce graded structures with various methods. Both conventional
PTA and tandem PTA methods provide excellent technology to optimize the properties of
dissimilar materials and improve their functionality [14].

In particular, the joining of austenitic stainless steel and super-duplex stainless steel
(SDSS) has received major attention in the industry as they offer better corrosion resistance
and good mechanical properties. 1.4404 austenitic stainless steel is a low-carbon, high
molybdenum content stainless steel grade that has a wide range of applications in oil and
gas, petroleum, marine, and nuclear industries, and orthopedic implants in the bio-medical
field. Similarly, super-duplex stainless steels exhibit higher yield and tensile strength, im-
pact toughness, and demonstrate superior pitting and crevice corrosion resistance [15]. The
component has to exhibit several properties to ensure corrosion and wear resistance. In this
aspect, functionally graded materials (FGM) are excellent compositions to achieve desired
features. Unlike conventional coated materials and composites, graded materials have a
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continuous grade in composition between their respective end members. FGM utilizes the
advantages of two different materials within one component [16]. The graded composition,
such as continuous transition between different materials, improves the joint strength [4],
reduces mechanical stress [17], thermal stress, and decreases the crack propagation poten-
tial [18] and cavitation-erosion, as well as erosion-corrosion resistance [19], which causes
some mechanical and thermal problems. FGM eliminates many of the problems associated
with discrete interfaces in conventional composites, such as poor mechanical integrity and
transport losses due to low interfacial adhesion. It can also eliminate issues associated with
thermal expansion mismatch, which is a significant problem for many conventional high
temperature composites [20]. Despite its many advantages, the current research focuses on
mono-material components, such as super duplex steel or austenitic corrosion resistance
steels [4].

The aim of this study is to increase the deposition rate with two torches and to combine
different materials in a single weld pool in order to build up a component with graded
material. A direct comparison with conventional single torch PTA was performed to
demonstrate the benefits of the tandem PTA-process. This study examines and analyzes
defined functionally graded structures made from super duplex steel 1.4410 and corrosion
resistant austenitic steel 1.4404. The mechanical-chemical properties of the tandem PTA
system can be precisely controlled by changing the powder feeding positions. Furthermore,
an additively manufactured specimen from previous studies is examined and evaluated [21].
A ship propeller is also used as an example to demonstrate the industrial application as
an outlook.

2. Materials and Methods
2.1. Materials

An austenitic CrNi substrate with plate dimensions of 250 x 100 x 10 mm? was used.
As filler materials in powder form (spherical, powder size 50-150 pum), 1.4404 austenitic
stainless steel and 1.4410 super duplex stainless steel were used. Table 1 shows the chemical
composition of the substrate and powder.

Table 1. Chemical compositions of substrate and powder in wt% (1.4404) [4,22-24].

Material Grade C Cr Ni Mn Si Mo N Fe
Substrate 1 1.4404 <0.03 18.5 13.0 <2.0 <1.0 2.0 <0.1 Balanced
Substrate 2 1.4301 <0.07 19.5 10.5 <2.0 <1.0 - <0.1 Balanced

Powder 1 1.4404 0.03 16.6 12.6 0.4 0.8 2.1 <0.1 Balanced

Powder 2 1.4410 0.03 25.1 9.8 0.6 0.4 42 <0.1 Balanced

2.2. Methods

The tandem PTA system consists of two plasma welding power sources (Plasmastar
GmbH, Griesheim, Germany), two PTA welding torches (MV230 with 3.2 mm Plasmastar
electrodes), corresponding Plasmastar powder feed units, and a 6-axis Comau robot. The
conventional PTA, on the contrary, consists of a single Plasmastar power source and a
welding torch. Co-axially powder feeding torches are used in conventional PTA and
tandem PTA.

An adjustable axis with three degrees of freedom for each torch was adapted to the
robot arm as a torch holder, enabling both PTA welding torches to be positioned and fixed
in place (see Figure 2).
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Figure 2. Tandem PTA with handling system (TU Chemnitz).

Table 2 shows constant values of process parameters for the PTA and tandem PTA
processes. Because of the high arc stability and the avoidance of atmospheric contami-
nation, argon is used as a shielding gas with a 12 L/min flow rate for each torch. 1.4410
super duplex stainless steel with a relatively high hardness and 1.4404 austenitic stainless
steel with a relatively low hardness are used as filler materials in powder form to obtain
functionally graded materials. Each torch uses a 3 L/min powder gas flow rate to carry
the powder to the melt pool. Substrate to torch distance is chosen at 8 mm for coating
and 10 mm for additive manufacturing, as well as multi-material deposition, to avoid
contamination of the torch by powder spatter. There is no significant difference between
1.4404 super duplex stainless steel and 1.4301 austenitic stainless steel. Therefore, 1.4404 is
used for coating and multi-material deposition applications and 1.4301 is used for additive
manufacturing.
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Table 2. Constant values of the process parameters.

Constant Values Parameters
Gas type Argon
Shielding gas for each torch in L/min 12
Powder 1 type (50-150 pum) 1.4404
Powder 2 type (50-150 um) 1.4410
Powder gas rate for each torch in L/min 3
Substrate-Torch distance in mm 8-10
Substrate 1 (Thickness 10 mm) 1.4404
Substrate 2 (Thickness 10 mm) 1.4301

2.2.1. Cross Section and Cladding Techniques

The dilution rate is used as an expression of the mixing of the two materials that occurs
between the deposition and the workpiece [2]. The dilution rate is calculated according to
Equation (1):

Dilution = 100 x B/(A + B) [%] 1)

Figure 3 illustrates the C-C cross-section of the deposition application. B in mm? and

h in mm are deposition area and reinforcement of deposition, A in mm? and t in mm are
penetration area and penetration depth, and b in mm is the deposition width, respectively.

Figure 3. Schematic illustration of C-C cross-section of the weld seam.

In the stringer cladding method and wave cladding method, the weld bead is deposited
in a straight line and with a zigzag formation, respectively (Figure 4). In this research,
conventional PTA is used with the stringer cladding method, as well as tandem PTA, which
is used for the stringer weld method.



Metals 2022, 12, 1336

6 o0f 17

Figure 4. Stringer cladding method.

2.2.2. Parameters of the Torch Positions for Conventional PTA, Parallel Configuration
Tandem PTA, and Series Configuration Tandem PTA

Figure 5 demonstrates the parameters and geometric positions of parallel configu-
ration tandem PTA and series configuration tandem PTA for deposition. In the parallel
configuration tandem method (a), two torches were moved parallel, and a symmetrical
welding seam was created. A current of 140 A was applied for each torch and the angle
between the two torches was set at 30°. The distance between the torches and the workpiece
is 8 mm, and the distance between the central points of the torches is 20 mm. Two torches
were moved consecutively in the series configuration in the tandem method (b), front and
back torches. A current of 180 A and 90 A was applied for the front torch and the back
torch, respectively. The front torch melts substrate and powder with a current of 180 A, and
the back torch uses the heat of the front torch and supports the melting occurrence with a
lower current of 90 A. The distance between the torches and the workpiece was 10 mm for
a front torch and 13.5 mm for the back torch. The distance between the two torches was
20 mm, and an angle of 20° was set between them. Each torch has two powder feeding
inlets. Both the front feeding inlet (shown in Figure 6 position 1, P1) and the back-feeding
inlets (shown in position 2, P2) of torch 1 feed the material 1.4410. A similar setup is shown
for torch two, where the front and back feeding inlets of torch two are stated as position 3
(P3) and position 4 (P4), respectively (Figure 6). The substrate material is 1.4404.

@) Torch 2 Torch 1 (b) Torch 2 Torch 1

140 A 140 A 90 A 180 A

ve®

g

% g

lz= 8 mm it
Q = Y X
I

<+ N(\l \ ‘
20 mm 26 ?n}n
y: Cladding direction x: Cladding direction

Figure 5. Parameters of the torches for (a) parallel configuration tandem PTA, (b) series configuration
tandem PTA.
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Figure 6. Powder feeding positions related with powder material 1.4410 (average hardness based
on [4]) for each position.

2.2.3. Parameters of the Conventional PTA and Parallel Configuration Tandem Stringer
PTA for High Deposition Coating

Table 3 illustrates cladding parameters of the conventional PTA stringer method,
the conventional PTA wave method, and the parallel configuration tandem PTA stringer
method. The conventional method consists of a single torch; therefore, it is used only as
torch 1 during experiments with the position perpendicular to the substrate. For the con-
ventional PTA stringer method, 150 A current, 14 cm/min cladding speed, and 23.5 g/min
powder feeding rate are applied. By the conventional PTA wave method, 160 A current,
6 cm/min cladding speed, and 23.7 g/min powder feeding rate are applied. Unlike with
other methods, 10 mm amplitude and 0.5 Hz frequency are used for the wave method. The
tandem process employs two torches that work in tandem to build one weld seam. The
total powder feed rate was 46.2 g/min, the cladding speed was 20 cm/min, and both torch
currents were 140 A. A substrate of 1.4404 material was used.

Table 3. Cladding Parameters of the conventional PTA and Tandem PTA for coating.

Cladding Parameters Conventional Parallel Configuration
PTA Stringer Tandem PTA Stringer
Current-Torch 1in A 150 140
Current-Torch 2in A - 140
Cladding speed in cm/min 14 20
Total powder feeding rate in g/min 23.5 46.2
Plasma gas rate for each torch > >
in L/min
Hatch distance in mm 7 12

Amplitude in mm - -
Frequency in Hz of wave method - -

2.2.4. Parameters of the Conventional PTA and Series Configuration Tandem PTA for
Multi-Material Deposition

In comparison with conventional PTA stringers and series configuration tandem PTA
for multi-material deposition, parameters were chosen to provide the same geometrical
characteristic of the weld seam. As illustrated in Table 4, the same cladding speed of
40 cm/min, powder feeding rate of 51.50 g/min, and plasma gas rate of each torch of
2 1/min are applied for both methods. Torch 1 uses a current of 220 A for conventional PTA
stringer method. Torch 1 and torch 2 are operated with 180 A and 90 A, respectively, for the
tandem PTA stringer method in series configuration. 1.4404 material was used as substrate.
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Table 4. Cladding parameters of conventional PTA and series configuration tandem PTA for multi-

material coating.

. Conventional Series Configuration Tapeiyd T
Cladding Parameters PTA Stringer Tandem PTA Stringer S0A  180A
Current-Torch 1 in A 220 180
Current-Torch 2 in A - 90 - !
Cladding speed in cm/min 40 40 E 5 e
Total powder feeding rate in g/min 51.50 51.50 . |—__—
Plasma gas rate of each torch 2 2 N =
in L/min 20
Tandem P1, P2, P3, and P4 experiments were carried out to determine the effect of the
powder feeding position with tandem PTA, as seen in Table 5. The total powder feeding
rate for each experiment is 12.35 g/min for the material 1.4410 and 39.15 g/min for the
material 1.4404.
Table 5. Powder position and current values of experiments for multi-material coating.
Conventional . . . .
Method PTA Stringer Series Configuration Tandem PTA Stringer
Experiment Name Conventional P2 Tandem P1 Tandem P2 Tandem P3 Tandem P4
Positions of 1.4410
(Total 12.35 g/min) P2 P1 P2 P3 P4
Positions of 1.4404
(Total 39.15 g /min) Rest Rest Rest Rest Rest
Torch 1 Current in A 220 180 180 180 180
Torch 2 Current in A - 90 90 90 90
2.2.5. Parameters of the Conventional PTA and Parallel Configuration Tandem PTA for
High Deposition Additive Manufacturing
In the conventional PTA stringer method, 200 A current, 30 cm/min cladding speed,
and 46.9 g/min powder feeding rate were utilized. The conditions used in the parallel
configuration tandem PTA stringer method for high deposition additive manufacturing
applications include 190 A current for each torch, 30° angle between torches, 40 cm/min
cladding speed, and 97 g/min powder feeding rate, as seen in Table 6.
Table 6. Deposition parameters for high deposition additive manufacturing.
- Conventional Parallel Configuration
h rch
Deposition Parameters PTA Stringer Tandem PTA Stringer T‘;;Co AZ ng(cl Al
Current-Torch 1in A 200 190 30°
Current-Torch 2 in A - 190 v®
Cladding speed in cm/min 30 40
Total powder feeding rate in g/min 46.9 97.0 Wi 1 z=10mm
Plasma gas rate of each torch 2 2 I—:|
20 mm

in L/min

3. Results and Discussion
3.1. Part 1: Coating
3.1.1. Deposition Rate of Coating Tandem PTA and Conventional PTA

Figure 7 illustrates the cross-section of a single weld seam of conventional PTA (a)
and tandem PTA (b). As a reference value, with 2.5 mm + 0.5 mm weld reinforcement
and with 20 cm/min cladding speed, is taken to compare both methods for a single weld
seam. For the conventional PTA stringer method, 150 A current, 20 cm/min cladding
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speed, and 23.5 g/min powder feeding rate are applied. The weld width, reinforcement,
and deposition area of conventional PTA are 8.01 mm, 2.4 mm, and 13.61 mm?, respectively.
With a weld width of 18.13 mm, tandem PTA is more than twice as wide as conventional
PTA. For tandem PTA, each torch current is 140 A, the cladding speed is 20 cm/min, and
the total powder feeding rate is 46.2 g/min. The weld reinforcement and deposition area
are 2.43 mm and 29.94 mm? in tandem PTA.

Figure 7. Cross-section of single weld seam of conventional PTA (a) and tandem PTA stringer (b).

Table 7 shows metallographic cross-section results and deposition efficiency factors
for the conventional PTA stringer, PTA wave, and tandem PTA stringer. Each cross-section
has a 95 mm? + 10 mm? deposition area and a 2.1 mm =+ 0.5 mm deposition thickness.
The deposition thickness and deposition area of the cross section were taken as a reference
value to compare each method. The cladding parameters were chosen to achieve the
same thickness. The deposition volume is used to calculate the coating capacity. The
coating applied by the PTA stringer method was performed with six tracks and 7 mm
offsets between each line in order to achieve a relatively flat surface. The cladding time
for A =75 cm? was t = 428 s. The time per cm? of coating was t = 5.07 s. The maximum
penetration depth, coating thickness, and dilution is 1.43 mm, 2.56 mm, and approximately
23%, respectively. The number of weld seams is lower than the conventional stringer PTA
due to its large width. However, the local heat input is higher than that of conventional
stringer PTA, resulting in increased workpiece distortion. The maximum penetration depth,
coating thickness, and dilution are 1.36 mm, 2.45 mm, and approximately 27%, respectively.
In the tandem PTA string method, the coating was performed with three tracks with a
displacement of 12 mm between the lines. The maximum coating thickness and the dilution
are 2.64 mm and ca. 30%, respectively. Two plasma torches focus on the same point;
therefore, heat increases between the torches. At that point, the penetration depth increases
with the highest value of 2.35 mm as a side effect. However, the heat between focused
torches increases the powder melting amount simultaneously. In addition to this, the
dilution is not constant in the cross sections due to heat accumulation for both processes.
The coating time was t = 179 s, which was the shortest coating time compared to the other
method. The time per cm? of coating was t = 2.39 s. Compared to the conventional PTA
stringer method, the same area can be coated in 40% of the time with the tandem PTA. In
other words, tandem PTA is capable of coating an area 2.4 times larger in the same amount
of time as conventional stringer PTA.
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Table 7. Multi-material coating is applied by the series configuration torches.
. . Coating
Time per Coating . . .
Method Microscope Image of Cross Sections (75 cm? Area) in s/ Coatmg{ljlme ﬁapsa Clt}féos
Required Time in % percm-ins E € Spectie
Time in %
PTA stringer (%380;3/ 5.70 100%
Parallel
configuration 179 s)/ o
tandem PTA 40% 239 240%
stringer

3.1.2. Effect of the Powder Feeding Position for Multi-Material Deposition

Multi-material coating is applied by the series configuration torches in tandem PTA
and the stringer cladding method in conventional PTA. With the tandem PTA, four different
powder feeding positions are available. Position 1 (P1) and position 2 (P2) are located
on the first torch, as well as positions 3 (P3) and 4 (P4), which are located on the second
torch regarding the 1.4410 material, shown in Figure 6. In addition, the comparison was
made with conventional PTA with conventional P2. The dilution rate of samples is ca. 8%
(Equation (1)).

By changing the powder feeding positions of the tandem PTA system, the ferritic
content and the mechanical-chemical properties are adjusted specifically. The hardness
test of cladded material and substrate was applied between 13 and 15 points with HV1,
including a near surface hardness map constituted of 114 points. The average hardness of
the additively manufactured materials 1.4404 and 1.4410 by 3D Plasma metal deposition
described in the literature is 163 HV1 and 280 HV1, respectively. The reason is that increased
ferrite content in the microstructure leads to increased strength [4]. From this point of
view, it is possible to use the Schaeffler diagram or the WRC-92 diagram and include the
hardness relationship Figure 8. This diagram highlights that material composition changes
with Cr equilibrium, Ni equilibrium, and ferrite content. Furthermore, 1.4404 contains an
austenitic phase without ferrite content, whereas 1.4410 contains around 35% ferrite. The
short diagonal dashed line between 1.4404 and 1.4410 shows the expectative composition
of multi-material deposition.

18 20 22 24 26 28 30
18 - 18 320
=} g ' Average
E(), ) Hardness
S 16 16 of 1.4410
+ 260 285 HVO0.1
£
14
T
Q
R
+ 127F 12
Z Average
[ Hardness
5 10 10 of 1.4404
1 163 HVO0.1
24 26 28 30 HV0.1

Cr.=Cr+ Mo + 0.7Nb

eq

Figure 8. WRC-92 diagram of the raw materials revealing the transition from duplex to austenitic
structure (A = austenite, AF = austenite + ferrite, FA = ferrite + austenite, F = ferrite) based on [4,25]
with hardness scale used for the following hardness measurements.
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Figure 9 shows the hardness and cross-section of the sample of conventional PTA
position 2. The hardness map and linear hardness indicate homogenous hardness with
a maximum of 225 HV01 and relatively high cladded material hardness with an average
of 205 HV1 in comparison with the following other samples. The reason for homogenous
coating is that 1.4410 material dissolves due to the feeding back inlet of a single torch (P2)
in the melt pool. Thus, the mixture of the austenitic stainless steel 1.4404 and the super
duplex stainless steel 1.4410 is relatively high in the cladded material. Linear hardness
indicates a sharp transition of hardness between the weld and the substrate.

Y in mm

X in mm
OQ 0.2‘0%—2.6 10
|
0.2 290
0.4 e
E 0.6 1 . 260
¢
E 0.8 }« ‘{ 230
~ 1.0 200
1.2
14 1‘ S 170
HVO0.1

Figure 9. Cross-section and result of the hardness measurement of the sample conventional P2 (P2,
11 =220 A).

Figure 10 shows the hardness and cross-section of the sample tandem PTA, which has
powder feeding position 1. 1.4410 material was applied by the feeding front inlet of torch 1
in the melt pool. The remaining feeding inlets of both torches deposit the material 1.4404
on the material 1.4410 afterwards. Therefore, the lower part of the cross section of the
coating indicates high hardness with approximately 205 HV0.1, as compared to the average
cladded material hardness and the surface hardness. The hardness map indicates a low
surface hardness with a maximum of 214 HVO01 and linear hardness indicates high cladded
material hardness, with an average of 190 HV1 as compared with other samples. Despite
the deposition with two torches, the interface area between 1.4410 and 1.4404 materials
does not exist. Linear hardness indicates a sharp transition of hardness between the weld
and the substrate.

X in mm
0 0 02 04 0.6 10
0.2 290
0.4
260
g 0.6
g
= 0.8 230
~
1.0 200
1.2
1.4/ 170
1.6 140

HV0.1

Figure 10. Cross-section and result of the hardness measurement of the sample tandem P1 (P1,
I1=180A,12=90 A).
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Y in mm

Figure 11 demonstrates the hardness and the cross-section of the sample tandem P4,
which has a powder feeding position P4. Afterward, 1.4410 material is applied by the front
and back inlets of torch 1 as well as the front inlet of torch 2 in the melt pool. Thereafter,
the back inlet of torch 2 deposits 1.4410 material on the melt pool. Therefore, the hardness
map indicates that the coating has high surface hardness with a maximum of 308 HV01 to
achieve a high wear resistance attributed to the ferrite content. Linear hardness indicates
the existing of a lower cladded material hardness with an average of 178 HV1 against
the crack formation of coating through austenite content. A heterogeneous coating is the
mixture of austenitic stainless steel and super duplex stainless steel that are low in the
cladded material. The interface between the two materials, 1.4410 and 1.4404, cannot be
distinguished, as indicated in the images. Linear hardness indicates a smooth transition of
hardness between the weld and the substrate.

X in mm
O(') 0.2 04 0.6 35
027 ‘ 290
0.4
“ 260
p 0.6
2 03 230
£
>~ 1.0 200
1.2
170
1.4
16 140
4 HV0.1

Figure 11. Cross-section and result of the hardness measurement of the sample tandem P4 (P4,
11=180A,12=90 A).

The result shows that the coating properties are adjustable by the changing powder
feeding position for multi-material applications. Tandem PTA has more advantages for
manipulating the mechanical-chemical properties than conventional PTA. It is possible to
create a heterogenic structure in a single layer coating without an interface area. Relatively
high surface hardness, including low cladded material hardness, was achieved by tandem
PTA with P4 as well as P3.

3.2. Part 2: Additive Manufacturing
High Deposition Rate Additive Manufacturing by Conventional PTA and Tandem PTA

High deposition rate additive manufacturing is applied by the parallel configuration
torches in tandem PTA and the stringer cladding method in conventional PTA, respectively.
The general view of the additive manufactured wall by conventional PTA and parallel
configuration tandem PTA methods is demonstrated in Figure 12. By tandem parallel
configuration PTA, the torches create and feed the melt pool from both sides, symmetrically
and simultaneously. The surface of the part performed with conventional PTA exhibits
waviness and lack of symmetry (Figure 12a), resulting in lower geometric accuracy of the
part. However, this is improved by the tandem PTA process, as illustrated in Figure 12b,
where the deposition is equal for each layer. Therefore, the whole part conformance and
geometry is more symmetrical and inline.
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Figure 12. General view of additive manufactured wall by conventional PTA stringer (a) and parallel
configuration tandem PTA (b) methods [21].

Figure 13 illustrates the cross section of the additive wall of the conventional PTA
stringer method and the tandem PTA stringer method. The effective useful area of the
samples is formed by determining the maximum effective width and height, respectively,
which are shown by dashed lines. The reference deposition volume was 20 cm® with
h =15 4+ 2 mm height and w = 9 + 0.5 mm width of the effective area, which is demon-
strated by optical microscope (OM, ZEISS, Chemnitz, Germany) images of cross sections of
the classical PTA and the parallel configuration tandem PTA in Figure 13. The parameters
were chosen to generate specific geometries and to reach the maximum cladding speed and
the maximum deposition rate. The parameters specified are listed in Table 6. The interpass
temperature was limited to a maximum of 200 °C. In the conventional PTA, the torch
was arranged 10 times to manufacture the wall. Each layer is composed of two welding
passes that are configured separately. The width of the first layer is lower than the upper
layers due to the high cooling rate, despite the interpass temperature. The bulges indicated
in the cross section of the conventional PTA additively manufactured wall (Figure 13a,c)
are more pronounced in comparison with the tandem PTA additively manufactured wall
(Figure 13b,d). However, in the parallel configuration tandem PTA, 7 layers were welded
with the parallel configuration twin torch. As an assumption, the accumulation of material
deposited on one side is a cause of arc blowing due to the magnetic field of the two torches.
The width of the first two layers is high due to the flat and high surface area of the sub-
strate. The reason could be that upper additive layers have a lower deposition surface area
during application due to the two torches being at an angle to each other. Furthermore, the
focusing of the torches is constant and the layer height changes with each layer. This can
lead to reduced efficiency and needs to be worked on it. Hence, the coating application
with tandem PTA has an efficiency of 240% in comparison with conventional PTA, whereas
additive manufacturing has an efficiency of 56%. The dilution with base material around
5% for both processes. However, the dilution of the top layer of the conventional PTA and
tandem PTA increase to around 10% and 17%, respectively. In addition to this, the surface
roughness of the tandem PTA additive wall is smoother in comparison with conventional
PTA additive wall. The deposition time of the conventional PTA for 20 cm?® was 280 s.
The time per cm® was 14 s. The deposition time of the parallel configuration tandem PTA
for 20 cm® was 182 s. The specified time does not consider interpass cooling time. The
time per 1 cm® was 9 s. For comparison, the deposition capacity of the tandem PTA is 56%
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higher than that of the conventional PTA for the specified time, and the total interface area
between welds is less than the conventional PTA.
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Figure 13. Cont.
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Figure 13. Cross-section of conventional PTA (a), parallel configuration tandem PTA (b), high
magnification of the area A (c), and area B (d) [21].

4. Conclusions and Outlook

The results demonstrate that coatings can be produced with the tandem PTA process
at highly efficient levels. The tandem PTA process is a high-performance coating process
that also provides control of the deposition performance, powder rate, and powder type of
both PTA torches. The main conclusions of the article are:

e Increase in deposition rate of coating per time by a factor of 2.4 compared to single
torch coating. This is due to double torch deposition, including the heat accumulation
between torches for deposition.

e  Because of the distance-adjustable double torch setup, the parallel tandem PTA config-
uration is useful for manufacturing large components with expanded layer width and
high deposition rates.

e  Due to reduced torch pathway (only 7 instead of 10 seams) and symmetrical manufac-
ture of the wall by double torches, there is a 56% increase in deposition capacity with
inline manufacture of tandem PTA.

e  The tandem PTA series configuration with multi-material deposition achieves a high
surface hardness, which improves wear resistance. Because different materials can
be fed into the desired location in the weld pool, it is also possible to achieve a low
cladded material hardness, which suppresses crack formation.

For example, a ship propeller could be manufactured as an industrial application
possibility by tandem PTA. A propeller needs a very hard layer resistant to cavitation
damage on the one hand and a soft base body or a crack-resistant surface on the opposite
side. On the one hand, the tandem PTA process can be used to produce rapid prototypes of
propellers very quickly, and on the other hand, exactly this desired hardness gradient can
be realized through multi-material deposition.
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