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Abstract: WAAM (wire and arc additive manufacturing) is becoming an increasingly popular method
to produce components from metals, which are usually not so suitable for conventional production
methods. One of the good examples is duplex stainless steels (DSSs), which are quite complex for
welding and machining. Excessive ferrite amount is a common problem for them and controlling
an interlayer temperature could offer a solution. However, using too low interlayer temperature
will slow down the whole process and compromise one of the WAAM’s main advantages—the high
productivity. The aim of this study is to find the relationship between interlayer temperature and
process duration and to determine the influence of the interlayer temperature on product structure
and other properties. Three samples (walls) were made using different interlayer temperatures (50 °C,
100 °C and 150 °C) and they were tested to analyze their surface texture, chemical composition,
ferrite amount, the appearance of porosity and the hardness. Ferrite amount was higher and
there was more porosity on lower interlayer temperatures, while there is no significant difference
between surface texture and chemical composition for the samples. Considering the fact that higher
interlayer temperatures provide a faster process, they should be preferred to produce duplex stainless
steel products.

Keywords: wire and arc additive manufacturing (WAAM); duplex stainless steel (DSS); interlayer
temperature; ferrite amount; porosity; hardness

1. Introduction

Growth and evolution of the modern industries always bring the need for developing and
researching the new technologies and the novel production methods. In the latest years, AM (additive
manufacturing) technologies caught the eye of researchers, due to their possibility to produce the
complex geometries with more design freedom, high productivity and less waste. However, the majority
of these technologies are still limited to produce only the prototypes and they often use only polymer
materials. The appearance of the wire and arc additive manufacturing (WAAM) technology and its
development could be a potential solution for some problems and challenges, which are the main
drawbacks for conventional AM technologies, like excessive porosity, limited choice of the materials,
low mechanical properties, etc. [1-4].

WAAM has been investigated more detailed since the 1990s, although first related patent dates
almost 100 years ago, from 1925 [5]. Since it uses welding wire as additional material and electric arc
as a heat source, it is considered as a combination of welding and additive manufacturing. It means
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that the general WAAM system could be constructed combining common welding equipment (power
source, shielding gas, welding torch, wire feeder, etc.) and some equipment that can provide movement
(robotic hand or CNC machine) [6].

The thing that distinguishes WAAM compared to conventional AM technologies is the fact it can
produce fully functional metal products with welding wire only, which means it is not necessary to
buy and store large amounts of raw material. For example, according to source [7], projected demand
for the aerospace industry is 20 million tons of billet material in the next 20 years if conventional
production methods are to be used. Using WAAM could reduce the need for billet material greatly.
Considering that, it is understandable that most of the research related to WAAM try to include
particular materials, which are used in the aerospace industry (titanium, stainless steels, nickel-based
alloys, etc.) [1,8-10]. Some other advantages that make this method more and more popular are the
high deposition rates (range from 50 g/min to 130 g/min), lower cost compared to some other AM
technologies, safer work, and almost unlimited part size (basically, the only limit is the size of the
working area of the robotic hand or CNC machine used to provide motion) [11,12].

However, some issues and problems are still to be resolved and they are mostly welding-related.
Different papers [5,13-15] recorded problems with anisotropic mechanical properties, distortions and
residual stresses induced with excessive heat input, and relatively poor surface finish (additional
machining is mostly necessary). Solutions for reducing these problems exist, but further research is
still needed.

Duplex stainless steels are the part of the stainless steels family, the class of the steels known
for their corrosion resistance, which they were named after. Due to their mixed austenitic/ferritic
microstructure (roughly, they consist of 50% of both phases) they are amongst the most interesting
stainless steels for research purposes [16-18]. They have combined lattice arrangement, where austenite
provides good toughness and pitting corrosion resistance, while ferrite ensures good tensile strength
and resistance to general corrosion [19]. Their microstructure is formed by primary crystallization of
ferrite and its partial transformation austenite during the cooling process [20]. Since their microstructure
is very susceptible and prone to changes when exposed to heat input and repeated cycles of heating
and cooling, welding of DSS is always a demanding process and their application is sometimes limited,
especially in the as-welded condition [18,21,22].

Those kinds of problems were the main drawback for the first generation of DSS, which was
produced in 1930, but it could not be used in the welded condition since excessive ferrite amount in
the weld metal and HAZ (heat affected zone) has deteriorated toughness and corrosion resistance [20].
Some solutions for that problem came out later, and today’s DSS are usually classified into five groups,
divided by their chemical composition and corrosion resistance (the alloy content determines their
corrosion resistance). The least alloyed are called lean duplex grades and the highly alloyed are hyper
duplex grades [16]. Their major alloying elements are divided into two groups: alphagenous elements
(Cr, Mo, Si, Tj, etc.), which promote the formation of ferrite and gamagenous elements (Ni, Mn, C, N,
Cu, etc.), which promote the formation of austenite. Most important alloying elements are Cr and Ni,
which are also present in the largest amount [17].

A lot of mechanical and corrosion properties could be good enough when microstructure is
obtained where austenite and ferrite both are ranging from 30% to 70%, including welded metal.
However, roughly equal amounts are usually required, where slightly more austenite is preferred,
due to better toughness. To obtain the desired microstructure, it is essential to control the cooling rate
during welding (if it is too fast, more ferrite will be formed). Composition of shielding gas and the
chemical composition of the substrate and additional material are also important factors to reach that
goal [23].

Limitation for application of the DSS is the problems and the difficulties that occur during welding
and machining. Due to repeated cycles of heating and cooling, the formation of harmful intermetallic
phases is sometimes inevitable, particularly in highly alloyed grades. Phases like sigma (o), chi (x),
alpha prime () and chromium nitride (Cr,N) have been reported elsewhere and their detrimental
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effect is well-known [24,25]. Besides that, they are generally difficult to machine, due to their low sulfur
content and high yield strength. Every material in engineering is usually evaluated by the possibility
to manufacture products using it with minimum cost and problems during fabrication, which is a
drawback for the DSS, because of the welding and machining issues [20]. However, WAAM could offer
a solution as a novel and an innovative technology, since it is able to produce almost fully functional and
near-net-shape products where machining is necessary only as additional post-process. WAAM also
could reduce welding-related issues, because welding wire is used solely (there is no need to look for
matching additional material). Other issues have to be investigated further in order to be reduced,
but some solutions to solve anisotropy [26] or distortion [7] problems are already found. Additionally,
the use of WAAM for production of DSS parts is becoming popular lately [27-29] which indicates a
need to improve findings in this area.

Fast production is one of the main advantages of the WAAM and it can be partially controlled
through adjustment of welding speed [30-34]. However, increasing welding speed too much causes
process instability and poor part quality, thus it has to be held in an optimal range [30]. Another way
to speed up the process is to reduce the time between two adjacent passes, which means higher
interlayer temperatures are necessary. A negative consequence of using higher interlayer temperatures
in welding is shortening the time necessary for the transformation of ferrite to austenite, which can
lead to excessive ferrite amount. For example, the study [35] showed lower amounts of N, and lower
impact toughness using lower interpass temperatures with DSS, which could be a consequence of
higher ferrite account. However, it is well-known [27,29,36,37] that DSS parts could be produced with
a lower ferrite amount, which can even fall under 30%. Since it was already proven that WAAM could
produce DSS parts with acceptable microstructure and lower ferrite amount (despite repeated cycles
of heating and cooling), the aim of this study is to find the highest possible interlayer temperature,
which will still have the parts produced with acceptable lower ferrite amount. Higher interlayer
temperature, consequently, means the idle times are shorter and the whole process is faster.

One of the drawbacks of the WAAM process is its susceptibility to porosity, which is well reported
in the literature [5,6,8,38—41]. The porosity does not occur as a rule, but these papers mention poor wire
handling, substrate contamination (moisture, dust, etc.), inappropriate parameters like insufficient gas
flow or high travel speed or absorption of different gases—mostly hydrogen and nitrogen—in molten
weld pool due to poor shielding gas protection, as the reasons why porosity can be present. This latest
reason could be the most important, since it is process-related, while others are mostly human errors.
However, to the authors’ best knowledge, there is no paper that could prove any of these statements.
Since our first try-outs with WAAM technology have shown significant porosity at the lateral external
sides, our other goal is to find out is there any porosity at the inside of the part and whether it is its
amount compliant with requirements of the appropriate standards.

Surface roughness is analyzed in order to see if there are any significant differences caused by the
different interlayer temperatures.

Chemical composition of the product is analyzed to check are there any changes in nominal
composition given by the wire manufacturer.

Hardness testing was done to see if it is possible to produce the WAAM duplex stainless steel
part, which will fulfill the requirements of appropriate standards for hardness.

2. Materials and Methods

An experiment was carried out in Welding Laboratory at the Faculty of Mechanical Engineering
and Naval Architecture, University of Zagreb. WAAM system was constructed particularly for this
study, by combining welding robotic hand OTC Almega AX-V6 (six axes of freedom) with MIG
welding machine DP-400 (conventional power source) and wire feeder CM-7401. All three devices
were supplied by Daihen Varstroj (Lendava, Slovenia). Welding wire used as a feedstock was 1.2 mm
diameter duplex stainless steel solid wire Avesta 2205 (Voestalpine Bohler Welding—Hamm, Germany)
which is designed for welding DSS grade 2205 or 1.4462). Shielding gas mixture was prepared by
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Messer Croatia Plin (Zapresi¢, Croatia), containing 98% Ar and 2% N,. The substrate was austenitic
(grade 304 or 1.4301) stainless steel plate, with dimensions 300 mm X 150 mm X 8 mm. This WAAM
system is shown in Figure 1.

Figure 1. Wire and arc additive manufacturing (WAAM) system used for this study.

It was essential to find a set of appropriate welding parameters, which will provide the production
of samples with a stable and smooth process. Additionally, the important requirement to fulfill was arc
energy (AE). According to source [20] and manufacturer’s recommendation, arc energy for this DSS
grade should be at least 0.4 k]/mm, calculated using Equation (1):

AR

~ 1000 - 0 'mm M

where [ is the welding current, V is the voltage and v is the welding speed. This equation was used
mainly due to experimental limitation—the only available equipment at the moment of this study was
the one that could measure the values necessary for this equation. The more accurate and more used
method lately is the method with instantaneous power, mentioned in the papers [42-44]. However,
since AE was used only to see if the requirements for this DSS grade are met and not for any other
reasons, Equation (1) is still satisfying for this purpose.

Different combinations of parameters were tried, but only four sets fulfilled the requirements.
The chosen set was the one amongst them who provided the most stable process and gave the smoothest
bead. These sets are shown in Table 1.

Table 1. Chosen set of parameters for samples production.

Welding Parameters Values
Welding current, I 132-136 A
Voltage, V 17V
Wire-feed speed 386 cm/min
Welding speed (1st layer) 25 cm/min
Welding speed (2nd layer) 26 cm/min
Welding speed (3rd-30th layer) 27 cm/min
Shielding gas 98% Ar + 2% N2
Shielding gas flow 17 L/min
Additional material (wire) Avesta 2205
Wire diameter, & 1.2 mm
Contact tip-to-work distance, 1 10 mm
Travel angle 90°

Metal transfer mode Short-circuit
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One can see there are some differences in welding speeds between the first two layers and the
others. Changing the welding speed was necessary since some humps and instability of the electric
arc appeared immediately at the beginning of the second layer deposition. Humps can be explained
by the motion caused by surface tension pinching force [45]. Another reason could be slower heat
dissipation than it was during the first layer deposition when the substrate plate absorbed a greater
amount of heat. These problems were even worse for every next layer, but increasing the welding
speed was a satisfying solution to reduce that. Increasing the welding speed for higher layers has
another positive outcome, as reported in [30-34]—decreasing the wall width and reducing overflow
of the molten metal on both sides of the wall. However, the increase of the welding speed leads
to lower arc energy, so 27 cm/min had to be a limiting value in order to keep the arc energy above
0.4 kJ/mm. Interlayer temperatures were chosen according to sources [14,15] and the manufacturer’s
recommendations for this DSS grade (maximum interpass temperature is limited to 150 °C).

With these values chosen, samples (walls) could be made, using a standard WAAM layer-by-layer
manner. The robotic hand used generated tool path to deposit the first layer on the substrate plate.
Then the torch was moved up for suitable height—approximately 2 mm—and the second layer was
deposited over the first one, the third one over the second one, etc. After every layer, the deposition
direction was reversed to reduce the distortion of the finished part as much as it is possible. Every layer
is left to cool on the temperature chosen for the particular part before deposition of the next layer.
The wall made with the lowest interlayer temperature (50 °C) was W1, the wall made with medium
interlayer temperature (100 °C) was W2 and the wall made with the highest interlayer temperature
(150 °C) was W3. The interlayer temperature was measured using infrared thermometer Fluke
568 (Fluke Corporation—Everett, WA, USA). Since it is a contactless device, it was easy to manage to
measure at the whole length of the layer. On the other side, it was almost impossible to obtain the
temperature equilibrium through the whole length of the layer, so these temperature values were not
always fixed (for example, when the majority of the layer on W1 reached desired 50 °C, some parts of
the wall were on 48 °C or 52 °C). However, these differences were minor for all layers and all the walls,
so the fixed values were kept for easier tracking. Room temperature was constant and the same for all
walls. Idle times between the layers were different for all three walls, as was expected since they were
dependent on interlayer temperatures.

Finished walls were then sent for 3-D scanning with DAVID SLS-3 device (David Vision Systems -
Koblenz, Germany) in order to get the appropriate file formats for testing surface roughness using
software Mountains Map Premium 7.4 (Digital Surf). Results were evaluated according to standard
ISO 25178-2:2012—geometric product specifications (GPS)—surface texture: areal [46] and source [47],
which gives guidelines for assessment and application of results obtained. Shortly, this analyzing
method is more advanced than the classical 2-D method because the measured area is actually
three-dimensional, which means this measurement is more comprehensive. It is also more precise
statistically since it takes more parameters into consideration.

After that, specimens for microstructure observations and ferrite amount testing were extracted
and then the walls were milled from the lateral sides to remove the material excess.

After additional milling, samples were tested with the radiography method (RTG) to detect
any porosity. The system used for testing consists of RTG device Balteau GM 300D (Balteau NDT
SA—Oupeye, Belgium), scanner VMI 5100MS-C (VMI NDT—Pensacola, Florida, USA) and imaging
plate Carestream Industrex Flex Blue (Carestream NDT—Rochester, New York, USA). Radiograms were
evaluated using wire image quality indicator 13FEEN (NDT Consultants—Coventry, UK).

Chemical composition of walls was tested with the fluorescence spectroscopy method,
using Vanta™ M handheld XRF analyzer (Olympus Europa SE & Co. KG—Hamburg, Germany).
The sample was taken for each wall and tested on three points. The points were then averaged in order
to obtain the results. Finally, samples for hardness testing were taken from each wall. They were ground
after cutting with SiC paper (granulations P120, P320, P500, P1000, P2000 and P4000, respectively) and
etched in 10% oxalic acid for three minutes.



Materials 2020, 13, 5795 6 of 16

Specimens for ferrite amount analysis were polished and etched with the ethane dicarboxylic
acid (C;H;Oy4), using 10 V voltage and in the duration of 20 s. Images were taken with the Olympus
GX51 (Olympus Europa SE & Co. KG—Hamburg, Germany) inverted metallurgical microscope,
with the magnification of 200x. Images were analyzed using software Image]J (version 1.52r). Lately,
point counting analysis using ferritscopes, which measure ferrite number is more present, but some
newest articles suggest image analysis as a more precise and more reliable method [48,49]. This method’s
main drawback is its dependency on etching quality. If austenite and ferrite are not distinguished
good enough, the software could not tell the difference precisely and there is a possibility for the
mistakes. Usually, there is an option to set the threshold manually, but then the results will depend on
the operator’s judgment. To compensate for a possible mistake and to get the most accurate results,
12 images were taken for each sample on different places from the bottom to the top of the sample.
For a particular sample, the ferrite amount was calculated for each image and the results were averaged
to get the value for that wall.

Hardness testing was done using Vickers method and Brivisor KL2 (Reicherter). Figure 2 shows
the pattern of 15 points where hardness was measured.

15
T

R

1

Figure 2. Points for hardness measuring.

Three different measurements were executed at each point and then the values were averaged and
recorded. Force of 98.04 N (10 kp) was used to obtain HV10 hardness results. Thirteen results—without
the first 2 points, which belong to the substrate—were then averaged for each wall to get the average
hardness value. Additionally, the hardness profile was made for every wall, which shows the
distribution of hardness values through the part.

3. Results and Discussion

3.1. General Observations

Figure 3 shows the finished wall (a) and the same wall after additional milling (b).

Figure 3. Finished WAAM wall (a) and the same wall after additional milling (b).
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The whole manufacturing process was quite stable, which is the first important finding. This set
of parameters can be used to successfully produce DSS parts without significant problems like major
distortions. However, additional testing of mechanical properties is suggested to see if they are
satisfying and if there is any anisotropy.

All walls had satisfying geometrical characteristics since they stayed perpendicular to the substrate
plane. There was no bending to the left or right, which means the robotic hand is a convenient solution
for manufacturing similar parts. Some minor distortion occurred along the vertical axis, where the
accumulation of the layers “pulled” the ends of the substrate up and bent it despite rigid clamping,
causing the wall to be higher 1-2 mm on the ends than in the middle. The first and last few layers were
planned to be cut anyway and this should not be considered as a problem. However, residual stresses
were not assessed in this research and they should be one of the things to focus on in further research.

The greatest issue, which is seen without any additional testing is porosity, shown in Figure 4.
Groups of pores are located at the external sides. Pores are more present at higher layers,
probably because the protection of the shielding gas gets weaker due to its loss in the surrounding
air. For the lower layers shielding gas is deflected from the substrate, thus creating more complete
protective surrounding. Additionally, a possible explanation could be the turbulences, which can occur
due to the hot air. It is easier than the cold air and it ascends along the wall, “breaking” the shielding
gas envelope. Even the increased welding speed could be the reason since it could deteriorate shielding
gas protection [30]. These are only assumptions, but they could be interesting and worth enough to be
researched further. For example, a kind of shielding gas chamber could be designed and introduced
to the process. This idea could help to stop—or at least reduce—shielding gas loss in surrounding
air, thus improving the protection of the wall and prevent excessive forming of the pores. However,
this issue supports the idea to test milled walls to check for possible porosity at the inside. The porosity
should be reduced and there is a room for process improvement during the future research, and the
guideline could be the idea presented in papers [50,51], where the appropriate shielding gas device
was designed to improve the protection of the process.

Figure 4. Porosity in one of the walls.

Prior to any testing, the most important information was manufacturing time for different
interlayer temperatures, which is shown in Table 2.

Table 2. Manufacturing times for different interlayer temperatures.

Wall Manufacturing Time
W1 132 min
W2 69 min

W3 48 min
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3.2. 3-D Analysis of the Surface Texture

Three-dimensional analysis of the surface texture was done on one side of every wall due to
time savings since it is assumed that both sides of the same wall are almost equal in the terms of
surface roughness. Figure 5 shows 3-D scanned walls and parameters obtained after the 3-D scans
were processed. The most important factors to use in the evaluation of the walls are Sq (root mean
square height of the surface) and S, (arithmetical mean height of the surface). If their value for the
certain wall is significantly higher than for the others, it means the surface is rougher and more difficult
additional machining is to be expected (friction coefficient tends to increase) [52]. According to the
results, W3 has the lowest surface roughness and it should be slightly easier to machine. However,
differences in the results are minor and that was confirmed during machining, where all three walls
showed similar behavior. Considering these results, the interlayer temperature does not have any
influence on surface roughness.

Wall Sq(mm) S.(mm)

W1 0.394 0.32 10
W2 0.424 0.343
W3 0.335 0.275 0s

0.0

Figure 5. Results of the 3-D analysis of the surface texture.

3.3. Chemical Composition

Results of chemical composition testing are shown in Figure 6. It can be seen there were no
significant differences between the three walls. Additionally, none of the walls differed from the
wire a lot. Clearly, the interlayer temperature did not affect the chemical composition of the walls
and—what is even more important—chemical composition of the wire was not altered significantly
by the process, so additional material for future research could be chosen without fear of affecting
its chemical composition significantly. However, it is crucial to mention the limitation of the device
used—it was not possible to detect the N, which can be higher due to a composition of the shielding
gas. Ferrite amount could be a guideline (if it is lower, N, could be higher if there is more austenite),
but further research must focus on finding a way to measure the N.
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Chemical composition of the walls and the wire (%)

01 2 3 45 6 7 8 9 10111213 14151617 1819 20 2122 2324 25

Wire EW3 mW2 mWwW1

Figure 6. Chemical composition of the walls and the wire.

3.4. Ferrite Amount Analysis

Table 3 shows the ferrite amount for each wall, along with the standard deviation.

Table 3. Ferrite amounts for the walls.

Wall Ferrite Amount (%) Standard Deviation (o)
W1 38.5 0.67
W2 35.8 0.46
W3 33.9 0.70

Clearly, an increase in the interlayer temperature caused the ferrite amount to decrease. It is
important to mention that there were no significant differences between ferrite amounts at different
layers (heights), which means microstructure was quite homogenous. Figure 7 shows some of the
images used for analysis. It is easy to see there was more austenite (grey-colored), which formed longer
grains growing in the vertical direction, while ferrite grains (red-colored) were mostly staggered on
the sides. Some of the black dots were probably carbides or defects made during the preparation of
the samples. However, they could be rarely seen. While wire datasheet claimed there was 45-55% of
ferrite, W1 had 38.5% and another two walls had even less. This is accordant with results from [53],
where the lower ferrite amount was also recorded at higher interlayer temperatures. The possible
reason could be the shorter idle time—while the previous layer was not cold still, the subsequent layer
was already heating it, giving enough time for austenite to form. At lower interlayer temperatures
transformation to ferrite could occur while the layer was cooling and the heat input during the next
layer deposition was not high enough to cause the transformation to austenite, thus leaving the part
with higher ferrite amount. Both phases should be present in roughly equal amounts in DSS, but if
they are not it is preferable to have more austenite since it tends to increase some important properties
(impact toughness or pitting corrosion resistance). If there are requirements for minimum ferrite
amount, an approach suggested in [27] could be used. Otherwise, the higher interlayer temperature
should be preferable to use since it means it is possible to produce parts faster and they will still
have acceptable amounts of ferrite. Lastly, these results are comparable with studies [27,29,36,37],
which were mentioned in the introduction.



Materials 2020, 13, 5795 10 of 16

w2
Figure 7. Example of ferrite amount testing using image analysis.
3.5. Radiography Testing

Figure 8 shows radiograms obtained with the radiography testing. The smallest pore that could
be seen with sensibility used was 0.05 mm in diameter. Since there were still no specific standards
for WAAM products, existing standards for weldments were used to classify defects found and to
evaluate if they could be acceptable:

e ISO 6520-1:2007—Welding and allied processes—classification of geometric imperfections in
metallic materials—Part 1: fusion welding [54];

e  ISO 5817:2014—Welding—fusion-welded joints in steel, nickel, titanium and their alloys (beam
welding excluded)—quality levels for imperfections [55].

Figure 8. Radiograms of the walls.

All imperfections found were pores (gas inclusions). Table 4 shows the number of pores for each
wall. It is clearly seen that the number of pores increased as the interlayer temperature was lower.
The largest pores were close to 1 mm in diameter, which is important for the evaluation of the product.



Materials 2020, 13, 5795 11 of 16

Table 4. The number of pores per wall.

Wall Number of Pores
W1 33
W2 8
W3 4

While porosity at the external sides is not so dangerous—external sides are milled anyway—pores
at the inside could cause deterioration of mechanical properties (toughness). According to ISO
6520-1:2007 [54], all these pores could be classified as subgroup 2012—uniformly distributed porosity.
To evaluate the acceptability of these imperfections, ISO 5817:2014 could be used [55]. Since there
are no specific standards for WAAM products, requirements for multipass welding are the closest
to compare with. Acceptance level for the strictest class (B) is a maximum of 2% of weld area
covered with porosity. Since the dimension of the wall after machining was 280 mm x 60 mm,
its area was 16,800 mm?. The greatest pore was 1 mm in diameter, which gave an area of 0.785 mm?,
roughly (pores were round mostly). In the worst case—for W1—porosity covered approximately 0.15%
of the wall area, which was far below acceptable values. However, additional testing of mechanical
properties—especially impact toughness—should be done to check if there are some issues that could
be caused by porosity. The possible reason for fewer pores at the higher interlayer temperature could
be related to the ferrite amount. The solubility of the nitrogen in ferrite is slightly lower at the lower
temperatures—according to [56]—so it is possible that some nitrogen from the shielding gas has been
trapped in the wall with higher ferrite amount (since the walls made with lower interlayer temperatures
have more ferrite and more pores). Additionally, higher interlayer temperatures provide less time
for gas to completely form the inclusions in solidified metal, leaving the walls with less porosity.
According to all of the findings related to porosity, higher interlayer temperatures should be favored in
this process. In accordance with the studies [5,6,8,38—41] mentioned, porosity was not totally avoided,
but it was at least kept in the acceptable ranges inside the part.

3.6. Hardness Testing

Hardness distribution profiles and average hardness values are shown in Figure 9. One can
see there were no significant differences between the parts. Only W1 hardness was slightly higher,
but it was a minor difference. Additionally, distribution profiles did not have greater deviations,
which means hardness was uniformly distributed across the parts’ section (similar to ferrite amount,
it means the parts were quite homogenous across their sections). However, no pattern can be found to
say the interlayer temperature could affect the hardness of the parts.

Hardness distribution profile

260

250 e ST L _e
_ 240 -~ =
g 230
T ig . Wall HV10
2 200 W1 248
5 190 w2 242
£ W3 244

170
160
150

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Measuring points

—— W1 W2 W3

Figure 9. Hardness distribution profiles.
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Contrary to the results presented in the studies [57-59]—where higher hardness exhibited at lower
porosity levels—W1 sample had the highest hardness and highest percentage of porosity. This could
seem unusual, but it is important to point out that the hardness values differed only slightly (6 HV10)
and porosity percentage differed even less (less than 0.15%). At the studies mentioned, hardness values
varied even more than 50 HV10, and porosity percentage almost up to 10%. Additionally, W2 and W3
hardness values did not follow that pattern. Therefore, this anomaly could be due to the measurement
process—it is possible that—during measuring—tool tip tapped some nitrides or carbides (which
could be present, but they were not subject of this study). Additional researches have to be done in
order to prove this.

Standards EN 10088-3:2014 [60] and EN 10088-5:2009 [61], which define technical delivery
conditions for different types of DSS products, require a maximum of 270 HB for products thinner
than 160 mm. It is roughly equal to 277 HV, which means only the last few layers did not fulfil that
requirement. However, since the first few and last few layers should be cut during machining (prior
to the application of the part), it is important to know that main part of the wall have satisfying and
homogenous properties.

4. Conclusions

As aresult of this study, conclusions were as follows:

1. These parameters are appropriate to build the wall with satisfying geometrical characteristics and
without major distortions, but porosity could not be avoided. Even if it is true that the majority
of the external sides are additionally post-processed and machined, some of the porosity still
could be inside. Further research is necessary in order to improve the process. Additionally,
since the distortions were minor, the focus for the further research should be on the measuring of
the residual stresses.

2. Interlayer temperature does not affect surface roughness at all. Minor differences amongst
samples could not be attributed to temperature since there is no regular pattern. All the walls
have shown similar behavior during machining, which adds to that.

3. Chemical composition of the walls was similar amongst all of them, but also similar to the
composition of the wire. However, there was a limitation of the impossibility of N, detection,
and further research should aim to improve that.

4.  Ferrite amount analysis has shown there is more ferrite in the walls produced with the lower
interlayer temperature. It is important finding directly related with our first objective since now
it is proved that it is possible to produce the parts with lower ferrite amount by using higher
interlayer temperatures, which consequently means shorter idle time and a faster process.

5. Radiography testing showed there was some porosity inside the walls. Since there are still no
standards, which would be suitable for WAAM products, standards used for assessment were
the ones that are the closest by nature of the process—standards for weldments. According to
them, all the walls were acceptable even using the acceptance levels for strictest class (B) and it
was an important finding related to our second objective. However, solutions that may be found
to reduce the external porosity could also be helpful to reduce the internal porosity.

6. Hardness values amongst the walls were close and did not have significant differences.
An important finding is a fact that these products fulfill the hardness values requirements
defined by appropriate standards for duplex stainless steel products. It means we reached our
goal and proved it was possible to produce the WAAM parts, which were comparable (in terms
of hardness properties) with the products made using conventional methods.

7. Considering production time, ferrite amount and porosity, it is strongly suggested to use higher
interlayer temperatures to produce parts using this duplex stainless steel grade. Wall produced
using the interlayer temperature of 150 °C was made for more than twice less time than the one
with 50 °C while having about 5% lower ferrite amount and significantly less porosity.
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However, to better understand the relationship between welding parameters, production process
and overall quality of WAAM produced duplex stainless steel part, suggestions for further
research include:

e Additional mechanical properties testing (especially impact toughness testing);

e  Corrosion resistance testing;

e  Measuring of residual stresses;

e  Process improvement (for example, designing a chamber to create a better protective environment
of shielding gas);

e  The possible introduction of on-line non-destructive testing to find potential defects as soon as
they appear;

e  Altering the cooling rate to see how it could be used to manage the microstructure.
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