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Abstract

Additive technologies, and in particular Directed Energy Deposition (DED), are becoming an increasingly important tool for the
rapid production of components operating in, among others, the energy, aviation, petrochemical industries, where components
are exposed to extreme thermochemical conditions. In the article, the influence of various corrosive atmospheres atmospheric
air, water vapor and SO,-argon- mixture - on the process of scale formation on the surface of materials manufactured using
Directed Energy Deposition (DED) technology is presented. The tests were carried out at a temperature of 600°C (for air and
water vapor) and 300°C (for SO,-argon atmosphere). The mass increase and surface damage was monitored. It has been shown
that the chemical composition of materials, especially the content of alloying elements such as Cr and Nj, is crucial for corrosion
resistance. The obtained results provide the basis for further optimization of the composition of powders used in additive man-

ufacturing techniques, in terms of operating conditions in aggressive environments.
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1. INTRODUCTION

Recent years, have seen the dynamic development of addi-
tive manufacturing (AM) technologies, which have found
wide application in materials engineering and heavy indus-
try, including the energy sector [1-3]. One of the advanced
3D printing methods used to produce metal components is
Directed Energy Deposition (DED). This method involves
the simultaneous supply of material (in the form of metal
powder or wire) and its local melting using a concentrated
energy source, most often a laser, electron beam, or plasma.
This process enables the precise fabrication of complex ge-
ometries and is widely used for the surfacing, regeneration,
and modification of existing components. DED offers unique
advantages over other AM techniques. Compared to Powder
Bed Fusion (PBF), Directed Energy Deposition allows fast-
er deposition rates and the capability to repair large parts,
albeit with lower resolution. Binder Jetting, while effective
for ceramics and composites, typically requires post-pro-
cessing and lacks mechanical strength. In contrast, DED
combines high deposition efficiency with structural integ-
rity, making it suitable for applications in aerospace, power
generation, and petrochemicals [4-6].

In the present study, a laser-based DED system was used,
equipped with a 4 kW IPG fiber laser and a water-cooled co-

axial deposition head, ensuring uniform material delivery
and efficient heat management. The process was carried out
on an RPMI machine featuring five-axis CNC control, an ar-
gon atmosphere glovebox with lower than 10 ppm of oxygen
level, and dual-hopper powder feeders allowing continuous
operation. The applied laser energy density was analyzed
in a separate study and determined to be 1.717 J/mm? [7].
Other processing parameters, including a laser power of
1300 W, track width of 1.52 mm, and layer height of 0.5 mm,
were selected according to the equipment manufacturer’s
recommendations. All of the analyzed materials were de-
posited in the form of powder.

The schematic presented in Figure 1 shows the metal pow-
der is delivered directly into a melt pool created by a focused
energy source a high-power laser. The material is deposited
layer by layer onto the substrate, enabling the fabrication or
repair of complex components with precise geometry [8]. The
scale, as an oxide layer formed on the metal surface under
the influence of certain conditions, plays an important role in
the context of protecting the material from further corrosion.
Its structure, chemical composition, adhesion and thickness
determine the effectiveness of the protective barrier. At a tem-
perature of 600°C, the stability of the scale, its resistance to
loosening and the rate of its growth during operation are of
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great importance [9-12]. Figure 2 shows a model of scale for-
mation on the surface of the substrate [14].
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Fig. 1. Scheme of the AM process using the DED method [13]
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Fig. 2. Ideal model of the scale formation process [14]

Materials produced by the DED method are character-
ized by a specific microstructure resulting from the rapid
melting and solidification of material layers. Characteristic
features include a columnar texture, the presence of resid-
ual stresses, and local differences in chemical composition
caused by the segregation of elements [15]. All factors affect
the scale formation process and its subsequent changes un-
der the specified operating conditions. The work uses mea-
surements assessed in the context of scale formation, i.e. the
rate of mass increase, and visual assessment of such factors
as the presence of cracks or detached fragments of scale.

2. MATERIALS AND METHODS

Due to the increasingly widespread use of printed elements
in very diverse working conditions, it was decided to con-
duct research in selected environmental conditions occur-
ring in industrial applications. In order to assess the effect
of the air atmosphere on the process of scale formation, lab-
oratory tests were carried out under controlled exposure to
high temperature (600°C) in the presence of atmospheric
oxygen. The materials for the tests were prepared using DED
additive technology, which made it possible to obtain sam-
ples with comparable geometric and structural parameters.
Oxidation processes were carried out in a tube furnace, with
a constant air flow, monitoring changes in the sample mass
and analyzing the morphology and chemical composition
of the resulting scale. The second modeled operating envi-
ronment of the printed samples was the presence of water
vapor, where 100% pure water vapor was passed through
the furnace by pumping deionized water in a closed circuit.
The third of the analyzed environments were the conditions
induced by exposure in an atmosphere containing gaseous
sulfur compounds (SO,-argon). The samples were subject-
ed to an aggressive environment at a temperature of 300°C
and 600°C, which was intended to simulate conditions in
power plants burning sulfur fuels. The oxidation and sul-
furization processes were monitored by analyzing the mass
increase. The tested samples were cleaned in isopropanol
using an ultrasonic bath for 15 minutes at 40°C. After dry-
ing, the samples were carefully weighed using an analytical
balance (accuracy 107° g). Materials produced by the DED
method were selected for the tests, which, together with
their chemical composition in the form of power and, are
listed in Table 1. The samples were cut with a wet diamond
disc and then sanded with sandpaper.

’(Il‘ﬁgrlr?iclal compositions of selected materials obtained by the additive method
Name Material Cr Ni Cu | W |[Mo| S |Co | Ti Nb-Ta Nb | Si |[Mn| V P C Bal.
1x CL92 15-17.5| 3.5 | 3-5 01| - - 0.15-045| - [01]01]| - - 0.05 Fe
2X X22CrMoV12-1 11.5 - - 07| - - - - 01| - |06 02 - 0.2 Fe
3x H13 5.0 - - - - (01| - - - - 103(035| - 0.4 Fe
4.x 18Ni300 - 183 | - 48| - |89 08 - - - - - - 1 0.003 | Fe
5. Hastelloy X 21 14 - |05| 9 - [ 1.0]0.15 - - - (01| - - 0.07 Ni
6.x 316L 18 14 - - (25| - - - - - 107]20]| - - 0.03 Fe
7.X Bohler W360 - 0.1 3.0 | 04 03 (03| 06 |0.02]| 05 Fe
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2.1. Studies of the effect of steam
on the scale formation process

The tests were carried out using the steam oxidation station
shown in the diagram, Figure 3. During the experiment, 100%
pure steam was generated by pumping deionized water from
a tank placed under the furnace. Steam was passed through
the furnace in a closed circuit at a rate of 2.833 ml/min.
Deionized water with low electrical conductivity was used.
The whole was sealed using stainless steel flanges equipped
with a high-temperature gasket at both ends.
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1)Heat resistant furnace

2)Cylinder with nitrogen for water bubbling system

3)Nitrogen inlet

4)Cold deionized water inlet

5)Al20a holder with the samples

6)Reactive chamber made of stainless steel

7)Peristaltic pump for water circulation within the system
10 8)Hot water cooler/condenser

9)Armrest for reactive chamber

10)Deionised water reservoir
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Fig. 3. Schematic diagram of the test stand for corrosion in a steam
environment

Before the oxidation process in steam, the entire sys-
tem was purged for at least 2 h with oxygen-free nitrogen
(OFN) to remove moisture and atmospheric air remaining
in the reaction chamber. During the tests, OFN purification
was continued through a tank with deionized water to
minimize the concentration of O,-ions in the test system.
Before the experiment, the furnace was calibrated to set
the desired temperature and place the samples in the so-
called “hot zone”. The calibration process ensured that the
samples were placed in the furnace at the test temperature
with an accuracy of more or less 5°C. The tests were carried
out at a temperature of 600°C for 500 h with breaks every
100 h (weight gain test). The samples were introduced into
the hot zone of the furnace using a calibrated rod with a mea-
sured distance. After each interval, the samples were cooled
freely to room temperature by turning off the power sup-
ply. The samples after oxidation were examined on a macro
scale using: a macro lens and a Canon 70D digital single-lens
camera equipped with a Canon MP-E 65 mm f/2.8 macro
lens. Macro photos of each of the tested samples were tak-
en after 100 h.

2.2. Studies on the effect of atmospheric air
on the process of scale formation

Similarly to the previously conducted studies and appa-
ratus, the samples were cleaned in isopropanol using an
ultrasonic bath for 15 minutes at a temperature of 40°C.

After drying, the samples were carefully weighed using an
analytical balance (accuracy 107° g). Then, the experiment
was carried out in the atmosphere of atmospheric air. Be-
fore the experiment, the furnace was calibrated to set the
desired temperature and place the samples in the so-called
“hot zone”. The calibration process ensured that the sam-
ples were placed in the furnace at the test temperature
with an accuracy of more or less 5°C. The tests were carried
out at a temperature of 600°C for 500 h with breaks every
100 h (mass increase test). The samples were introduced
into the hot zone of the furnace using a calibrated rod with
a measured distance. After each interval, the samples were
cooled to room temperature in a free manner by turning
off the power supply. The samples after oxidation were
examined on a macro scale using: a macro lens and a Can-
on 70D digital single-lens camera equipped with a Canon
MP-E 65 mm f/2.8 macro lens.

2.3. Studies on the effect of the atmosphere of
sulfur compounds on the process of scale formation

A study of high-temperature corrosion was carried out in
a flowing gas mixture containing SO,-argon. The SO, con-
tent in the gas mixture was 0.25% by volume, at a flow rate
of 50 ml/min and a heating rate of 5°C/min. The diagram
of the experimental stand for high-temperature sulphation
studies is shown in Figure 4.

The test rig consists of an electric tube furnace (CARBO-
LITETM) with wire heating elements, a reactive gas tank,
a gas supply pipe equipped with a flow control system,
and a cooling unit. The reactive gas tank (99.75% syn-
thetic air - 0.25% S0,) was obtained from the gas suppli-
er (Air Products). The gas flow through the furnace was
controlled by a rotameter installed between the gas cylin-
der and the furnace. The flow rate was set at 50 Nml/min
(Nml/min at 293.15 K, 1 bar - standard conditions).
The test specimens were placed on a refractory alumina
(99.5% ALO,) holder. The temperature in the hot zone
of the furnace was monitored by a programmable EURO-
THERM controller. The furnace was carefully calibrated
before the tests. For safety reasons, the reaction chamber
(alumina tube) of the furnace was enclosed in a 316-L
stainless steel vessel, closed at both ends with 316-L stain-
less steel flanges, locked with four screws. The exiting gas
mixture was passed through a NaOH solution to neutralize
and flush out SO,, and then directed to the ventilation sys-
tem. The samples were tested in an SO,-argon atmosphere
for 200 h. The tests consisted of four cycles of 50 h/cycle.
The samples were placed in the furnace at room tempera-
ture and suitably heated to 300°C, with a ramp of 5°C/min,
and held at the appropriate temperature for 50 h; then the
samples were removed from the furnace and imaged. Be-
fore testing, the samples were accurately measured with
an electronic micrometer, then the samples were cleaned
in an ultrasonic bath for 15 min at 40°C and weighed using
a high-precision Sartorius CPA225D electronic balance.
Post-exposure imaging was performed using a Canon
EOS 70D single-lens reflex camera coupled with a Can-
on MP-E 65 mm f/2.8 macro lens.
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Fig. 4. Schematic of the SO,-argon-corrosion test rig

3. RESULTS AND DISCUSSION

Corrosion processes occurring in atmospheres containing
sulfur compounds are particularly aggressive towards metal-
lic materials. Corrosion products - sulfides and oxides - can
form protective scale, but its effectiveness depends largely on
the chemical composition of the material. In this context, al-
loying elements such as chromium (Cr) and nickel (Ni) play
an important role. Analysis of the results showed clear differ-
ences in the behavior of the scale depending on the environ-
ment. In a clean air atmosphere, samples with a high Cr con-
tent (e.g. 316L and Hastelloy X) showed minimal mass gains,
which indicates the effective formation of a Cr,03 layer, char-
acterized by good adhesion and stability at high temperature.
For samples with a lower Cr content (e.g. H13), larger mass
gains and delamination of the scale were observed, which
may be the effect of the porous structure of Fe oxides and un-
stable mixed scales. In a water vapor environment, the effect
of H,0 presence was more destructive - especially for sam-
ples with a low Ni content. Steam accelerates the oxidation
process by facilitating ion transport through the scale, and
can also lead to the formation of Fe-rich oxides, which are
less protective and more susceptible to cracking. Scale spall-
ing and cracking were visible for samples 2.4-4.4, indicating
a lack of continuity of the protective layer. Samples contain-
ing significant amounts of Ni (e.g. 18Ni300 and Hastelloy X)
showed good resistance - the presence of Ni promotes ho-
mogenization of the scale and limits its delamination. The
greatest differences were observed under conditions of ex-
posure to an atmosphere of sulfur compounds (SO;). The for-
mation of sulfides leads to more aggressive degradation, and
the corrosion layers are less stable and more expansive. Sam-
ples 3.1 and 4.1 showed mass gain and intensive corrosion,
confirming the high reactivity of the material in this environ-
ment. Materials with high Cr and Ni contents (1.1 and 6.1)
again showed the greatest resistance - the protective layers
formed faster and were less susceptible to mechanical dam-

and ventilation

MNaOH solution for neutralization of H25
from the test (2x Dreschler glass)

age. A significant factor influencing the results was the DED
microstructure - the presence of internal stresses and ele-
ment segregation zones could locally affect the development
of the scale. Further microstructural studies (e.g. SEM/EDS,
XRD) are planned to fully understand the mechanisms of lo-
cal degradation of the printed material.

Due to the development of 3D printing technology, inter-
est in their durability in different operating conditions is
growing, particularly in terms of corrosion resistance. The
wide range of materials that can be used in additive tech-
nologies requires various types of testing. Materials such as
316L stainless steel, AlSi10Mg aluminum alloys, and M300
tool steel, manufactured by laser powder sintering, are used
in the marine, aerospace, and medical industries. However,
a key issue is their susceptibility to various forms of corro-
sion. To expand on the topic presented in this paper, a brief
description of various studies related to material corrosion
is provided below. Research conducted by Lawrence Liver-
more National Laboratory has shown that 3D printed 316L
steel is susceptible to pitting resulting from the presence of
slag remaining during the powder remelting process. These
surface defects promote the initiation of local damage, which
can be exacerbated in a marine environment. Importantly,
slag removal processes typical of conventional manufactur-
ing methods (e.g., grinding) are not readily applicable to 3D
printed parts [16]. Other studies, focusing on the effect of
TiAlV alloy surface treatment, indicate that treatments such
as anodizing can significantly increase the corrosion re-
sistance of components, even after prior chemical etching.
Anodized surfaces demonstrated stable passive behavior
and no development of active corrosion spots [17]. Corro-
sion-fatigue tests of the AlSi10Mg alloy yielded equally in-
teresting results. It was observed that mechanically treated
samples (removal of layers rich in porosity and unmelted
powder) exhibited significantly higher fatigue resistance
and lower susceptibility to crack initiation at corrosion pits.
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Untreated samples were significantly more susceptible to
mechanical damage due to corrosion, especially in sequen-
tial and combined tests [18]. Studies on M300 steel, in turn,
indicated that both the laser power used during printing and
the surface treatment significantly influenced the rate and
nature of corrosion. Generally, increasing laser power led to
a decrease in corrosion resistance, and unpolished samples
exhibited greater mass loss in long-term tests [19]. It is dis-
cernible that the temperature of the corrosive environment
also played a significant role - higher temperatures acceler-
ated the processes, as shown in the study summary below.

3.1. Results of the effect of steam
on the scale formation process

The summary of the photos taken is presented in Table 2.
After oxidation, the materials were covered with oxide
scale. For materials 2.4-4.4, chips and cracks were observed
on the surface of the annealed materials. The remaining
samples were characterized by continuous, compact scale.
The changes in the mass of the tested samples as a result
of oxidation in a water vapor atmosphere at a temperature
of 600°C for 100-500 h are presented in Figure 5.

Table 2
Macro photos for the tested materials oxidized at T = 600°C in a water vapor atmosphere and the mass change
Water vapor, T = 600°C
No. 200 h 300 h 400 h 500 h
1.4
2.4
3.4
44
5.4
6.4
ot mg] [~ omg]
7.4
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6907 The course of the oxidation process of the tested materials

at a temperature of 600°C in a water vapor atmosphere. For
samples 1.4 and 5.4-7.4, negligible mass increases were re-
corded. The surfaces of the samples were continuous, with-
out chips. The analyzed materials were characterized by the
highest corrosion resistance. For samples 2.4-4.4, mass in-
creases of 3 mg/cm? to 5 mg/cm? were observed. During the
experiment, delamination of the produced scale was observed.

Weight change [mg/em®]

o 100 200 300 400 500
Time [h] 3.2. Results on the effect of atmospheric air
14 24 +34 —44 —54 +64 7.4 =
on the process of scale formation

Fig. 5. Observed changes in the mass of samples subjected to oxidation
in a water vapor atmosphere at a temperature of 600°C for 100-500 h Table 3 summarizes the macro images for the tested samples.

Table 3
Macro images for the tested materials oxidized at T = 600°C in the atmosphere of atmospheric air and the mass change

Atmospheric air, T= 600°C
No. Oh 100 h 200 h 300 h 400 h 500 h

1.2

2.2

3.2

4.2

5.2

6.2

7.2
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The changes in the mass of the tested samples as a result
of oxidation in an air atmosphere at a temperature of 600°C
for 100-500 h are presented in Figure 6.

7.00 4
6.00 1
5.00 - /
4.00 -
3.00 1

2.00 4

Weight change [mg/cm?]

1.00

0.00 = =

100 200 300 400 500
Time [h]
=12 422 ~+32 +42 =52 =62 7.2

-1,00 4

Fig. 6. Observed changes in the mass of samples subjected to oxidation
in an air atmosphere at a temperature of 600°C for 100-500 h

Table 4

The course of the oxidation process of the tested materi-
als at a temperature of 600°C in an air atmosphere allows
us to note that for samples 1.2; 2.2; 3.2 and 5.2 and 6.2, neg-
ligible mass increases were recorded. The surfaces of the
samples were continuous, without splinters. The analyzed
materials were characterized by the highest corrosion resis-
tance. For samples 4.2 and 7.2, mass increases of the order of
2 6 mg/cm? and 6 mg/cm? were observed. During the experi-
ment, delamination of the produced scale was observed.

3.3. Results on the effect of the atmosphere of sulfur
compounds on the process of scale formation

Table 4 summarizes the macro images for the tested sam-
ples. The dependence of the mass change of the tested
samples as a result of high-temperature corrosion in an
0.25%S50,-argon atmosphere at temperatures of 100-300°C
for 50-200 h was also plotted and presented in Figure 7.

Macro images for the tested materials at T=300°C in a 0.25%- SO,-argon atmosphere and the mass change

0.25% SO,-argon, T = 300°C

No.

Oh

100 h

150 h

200 h

1.1

2.1

31

4.1

5.1

6.1
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Table 4 (cont.)

0.25% SO,-argon, T'=300°C

No. 0h 50h 100 h 150 h 200 h

7.1

010 7 — In contrast, alloys with low Cr/Ni content (e.g., H13,

0.08 1 Bohler W360) showed substantial mass increase (up
T 006 - . — to 6 mg/cm?) and visible scale cracking, especially in
‘é 0.04 - water vapor and sulfur-containing atmospheres, indi-
E 002 - cating limited oxidation resistance.
H — The most aggressive environment was the argon-SO,
£ 000 i ) . .
2 mixture, where sulfide formation led to rapid scale
3 0021 growth and spallation. Only Ni-rich materials main-

0047 tained structural integrity under such exposure.

-0.06 T T T , — The unique microstructural features resulting from

0 50 100 150 200

Time SO,-Argon [h], T=300°C
11 =21 =+31 =41 =51 -=61 —=—7.1

Fig. 7. High-temperature corrosion process of the tested materials
at300°C in a 0.25% SO,-argon atmosphere

The courses of the individual curves reveal significant
differences in susceptibility to corrosion. Samples 2.1; 3.1;
4.1; 7.1 show a very similar nature of mass increase, which
suggests that the material has moderate resistance to oxi-
dation in the presence of sulfur. Sample 7.1 shows a more
rapid mass increase over time, which indicates intensive
scale formation and lower resistance to corrosive gases. In
turn, samples 1.1 and 6.1 show a smaller mass increase -
especially in the later h of the experiment - which may be
evidence of more effective formation of a passive layer lim-
iting further corrosion.

4. CONCLUSIONS

This study shows the corrosion resistance of DED-manufac-
tured alloys in different oxidizing and sulfur-containing en-
vironments. The results highlight the correlations between
alloy composition and the mechanisms governing oxidation
behavior:

— The corrosion resistance of DED-manufactured al-
loys significantly depends on the chemical composi-
tion, particularly the content of chromium (Cr) and
nickel (Ni), and the nature of the corrosive environ-
ment.

— Alloys such as Hastelloy X and 316L (high in Cr and
Ni) demonstrated minimal mass gain lower than
1.5 mg/cm?) and superior scale integrity under all
tested conditions, including the SO,-rich environ-
ment, due to the formation of stable Cr,03 and NiO
layers.

DED - including residual stresses and chemical inho-
mogeneities - may promote localized corrosion and
warrant further investigation using advanced micros-
copy and spectroscopy (e.g., SEM/EDS, XRD).

— These findings contribute to the development of
corrosion-resistant alloys tailored for additive man-
ufacturing. The results serve as a foundation for
selecting or designing powder compositions opti-
mized for harsh industrial applications, including
turbine blades, petrochemical tubing, and boiler
components.

— Future work should include in-situ oxidation monitor-
ing, long-term mechanical testing of oxidized layers,
and correlation with thermal fatigue performance un-
der cyclic loading conditions.
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