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Abstract
Due to the inhibiting behavior of Cu, NiCu alloys represent an interesting candi-
date in carburizing atmospheres. However, manufacturing by conventional casting 
is limited. It is important to know whether the corrosion behavior of conventionally 
and additively manufactured parts differ. Samples of binary NiCu alloys and Monel 
Alloy 400 were generated by laser powder bed fusion (LPBF) and exposed to a car-
burizing atmosphere (20 vol% CO–20%  H2–1%  H2O–8%  CO2–51% Ar) at 620 °C 
and 18 bar for 960 h. Powders and printed samples were investigated using several 
analytic techniques such as EPMA, SEM, and roughness measurement. Grinding of 
the material after building (P1200 grit surface finish) generally reduced the metal 
dusting attack. Comparing the different compositions, a much lower attack was 
found in the case of the binary model alloys, whereas the technical Monel Alloy 400 
showed a four orders of magnitude higher mass loss during exposure despite its Cu 
content of more than 30 wt%.
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Introduction

Among the efforts toward climate-neutral technologies, processes that allow the 
chemical conversion of  CO2 and hydrogen are becoming increasingly important. 
Examples are the newly developed dry reforming process, in which  CO2 and 
methane can be converted to CO-rich synthesis gas at high pressures and high 
temperatures [1–4]. The synthesis gas in turn is considered as storage concept 
for surplus generated energy during sunny or windy times. However, efforts to 
store energy through the conversion of carbon-containing gases experience the 
same problems that are already known from conventional processes, including 
carburization in low oxygen partial pressure atmospheres, as they occur in energy 
technology, chemical engineering, and petro chemistry [1–4]. The extremely 
aggressive form of high-temperature corrosion "metal dusting" (MD)  causes a 
spontaneous and fast degradation of metallic material [5–7]. Metal dusting occurs 
at temperatures between 450 and 800 °C, the greatest risk being at around 620 °C 
[7] and is characterized by a high carbon ingress into the material followed by 
graphite formation in the microstructure. This graphite formation leads to a large 
increase in volume and consequently to disintegration [8, 9]. The attack is charac-
terized by local, extremely fast-growing Fe-, Ni-, or Co-based corrosion products 
[5]. In the case of Ni-based alloys, the material decomposes into dusty graphite 
("metal dust") of metal particles, oxides, carbides, graphite, and amorphous car-
bon, which all together form a coke deposit [2]. Often, small component areas 
are affected, especially in the downstream area or in the area of heat exchang-
ers, where the process temperature drops, as well as at inlets and outlets, transi-
tion pieces and colder flanges, where the critical conditions for metal dusting are 
locally fulfilled [10–12]. Thermodynamically, gases containing CO are unstable 
at lower temperatures. Favored by the catalytic effect of the elements iron, nickel, 
and cobalt, the CO dissociates and C is deposited on the surface and within the 
material [13]. Metal dusting is particularly dangerous because it is hardly pos-
sible to predict when and where damage will occur. In addition, a started metal 
dusting attack can no longer be stopped and causes severe damage in a relatively 
short period of time, leading to rapid system failure.

On the material side, there are currently two approaches to enhance the pro-
tection against metal dusting. (1) High-alloyed materials are used, which contain 
large amounts of oxide-forming elements, such as chromium and aluminum [14, 
15]. The durability of these materials under strongly carburizing conditions is due 
to the formation of dense and slow-growing oxide layers, which protect the base 
material by forming a barrier from the corrosive atmosphere. These materials 
include the Ni-base alloys Alloy 602 CA, Alloy 690 or the particularly resistant 
Alloy 693 [15–18].

(2) Small additions of the elements Sn, Ge, and Cu have proven effective to 
catalytically suppress C deposition [5, 19–21]. While Ge and Sn are only used 
in coatings [19, 20], there are some commercial high-temperature materials that 
have taken up the concept by adding Cu. Nishiyama et  al. [22] claimed from 
a study on metal dusting of binary NiCu alloys with a Cu concentration of at 
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least 20 wt%, the surface reaction with the CO-containing synthesis gas is inac-
tivated, and thus the material is protected from metal dusting, although no pro-
tective oxide layer has  formed [23]. This behavior is attributed to the atomistic 
interaction of CO with the surface of the transition metal and is referred to as 
the "surfactant-mediated suppression" effect [22, 23]. Examples are the Ni-based 
materials Haynes 235 and the Sumitomo Alloy 696 with Cu contents between 2 
and 4  wt% beside high Cr  concentrations (around 30  wt%), which additionally 
improves the resistance against metal dusting. However, alloys solely protected 
by metal-dusting-inhibiting elements for these specific applications have not been 
deeply investigated and developed so far. NiCu alloys, such as so-called Monel 
materials, with significantly higher Cu contents of > 30 wt% and low amounts of 
oxide formers are promising candidates.

Experimental Procedures

Powder Production of Monel and NiCu Alloys by Gas Atomization

In the present study, the material was gas-atomized using an Indutherm AU3000 
atomizer in close-coupled mode. In a ceramic crucible, the initial material is melted 
inductively at 1650  °C. After complete melting and a defined holding time of 
30 min, the melt is introduced into the atomizer nozzle through an outlet valve and 
atomized under Ar at a pressure of 12 bar and a flow of 360  m3/h in close-coupled 
mode [24]. The cooling rate is between  105 and  108  K/s during gas atomization 
[24]. After the atomization, the powder was sieved with a 63 µm sieve to remove 
the coarse fraction and then air-separated to remove the fine fraction with a particle 
size of less than 10 μm. The particle size distribution was investigated according to 
ISO 13322-2 using a Mictrotrac Camsizer X2. Powders were produced for Monel 
Alloy 400, and binary CuNi alloys with 70 wt% Ni (Ni70–Cu30) and 50 wt% Ni 
(Ni50–Cu50), respectively.

Additive Manufacturing of Monel and NiCu Alloys by Laser Powder Bed Fusion 
(LPBF)

In laser powder bed fusion (LPBF), multi-layer micro-welding processes are used 
to generate macroscopic structures: The material to be processed is applied in pow-
der form with particle sizes of approx. 10–60 μm in a thin layer (20–100 μm) on 
a component platform and completely remolten locally using laser radiation. After 
solidification, a solid layer of material forms. The component platform is then low-
ered by the amount of a layer thickness and powder is applied again. The process 
parameters include the laser power, the laser feed speed, the layer height, and the 
hatching distance, i.e., the distance between the individual melt tracks. It affects the 
density and surface of the component. If the distance is too large, the traces are not 
molten completely, and the component becomes porous. The quality of the melt-
ing tracks is influenced by the laser power and the laser speed. The width of the 
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melting traces depends on the focus diameter of the laser [8]. In this study, a laser 
power of 250 W, a feed rate of 800 mm/s, a layer thickness of 20 µm, and a hatching 
distance of 0.1 mm were used for the additively manufactured sample. Cubic sam-
ples with 0.8 × 0.8 × 0.8 cm were generated. After printing, one sample is exposed 
in as-built condition, and the other one out of two comparable samples was ground, 
using SiC paper with up to P1200 grit before exposure. In addition, one conven-
tional manufactured Monel Alloy 400 (cast and rolled) is included into the metal 
dusting experiments.

Metal Dusting Exposure

The metal dusting exposure testing was conducted in a tube furnace (Carbolite TZF-
12/100/900/E301) equipped with an Centralloy ET 45 Micro tube and an inside 
mullite tube. For further information on the furnace and gas setup of these tests, it is 
referred to [25]. Before starting the exposure, the furnace was purged with argon for 
several hours at room temperature and was subsequently heated up to 620 °C with a 
heating rate of 10  K/min. At process temperature, a gas composition of 20% 
CO–20%  H2–1%  H2O–8%  CO2–51% Ar was adjusted, and the system was pressur-
ized to 18 bar. The C activity is ac = 358 (calculated as described for the synthesis 
gas reaction in chapter 9.2 of [26]) according to aC = K

p
H2

p
CO

p
H2O

 . K is the equilibrium 

constant of the syngas reaction, p
H

2
 , pCO, and p

H
2
O
 the partial pressures of  H2, CO, 

and  H2O, respectively. The remaining oxygen partial pressure is 1.7 ×  10–23 bar in 
thermodynamic equilibrium (calculated using Factsage®). During the isothermal 
exposure, a gas flow of 7.5 l/h is used. For separation of the specimens during the 
exposure, the samples were positioned in  Al2O3 crucibles one by one. After each 
240 h, the furnace was cooled with no defined rate in Ar atmosphere, the samples 
were investigated, and the coke was removed from the samples using a brush. They 
were cleaned for 10 min in ethanol and subsequently 10 min in water in an ultra-
sonic bath, rinsed with acetone, and dried. The samples were photo-documented and 
weighed using a precision weighing balance (Mettler Toledo XP205) with a resolu-
tion of 0.05 mg before introducing them back into the furnace. The experiment was 
conducted for up to 960 h (4 × 240 h).

Metallographic Preparation and Investigations

The surface roughness of the samples before exposure was measured by optical 3D 
roughness analyzation using a Nanofocus µsurf P200 confocal laser system. The 
optical density of the LPBF samples before exposure was measured according to 
VDI 3405-2 for five images on three cross sections perpendicular to the building 
direction. The alloy composition was measured by electron probe microanalysis 
(EPMA Jeol JXA-8100) equipped with a WDX-detector for qualitative and quantita-
tive measurements. The C concentration was measured by an Agilent 5800 ICP-OES 
as the quantitative measurement of C concentration using WDX is difficult because 
C can be deposited under the electron beam.
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After 960 h exposure, the samples were half-sectioned parallel to their building 
direction. One halves of the samples were used for surface investigations using high-
resolution scanning electron microscopy (SEM, Zeiss Auriga) system with SESI 
(Secondary Electrons Secondary Ions) detector in combination with energy-disper-
sive X-ray spectroscopy EDS (Oxford Systems). The other halves were coated with 
a Ni plating to avoid damage of the corrosion products and mounted face down into 
epoxy resin, subsequently ground with SiC papers, and polished using diamond sus-
pension up to a surface finish of 1 µm. The cross sections were used to investigate 
the corrosion products with a focus on the subsurface zone and the samples micro-
structures using optical microscopy and EPMA. For thickness determinations of the 
corrosive zone, five measurements per side were taken.

Results

Powder Particles and As‑Built LPBF Materials

The gas-atomized powder particles exhibit a spherical shape without pore formation 
(not shown here). The particle size distribution reveals a median diameter d(0.5) of 
42.05 µm for Monel Alloy 400, a d(0.5) of 44.12 µm for Ni70–Cu30, and a d(0.5) 
of 43.56 µm for Ni50–Cu50 (particle size distributions not shown here). It has to 
be mentioned that all compositions exhibited particle size distributions suitable for 
LPBF.

SEM micrographs are shown in Fig. 1 for the as-built samples generated by LPBF 
of Monel Alloy 400 (see Fig. 1a), the Ni70–Cu30 (see Fig. 1b), and the Ni50–Cu50 
binary alloy (see Fig.  1c). All samples are single α-(Ni,Cu) phase  after printing 
(EDS and EBSD measurements not shown here). The LPBF-built samples exhibit 
relative optical densities of 99.8% ± 0.2% and do not show significant pore forma-
tion. Furthermore, elongated grains in building direction are visible. The surface 
roughness of the LPBF samples has Ra values of 3.9 µm ± 0.7 µm on the top and 
10.5 µm ± 0.6 µm on the side surfaces of all investigated samples, which is approxi-
mately one order of magnitude higher than the ground sample with an Ra value of 
0.3 µm ± 0.1 µm on all sides.

All investigated alloy compositions measured by EPMA are listed in Table  1. 
Using 11 × 11 quantitative point measurements with a distance of 1 µm in the sam-
ples center, the sample’s homogeneity is investigated. Concentration deviations are 
added to Table 1 in form of measurement errors. The C concentration as measured 
by ICP-OES has a value of 0.13 wt%  for Monel Alloy 400. No contamination or 
deviation of Monel Alloy 400 from the standard composition according to DIN 
17743 is visible.
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Metal Dusting Tests: Mass Changes

In order to quantify the resistance of binary Ni–Cu alloys compared to Monel 
Alloy 400, the alloys listed in Table 1, and a cast and ground (P1200 grit) bench-
mark sample were exposed to metal dusting conditions. To consider the effect of the 

Fig. 1  SEM micrographs (SESI) 
of the initial microstructure par-
allel to their building direction 
(BD) before exposure: a as-built 
LPBF sample of Monel Alloy 
400, b as-built LPBF sample 
of binary Ni70–Cu30 alloy, c 
as-built LPBF sample of binary 
Ni50–Cu50 alloy

Table 1  Chemical composition (in wt%) of the investigated technical and binary NiCu alloys by EPMA

Alloy Ni Cu Al Fe Mn Si

Monel LPBF 67.00 ± 0.44 29.85 ± 0.32 0.18 ± 0.01 2.15 ± 0.06 1.16 ± 0.03 0.27 ± 0.02
Ni70–Cu30 LPBF 72.48 ± 0.63 28.95 ± 0.72 – – – –
Ni50–Cu50 LPBF 54.11 ± 0.70 47.89 ± 0.70 – – – –
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surface roughness, the samples were exposed in (1) as-built condition and in (2) a 
P1200 grit surface finish. The mass changes, surfaces, and corrosion products were 
investigated.

The respective net mass changes for all alloys during exposure are shown in 
Fig. 2a. As the mass changes for the binary alloys are very low, the results are 
presented on a smaller scale in Fig. 2b. Considering Fig. 2a, it is obvious from the 
mass change characteristics and the micrographs of the samples, that the LPBF 
Monel samples show a much higher mass loss (up to four orders of magnitude) 

Fig. 2  Net mass changes over exposure in 20% CO–20%  H2–1%  H2O–8%  CO2–51% Ar at 620 °C and 
18 bar for 960 h: a all investigated samples with binary alloys positioned at the zero line, b higher mag-
nification with binary alloys only. In (a), an optical micrographs of the Ni70–Cu30 LPBF (above) and the 
Monel LPBF (below) samples (P1200 grit surface finish) after 960 h exposure are added (Color figure 
online)
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due to massive metal dusting attack in comparison to the binary systems. The 
Monel cast and the LPBF P1200 grit sample show a comparable net mass change. 
Compared to these two samples, the as-built Monel LPBF sample showed a three 
times higher mass loss. The as-built binary alloys exhibit small mass losses fol-
lowed by a mass gain after 480 h in the case of the Ni70–Cu30 LPBF sample, 
see Fig. 2b. For the surface-finished binary alloys, however, very low mass gains 
below 0.55 mg/cm2 are visible for the examined exposure time. To summarize, 
a significant difference between the technical Monel Alloy 400 and the binary 
alloys was found.

Fig. 3  SEM micrographs (SESI) of the surfaces after exposure in 20% CO–20%  H2–1%  H2O–8% 
 CO2–51% Ar at 620 °C and 18 bar for 960 h: a Monel LPBF as-built, b binary Ni70–Cu30 LPBF as-
built, c binary Ni50–Cu50 LPBF as-built, d Monel LPBF P1200 grit, e binary Ni70–Cu30 LPBF P1200 
grit, f binary Ni50–Cu50 LPBF P1200 grit
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Surface Investigations After 960 h of Exposure Time

In Fig. 3, the corrosion product formation at the surface is shown for all investigated 
alloys. Regarding the Monel Alloy 400 LPBF as-built sample, coke formation at the 
surface is occurring with small metallic protrusions of Ni and Cu with diameters 
below 3  µm, see Fig.  3a. In contrast to this, larger Ni–Cu areas with sizes above 
20 µm are visible for the Monel Alloy 400 LPBF P1200 grit sample, see Fig. 3d. 
However, both samples suffer from a significant coke formation. For the as-built 
(Fig. 3b, c) and ground (Fig. 3e , f) binary NiCu alloys, small dark areas at the sur-
face probably represent surface defects or coke. The overlap of the laser traces, given 
by dark lines in the Figures for the binary alloys, belong to the scanning strategy of 
the laser system and are still visible after exposure. For all samples of the binary 
NiCu LPBF samples in both surface finish states, no significant surface degradation 
occurs after 960 h of exposure.

Corrosion Products After 960 h of Exposure Time

In Fig. 4, EPMA back scattering electron (BSE) images and corresponding element 
distribution maps are shown for all investigated samples after 960 h exposure, in as-
built and ground condition, respectively. Regarding the LPBF Monel alloy, a severe 
degradation of the surface is visible, samples in Fig. 4a and d. In the as-built condi-
tion, graphite (coke) formation, which was verified by Raman measurements (not 
shown here), is visible, and the penetration depth has a value of 205 ± 26 µm. In the 
coke, Cu-enriched metallic residues were found, which consist of 65.38 ± 3.43 wt% 
Ni, 33.15 ± 2.90 wt% Cu, 0.90 ± 0.81 wt% Mn, 1.79 ± 0.29 wt% Fe, 0.12 ± 0.07 wt% 
Al, 0.24 ± 0.22 wt% Si. Hence, based on measurements of the original alloy com-
position (compare Table  1), the concentration of Cu in this region is increased 
by 3.3 ± 2.9  wt%. From the oxygen element distribution map, it is obvious that 
these Cu-enriched areas consist of pure metal and no oxides are formed here. The 
O-enriched areas found in the reaction zone rather overlap with dark areas in the 
BSE-image. O-enrichment is either found close to the sample surface (marked in red 
in Fig. 4a) where sufficiently big holes have formed in the reaction zone to accom-
modate remains of the sample preparation process (SiC papers were used). On the 
other hand, O-enriched areas are located close to the remaining metallic substrate 
(marked in white in Fig. 4a) and rather appear to be an oxide which composition 
has to be further investigated in future. Grinding of the sample surface leads to a 
decrease of the penetration depth to 158 ± 38 µm. However, for both samples the for-
mation of coke was observed in a similar way. A different behavior becomes obvious 
when regarding the binary alloys. Here, a near-surface attack by carbon penetration 
is occurring. In the case of the Ni70–30Cu and Ni50–50Cu LPBF as-built sample, 
an MD-affected subsurface zone with a depth of 33 ± 13 µm and 17 ± 15 µm, respec-
tively, was identified (cf. Fig. 4b, e). In the upper region, carbon is detected in the 
grain volume whereas in deeper regions only grain boundaries are affected. The 
samples which received a surface finish showed much less and only local carbon 
incorporation, without pronounced grain boundary attack (Fig.  4c, f). Comparing 
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Fig. 4  EPMA BSE images and selected EPMA element maps of cross sections of Monel Alloy 400 
LPBF and binary NiCu LPBF alloys after exposure in 20% CO–20%  H2–1%  H2O–8%  CO2–51% Ar 
at 620  °C and 18  bar for 960  h: a Monel LPBF as-built, b Ni70–Cu30 LPBF as-built, c Ni50–Cu50 
LPBF as-built, d Monel LPBF P1200 grit, e Ni70–Cu30 LPBF P1200 grit, f Ni50–Cu50 LPBF P1200 
grit (Color figure online)
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the different alloy compositions, the MD attack seems to be less severe in the case 
of Ni50–50Cu than for Ni70–30Cu and in both cases significantly less than for the 
Monel Alloy 400 LPBF sample.

Besides the LPBF samples, a cast microstructure was investigated as a reference. 
Figure  5a shows the initial, coarse-grained microstructure of the cast and ground 
(P1200 grit) Monel Alloy 400 sample prior to exposure. The exposed sample, see 
Fig. 5b, suffers from a surface degradation due to metal dusting and the formation 
of coke with a reaction zone thickness of 125.44 ± 40.19  µm. The metal-dusting-
attacked areas are interrupted by unaffected surface patches, see magnified area in 
Fig. 5b. Furthermore, when looking at the interface between the attacked scale and 
the metal underneath, it becomes obvious that the attack follows the structure of the 
large grains and is rather uneven. Instead, the finer-grained structure with elongated 
grains along the building direction of the LPBF sample leads to the homogeneous 
corrosion front shown in Fig. 4a and d.

Discussion

The mechanism of metal dusting in Ni alloys is commonly described as follows: 
(1) C-containing gas molecules dissociate at the alloy surface, (2) C atoms accu-
mulate at the alloy surface and form coke, (3) while dissolving into the metallic 
material, (4) followed by supersaturation and nucleation of graphite on defects 
or preferential crystal orientations, (5) to finally growth of graphite and disin-
tegration of the alloy [5]. In this work, none of the investigated alloys formed a 
surface oxide scale to protect the underlying substrate material from degradation. 
Even though the subsurface zone in Monel Alloy 400 exhibited a so-called zebra-
like structure, comparable to [27], the mechanism differs by forming alternating 
coke and slightly Cu-enriched metal layers instead of oxide layers with graphite 
and metal layers. The reason is the lack of high amounts of oxide formers and 
thus scale forming stable oxides at p(O2) = 1.7 ×  10–23 bar in the alloy (for com-
parison at 620 °C NiO forms up from p(O2) =  10–20 bar and  Cu2O up from around 
 10–14 bar [11]). The observed MD resistance of the investigated alloys is related 
to Cu, which becomes obvious when comparing both binary alloys (see Fig. 4). 
Besides the MD-inhibiting effect Cu has on CO dissociation, another mechanism 
to mitigate the MD attack could be the reduction of C diffusion in the alloy. How-
ever, addition of Cu does not affect the C diffusion rate, which was shown in [28, 
29]. Nishiyama and Otsuka investigated the role of Cu in binary NiCu alloys and 
claimed that the dissociation of CO molecules adsorbed on the metal surface is 
suppressed, when the Cu content exceeds 20 wt% within the alloy [22] by con-
sidering the electronic structure of transition metals [23]: an upward shifting of 
the Fermi level in the d-band state due to electron donor elements is supposed to 
be the key factor for metal dusting resistance, and a completely filled d-band with 
electrons is assumed to be necessary to prevent metal dusting phenomena without 
oxide scales. Additionally, Cu was found to segregate to surface sites rather than 
bulk sites in earlier studies [30], which should enhance the inhibiting effect [5, 
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23]. However, in contrast to the expectations based on the findings of Nishiyama 
et al., the binary NiCu alloys and the technical Monel Alloy 400 showed no com-
plete protection against metal dusting, even though all investigated alloys in this 
study exhibit a Cu content higher than 20 wt%. Compared to the earlier investiga-
tions, a 10 times longer exposure time was chosen in this study as well as a 10 
times higher C activity (aC = 358 in the present study and aC = 31 in [23] with 
respect of the equation given in [26]). Thus, the CO molecule dissociation can-
not be fully suppressed but leads to both, a significant retardation and enhanced 
resistance as it was reported in the catalysis literature and previous investigations 
on metal dusting [31–33].

In contrast to the binary alloys, the metal dusting behavior of the technical 
Monel Alloy 400 highly differs. Although the Cu content in Monel Alloy 400 
is comparable to the Ni70–30Cu system, pronounced coke formation and sur-
face degradation was observed as shown in Fig.  4a, c. The cross section of the 
degraded zone in Fig. 4a and c shows that the alloy is disintegrated by the coke 
formation, and only small metallic residues are visible within the penetration 
zone. Therefore, the mass changes of the Monel alloys are negative, as beside 
C incorporation into the material causing mass gain as observed for the binary 
alloys, metal is lost by the formation of coke. The difference between the different 
metal dusting resistance of Monel Alloy 400 and the binary Ni70–30Cu might be 
due to further alloying elements of the technical Monel Alloy 400 (cf. Table 1). 

Fig. 5  a SEM micrograph of the 
initial microstructure prior to 
exposure of a cast and ground 
sample of Monel Alloy 400, b 
optical micrograph and EPMA 
BSE image of a cast and ground 
Monel Alloy 400 after expo-
sure to 20% CO–20%  H2–1% 
 H2O–8%  CO2–51% Ar at 620 °C 
and 18 bar for 720 h
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Oxide and carbide formers such as Fe, Mn, and Si might react with the CO-con-
taining atmosphere and influence the surfactant mediated suppression effect nega-
tively. As the effect relies on the electronic structure of the metal surface, even 
small imperfections or changes of the electronic structure at the surface might 
result in CO molecule dissociation, by graphite formation and finally material 
degradation by metal dusting.

It could be argued that the additively manufactured samples might show dif-
ferent microstructures or variations in composition over the alloy compared to 
conventionally manufactured alloys, which affects the metal dusting behav-
ior. Regarding Fig. 1 and Table 1, the LPBF samples appear very homogenous. 
Additionally, the pronounced attack of the grain boundaries, as it is found for the 
binary alloys without surface finish (compare Fig.  4b, c), is in agreement with 
observations found elsewhere [34–37]. However, not only the Cu content and the 
microstructure but also the surface finish have to be considered. It was found that 
previous grinding (P1200 grit surface finish) of the additively manufactured sam-
ples (1) delays the time to mass loss in the case of the Monel alloy (Fig. 3b) and 
(2) decreases the penetration depth (Fig. 4). The binary alloy specimens regarded 
by Nishiyama and Otsuka in [22, 23] were ground using 600 grit paper and had a 
comparable surface roughness as the LPBF P1200 grit samples of this study. The 
as-built LPBF samples on the other hand exhibit a ten times higher surface rough-
ness (3.9 µm ± 0.7 µm compared to 0.3 µm ± 0.1 µm) than the ground samples due 
to unmelted powder particles during LPBF, resulting in an increase in surface and 
near-surface defects such as small pores that occur due to the LPBF manufactur-
ing process. These surface imperfections seem to have an influence on the metal 
dusting resistance. It has to be mentioned, that in case of the as-built alloys, a 
mass loss occurs during the exposure to reducing atmosphere which is associated 
with a change in color of the sample from reddish to metallic (not shown here). 
This is in contrast to the behavior of the previously ground samples which solely 
show a mass gain and no change of surface color. Hence, the surface condition 
of the additively built samples plays an important role. Grinding of the samples 
leads (1) to a reduction of the zone penetrated by coke formation, (2) a decrease 
of C deposition on the surface and therefore a reduction in dissociation of C-con-
taining molecules, and (3) a decrease of graphite formation at the grain bounda-
ries. Furthermore, grinding may lead to surface-near defects like dislocations or 
distortions. These results clearly show that the effect of surface finish needs to be 
regarded when considering NiCu alloys for CO-containing atmospheres. Another 
parameter that has to be considered is differences in the microstructure of addi-
tively and conventionally manufactured samples. In Fig. 5, the MD behavior of 
a cast Monel Alloy 400 is shown, which differs from the LPBF-built samples by 
showing an effect of the large grains on the coke formation. As shown in Fig. 2, 
the mass loss during MD of the cast material is close to that of the LPBF sam-
ple after receiving the same surface finish. However, the samples differ in the 
microstructure of the reaction zones: The lamellae formed on the cast material 
are comparably fine and mostly parallel to the reaction zone/substrate interface. 
In contrast to this, the similar fine lamellae formed on the LPBF sample is inter-
rupted by bigger areas of remaining metal with a structure perpendicular to the 
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substrate surface which reminds of former grain boundaries. The validation that 
these structures are former grain boundaries has to be part of future works.

Conclusion

In this study, the metal-dusting behavior of additively manufactured binary Ni–Cu 
alloys with 30 and 50  wt% Cu, respectively, and the technical Monel Alloy 400 
with a Cu content of 30  wt% were investigated under metal dusting conditions. 
The expected effect of a reduced corrosion attack by increasing Cu addition is con-
firmed, however, no complete suppression was found. The effectiveness of Cu addi-
tion is shown to be influenced by (1) the surface finish and (2) the addition of further 
alloying elements. Grinding of the samples after additive manufacturing reduces the 
corrosion attack, which was demonstrated by (1) a reduced C incorporation into the 
subsurface zone, (2) a lower mass loss, and (3) an incubation time in the case of 
the Monel alloy. The as-built binary model alloys showed a mass loss instead of a 
mass gain during initial exposure, which is attributed to reduction reactions since no 
spallation was observed. Surface imperfections, which were deposited on the sur-
face during additive manufacturing, such as unmelted powder particles resulting in 
a higher surface roughness or impurities, or propably also induced by grinding are 
shown to have an influence on the carbon uptake. A huge difference in corrosion 
resistance is found by comparing the binary and the Monel alloys even though they 
have comparable microstructures and Cu contents. The effect is attributed to the fur-
ther alloying elements in the Monel alloy, but the exact mechanism of such minor 
elements has to be investigated in more detail in the future.
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