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A B S T R A C T   

Alloy 400 is a widely used material being known for its excellent corrosive resistance. Within the chemical in
dustry and in contrast to conventional manufacturing processes, Laser Powder Bed Fusion (LPBF) of Alloy 400 
opens up for functional components that withstand harsh environments. On the basis of a holistic process route, 
the present work focusses on modifying the chemical composition of the base material with Titanium in order to 
allow the formation of TiN nanoparticles during powder production and LPBF, respectively, as well as doc
umenting their influence on the mechanical properties. Parameter optimization for gas atomization and LPBF is 
carried out and the microstructure of both powders and parts is examined. It was found that besides Cu segre
gations on grain boundaries and dislocation formation on cell walls, TiN successfully formed in both powders and 
parts. The Ti-enriched parts resulted in enhanced mechanical properties in terms of hardness, tensile and creep 
due to these homogeneously distributed dispersoids. Hence, nanoparticle integration proved to be feasible and 
effective for the present alloy system.   

1. Introduction 

NiCu-based Alloy 400, also being referred to as Monel 400 or 
NiCu30Fe, crystalizes in a fcc solid solution and is well known for its 
excellent corrosion properties [1–3]. Its long-lasting, durable perfor
mance in sea water, acids and bases makes it an indispensable alloy 
system for a wide variety of functional parts in various high-tech in
dustries; in particular, the maritime and chemical sector make frequent 
use of Alloy 400, utilizing parts such as feedwater and steam generator 
tubes in power plants, impellers and pump shafts, heat exchangers and 
condenser tubes in ship building and sour gas resistant components for 
oil and gas production [4–7]. However, material failure of Alloy 400 at 
elevated temperatures of 400–800 ◦C in carbon-rich atmospheres with a 
low oxygen partial pressure is an issue [8–10]. Conditions like these can 
be found in syngas power plants, for instance, and lead to metal dusting 
(MD), a highly detrimental form of corrosion that may fully decompose 
Ni-based alloys due to extensive coke formation, but by increasing the 
Cu content this effect can be successfully counteracted [10,11]. Besides 
MD resistance, creep is significantly determining the lifetime of such 
components as well and needs to be improved for the present alloy. For 

instance, for Ni-based SRR99 in the range of 700–900 ◦C, Yu et al. found 
that the higher the temperature, the weaker the creep performance [12]. 
A solution against such rapid creep failure at elevated temperature can 
be found in the combination of additive manufacturing (AM) and 
nanoparticle integration [13]. 

To fabricate near-net-shape, function-integrated parts with little post 
processing effort, AM shows great potential [14,15]. One of its major 
benefits is its geometrical freedom, which is given as parts are being 
manufactured in an iterative process, two-dimensional and layer by 
layer, resulting in a complete three-dimensional part [16,17]. Thus, AM 
processes are currently used to produce parts from several alloys such as 
Ni-based superalloys and steels including stainless steels in various in
dustries [18–24]. Amongst many other AM processes, Laser Powder Bed 
Fusion is one of the most frequently used ones, in general as well as for 
Ni-based alloy systems; selective melting of powders results in micro 
welding of several particles to a consistent part [25,26]. Specimens 
manufactured by this technique show a completely different micro
structure compared to conventional manufacturing processes; they 
reveal elongated and directed grains with inevitably improved me
chanical properties as they are much finer than in castings, for instance 
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[27,28]. Also, due to the rapid solidification occurring during LPBF, the 
phase formation may take place in a non-equilibrium state, which leads 
to a cellular arrangement of micro dendrites [29–31]. Hence, via the 
application of LPBF, parts can be tailored to their desired needs, 
enabling very complex structures not being manufacturable via con
ventional processes and with an adjusted microstructure. 

The study of the integration of nanoparticles into base alloy matrices 
is becoming more and more intense. Mechanical properties of such 
reinforced alloy systems, especially in terms of creep and fatigue, 
outperform unmodified base alloys, also at elevated temperatures 
[32–35]. The mechanism occurring here is that these nanoscaled dis
persoids prevent dislocations from moving throughout the matrix (i.e. 
dislocation pinning on e.g. oxides) [32,35–39]. Likewise, a positive shift 
of tensile properties, especially in terms of ultimate tensile strength at 
high temperatures, can be considered as a further major benefit of 
nanoparticle integration into base alloys [32,40,41]. Often, the respec
tive nanoparticles can be classified as oxides, which is why the term 
oxide dispersion strengthening (ODS) was introduced in particular with 
dispersion strengthening (DS) referring to a wider variety of nano
particles. Nitrogen can be named as a further frequently used reactive 
species for DS. In general, there are two different approaches in 
achieving well dispersed nanoparticles: (i) formation of nanoparticles 
during LPBF or (ii) implementation of nanoparticles prior to the AM 
process in terms of modifying the initial base-alloy powder with the 
respective additives. The first approach makes use of the remaining 
reactive element (in particular oxygen or nitrogen) within the build 
chamber of the 3D printer. In the melt pool, prior to solidification, these 
elements react with further alloying elements showing the lowest free 
Gibbs energy [32]. Via this routine, Chen et al. successfully integrated 
well dispersed MnO and Mn2O3 in a CoCrFeMnNi high entropy alloy, 
while Mirzababaei et al. strengthened a FeCrAlY alloy with Y–Al–O and 
Y–O nanoparticles [42,43]. Hence, nanoscaled dispersoids result 
throughout the base matrix. Still, in this study, the latter method of 
altering the feedstock powder was carried out because the build cham
ber showed a very small remaining number of reactive elements only as 
it is fully pressured with argon shielding gas. Powders can be modified 
prior to LPBF by a wide variety of processes such as and amongst others 
mechanical alloying [33,36,44], acoustic mixing [34], electrostatic as
sembly techniques [45], electromagnetic three-dimensional vibration 
[46] or during powder atomization [47–50]. The latter approach was 
first introduced as gas atomization reaction synthesis (GARS) by 
Anderson and Foley [50], a procedure, where nanoparticles, such as 
oxides, eventually form during powder production by introduction of a 
combination of both reactive and shielding gases [49,51]. DS during 
atomization comes with several advantages: it is suitable for large-scale 
production, there is no need for adding nanoparticles as they are formed 
in situ and DS occurs evenly during solidification of the melt to powder. 
Hence, throughout the present study, this approach of in situ atomization 
was carried out. A pure nitrogen atmosphere was generated within the 
atomizer as a nano-sized TiN precipitate formation was targeted. The 
resulting powders were then further processed via LPBF. 

2. Experimental procedure 

For the atomization of powders, an Indutherm/Blue Power 
AUG1000HTC atomizer (generator power of 20 kW) was operated with 
a direct inductive heating capacity in ceramic crucibles up to 1850 ◦C. 
Considering appropriate overheating of the system in order to further 
homogenize the melt and to lower its viscosity, an atomization tem
perature of 1600 ◦C was set (liquidus temperature: ~1350 ◦C). To 
withstand these high temperatures, ceramic consumables were used – an 
Al-oxide crucible, stopper rod and outlet (outlet diameter: 2.5 mm). Hot 
pure nitrogen gas (200 ◦C) was used for close-coupled atomization and 
the spray tower was pre-pressured with nitrogen as well. The crucible 
chamber was pressured with pure argon shielding gas. The gas stream 
was pressured with 15 bar, adding up in a gas stream of 280 Nm3/h and 

a metal mass stream of approx. 4.3 kg/min. The chemical composition of 
Alloy 400 (approx. 65.0 wt.-% Ni, 31.5 wt.-% Cu, 2.0 wt.-% Fe, 1.0 wt.- 
% Mn, 0.2 wt.-% Si, 0.2 wt.-% Al, 0.1 wt.-% C) was adjusted in such a 
way that titanium, which rather can be found in the related Alloy K500 
(besides Ti also revealing at least 2.3 wt.-% Al), was added in order to 
allow for the formation of Ti-nitrides during atomization. Pre-alloyed 
compounds as well as raw elements were utilized when loading the 
atomizer crucible with bulk material, resulting in approx. 6.5 kg input 
per atomization. After atomization, powders were further processed 
under nitrogen atmosphere, first being sieved and then air-separated by 
an Indutherm/Blue Power AC1000G air classifier. During this proced
ure, well processable powder with a desired particle size distribution 
(PSD) of 15–53 μm was targeted and measured with a Camsizer X2. 

After qualifying powders for AM, the LPBF process was initiated, 
using an EOS AMCM M290 customized machine. Due to its reduced 
build platform (100 mm in diameter) and pre-heating capability, the 
equipment allows for the parameter optimization of small batch powder 
fractions. A green laser system was used under argon atmosphere and a 
design of experiments (DoE) approach was carried out, varying laser 
power (pL) in [W], scanning speed (sS) in [mm/s] and hatch distance 
(dH) in [μm]. The layer thickness (tL) was at a constant level of 20 μm 
and the resulting volume energy density (eV) was defined as per eV = pL/ 
(sS*dH*tL). As an optimum parameter set for the standard Alloy 400, pL 
= 85 W, sS = 1050 mm/s and dH = 50 μm was found in previous studies 
[52]. These values served as a basis for the parameter study carried out 
in this work. Here, at least 99.5 % in optical density was targeted. Me
chanical properties of the Ti-enriched Alloy 400 were determined in 
terms of tensile, creep and hardness testing. For hardness, all values are 
the average of five separate measurements on five cubes each (25 total 
measurements for the top as well as for the side surfaces). For the 
evaluation of optical density and for hardness measurements, cubic 
samples with an edge length of 8 mm were produced. For density 
evaluation via light optical microscopy, these were ground down to 
2500 grit (SiC paper). For mechanical testing (tensile, creep) instead, a 
block of 14 × 45 × 70 mm3 was manufactured and subtractively 
machined in order to generate the final test specimens. Tensile speci
mens were generated from M6 x 40 mm cylinders (test area: Ø 3 mm × 9 
mm), creep specimens from samples with a 14 × 3.2 mm2 cross section 
and total length of 41 mm (test area: 4 × 3.2 mm2, 25 mm). Stress ex
ponents during creep experiments were obtained as per the formula ln 
(ε̇) = ln(B) + nln(σn) where ε̇ is the true strain rate, B is a 
temperature-dependent pre-factor, σ is the applied stress and n is the 
stress exponent. 

In order to investigate powder and part microstructure, a scanning 
electron microscope (SEM), equipped with energy dispersive X-ray 
spectroscopy (EDS) as well as electron backscattered diffraction (EBSD), 
was operated on the microscale. EBSD band contrast (BC) images and 
crystallographic orientation mappings were both taken with an EBSD 
Symmetry detector. For more in-depth nanoscale characterization, a 
transmission electron microscope (TEM) was utilized. Concerning the 
TEM sample preparation, a thin lamella was extracted from powder 
particles using a dual beam for focussed Ga+ ion beam milling (FIB). In 
order to avoid damage of the area of the future lamella, a very thin 
platinum layer was deposited using electron deposition and later a 
thicker platinum layer was applied using ion deposition. This step was 
followed by gallium ion milling using 30 keV accelerating voltage over a 
range of currents tuned for precise control over the beam-sample in
teractions. For rough milling, ion currents of 1–4 nA were applied to 
produce craters from both sides until a 1.5 μm thick and 10 μm high wall 
was formed. Subsequently, this pre-lamella was cut free, extracted via a 
nano-manipulator and welded by platinum to an omniprobe grid. 
Following milling of the lamella was performed using gentler ion doses, 
down to electron-transparent thicknesses (<100 nm) with an ion current 
of 0.1–1 nA. Final polishing was performed with low energy ion milling 
at 5 KeV and ion current of 250 pA with ±1.5◦ inclination to the 
perpendicular direction of the FIB. High-resolution TEM investigations 
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of lamellae were accomplished by a Talos F200i TEM with FEG electron 
source in scanning TEM (STEM) mode at 200 kV. To obtain a whole view 
of the lamellae of powders and additively manufactured parts, the in
formation obtained by bright field (BF) imaging were supplemented by 
unique EDS absorption correction enabling accurate element quantifi
cation. For tensile testing, a universal electromechanical machine was 
operated, and for creep measurements, a self-designed creep machine 
developed at the Institute of Physics of Materials as per [53] was used. 
Vickers-hardness was obtained according to DIN EN ISO 6507-1. Ulti
mately, mechanical properties were compared to LPBF standard Alloy 
400 (without Ti addition) and hot-extruded bulk reference material (also 
free of Ti), both resulting from previous studies [52]. 

3. Results and discussion 

3.1. Nanoparticle integration into powders 

In order to be suitable for LPBF, it is known that as-atomized powders 
need to be processed. After the removal of splash via sieving at 200 μm, 
and of particles being either too fine (<15 μm) or too coarse (>53 μm) 
via air-classification, a particle size distribution that satisfactorily 
matches the targeted 15–53 μm range was achieved. In Fig. 1, the PSD 
for the Ti-modified Alloy 400 is displayed in terms of cumulative and 
relative frequency. It can be clearly seen that the highest yield is be
tween 20 and 25 μm, indicated by the highest column as well as the 
strongest slope of the line. The particle size at 50 % cumulative fre
quency amounts to 30.69 μm with 17.26 μm for 10 % and 51.48 μm for 
90 %. The yield of powder after air classification within the final PSD 
was 57 % compared to the crucible input material. 

SEM investigations revealed spherical powder particle geometries as 
shown for a particle of ~55 μm in diameter in Fig. 2. Only negligible 
satellite formation was observed, further lowering the total surface of a 
respective particle and thus, enhancing its flowability [54–56]. Spher
ical particles are generally favorable in AM as they ensure a proper build 
platform coverage during LPBF. This way, the recoater may supply well 
flowing powder from the feedstock and consequently build up a ho
mogenous new layer iteratively. Concerning the targeted formation of 
Ti-nitrides, only little evidence was found at grain boundaries via the 
application of EDS. As can be seen from the EDS element maps, Ti and N 
are enriched at the exact same locations in between single grains on the 
microscale. In contrast, a corresponding proof of the remaining alloying 
elements forming a chemical bond with nitrogen was not observed. 
Double-checked via EDS, target values and detected compositions in 
powders matched. Hence, the preceding atomization process is assumed 
to operate appropriately; the chemical composition is not affected by 
any residues or slagging inside the crucible. Also, when printing pow
ders to parts during LPBF, no significant shift in chemistry was detected 
neither. 

In order to indicate an effect on the internal structure of the powder, 
a lamella was extracted from a single particle and studied by TEM as 
shown in Fig. 3. Bright and dark field images show dislocation formation 
along cell walls, resulting from rapid cooling during atomization [57]. 
Ni and Cu mappings indicate an interdendritic segregation of Cu on cell 
walls, a well-known characteristic of NiCu alloys [58–60]. Rapid solid
ification does not allow sufficient Ni diffusion in the dendrites leading to 
Cu enrichment in the remaining liquid. Besides Cu, no further elements 
were found to be preferably present on cell walls. Marked by orange 
arrows, Ti and N enriched areas could be detected near cell walls. They 
reveal a cuboidal shape corresponding to the characteristic morphology 
of TiN. Moreover, no further compounds were detected in the same re
gion of interest, leading to the assumption that the targeted TiN for
mation has successfully been evoked in powders. Accordingly, this 
reaction has been demonstrated previously for other nanoparticles, such 
as Y-, Fe- or Cr-oxides, throughout powder production [49,61,62]. 

3.2. LPBF dispersion-strengthened parts 

As the powder was specified as AM-suitable and since noticeable 
amounts of Ti and N were not dissolved in the matrix but were rather 
detectable on grain boundaries and cell walls as TiN, these powders were 
further processed via LPBF in order to achieve TiN formation within the 
microstructure of the printed parts as well. Even though the LPBF pro
cess chamber is pressured with Ar shielding gas, further nitrogen uptake 
during the manufacturing process might occur as some residual pro
portions of accompanying gases, such as O or N, inevitably do remain; 
this was already proven for oxygen uptake in Ar atmosphere for a 
CoCrFeMnNi alloy and for oxygen uptake in N atmosphere for a FeCrAlY 
system [42,43]. Hence, the presence of TiN nanoparticles in powders 
might act as nuclei for an even more pronounced formation of TiN in 
parts. 

Applying a DoE scheme enabled for dense fabrication of the Ti- 
modified powders into parts. Several parameter sets were evaluated 
on seventeen cubes as displayed in Table 1. Here, the blue-colored cubes 
A1 to B2 indicate a variation around the starting point (yellow-colored 
cubes C3 to C5, initial parameter set found previously for unmodified 
Alloy 400 [52]) and the orange-colored ones B3 to C2 illustrate extreme 
points where only one parameter value is shifted. Italic numbers indicate 
non-varied parameters. Furthermore, the parameter set of cube C2 is 
highlighted, as it shows the highest attainable optical density 
throughout this study of 99.84 %. Cross sections of cubes A2, A6, B6 and 
C2, viewed from the top, are displayed in Fig. 4. Concerning the pore 
formation within the filling, it can clearly be observed that a too high 
volume energy density of 169 J/mm3 for cube A2 leads to the formation 
of severe defects. The pore size reduces with falling energy density as for 
A6, pores, resulting from a too high energy input, are still present but 
they now rather appear as the well-studied key hole defects caused by 
material evaporation in the melt pool [63,64]. Hence, a decrease of 56 
J/mm3 enables for an increase in density from 97.57 % to 98.65 %. 
Further lowering the energy density finally allowed the formation of 
highly dense parts such as B6 (61 J/mm3 → 99.81 %) or C2 (58 J/mm3 

→ 99.84 %). It is important to mention that the missing few per mille to 
100 % completely dense parts cannot be correlated with porosities 
within the filling of the parts but rather have to be located at the edges of 
the cube as can be seen for all four cross sections. This has been 
demonstrated by Ertay et al. [65] and Ulbricht et al. [66], assuming that 
acceleration and deceleration at the end of laser tracks on part edges 
eventually lead to a localized energy accumulation (which in turn causes 
key hole porosity). Therefore, in exceeding the targeted 99.5 % in 
density, C2-parameters (85 W, 1050 mm/s and 70 μm) were considered 
appropriate and chosen for the further LPBF fabrication of test 
specimens. 

After having found a parameter set for dense part fabrication, SEM 
and TEM characterizations were carried out. Fig. 5 shows the EBSD BC 
image in build direction (BD) on the left side and the crystallographic 

Fig. 1. Particle size distribution in cumulative (blue line) and relative (red 
columns) frequency. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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orientation mapping along BD on the right side. The BC image allows for 
a clear distinguishability between several laser tracks within one 
respective layer of the part. As mentioned above, 70 μm hatch distance 
was chosen, resulting in a scan track width of approx. 58 μm. The 
resulting margin of 12 μm did not result in a lack of fusion between scan 
tracks due to the iterative sequence of several part layers, all being 

exposed in another orientation around the BD-axis and leading to the 
formation of a heat-affected zone as commonly known for LPBF [67,68]. 
This way, porosity eventually gets prevented as sufficient energy and 
material are applied to one respective layer. The EBSD image was taken 
from another perspective, illustrating the grain growth along the build 
direction when viewed from the side. A well-studied peculiarity of AM is 

Fig. 2. Ti-enriched particle in the SEM – complete particle with satellites, particle surface and Ti-/N-EDS-mappings.  

Fig. 3. Bright field, dark field, Ti-, N-, Cu- and Ni-mappings within the modified Alloy 400 powder.  
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that grains show a clear tendency in growing along BD, being correlated 
with both the direction of energy input and the heat flow [69,70]. 
Regarding the respective fcc crystal structure, a wide variety of 
preferred orientations was detected. As indicated by the inverse pole 
figure, no preferred texture was verified with respect to the BD. Qin et al. 
showed a weakly pronounced texture for LPBF-AlSiMg as well and 
justified it with the rotating scanning strategy (which amounted to 67◦

as in this work) [68]. As layers get re-melted several times and in varying 
orientations, no preference in orientation can evolve. 

The Ti and N enrichments found in the powder were expected to 
reappear in the parts. So, TEM characterization was carried out to study 
the microstructure on the nanoscale. Fig. 6 illustrates the respective 
findings. Having a look at the dark and bright field images in the first 
row, a cellular structure becomes clearly visible. The micro-dendritic 

Table 1 
Parameter sets for different cubes, resulting in volume energy densities and optical relative densities, 
respectively. 

Fig. 4. Design of experiments cube, revealing the location of the above-mentioned parameter sets within the design space, and corresponding cross sections of cubes 
A2, A6, B6 and C2. 
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Fig. 5. EBSD band contrast for the top-down view in BD (left) and EBSD map for the side view along BD (right).  

Fig. 6. Bright field, dark field, Al-, Ti-, N-, O-, Ni-, Cu-, and Fe-mappings within the modified Alloy 400 part, Ti highlighted with white arrows, Al and O highlighted 
with yellow arrows. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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cell walls are comprised of a high number of dislocations, while cell 
cores experience a weaker intensity in dislocations. This is due to the 
fact that segregations at cell walls of solid solutions facilitate the 
nucleation of dislocations [71]. Also, compared to the powder lamella in 
Fig. 3, the dislocation density is significantly higher. High dislocation 
density and micro dendritic structures within single grains, resulting 
from the occurring high cooling rates, are frequently investigated phe
nomena in AM for a wide variety of alloys and thus, they were expected 
and also verified for the present alloy system as well [52,72–75]. Having 
a closer look at these cell walls dense in dislocations, nano-segregations 
can be detected for Cu and, in lower intensity, for Ti. In contrast, Ni and 
Fe are rather present within the cells than at their boundaries. As found 
in powders already, such Cu segregations are a common property of 
NiCu-based alloys that have been reported intensively for decades 
[58–60]; they are due to the insufficient interdiffusion within the solid 
nuclei in the two-phase regime, leading to an interdendritic Cu enrich
ment. For Ti, a high number of nano-scaled precipitates can be reported 
on cell walls, some of them being marked with white arrows. However, 
via application of this characterization technique, no such precipitates 
could be verified for N by STEM-EDS which is due to the limited 
quantifiability by this technique. Fig. 7 reveals the presence of pre
cipitates in higher resolution, probably being TiN. The cuboidal nano
particles can be clearly detected on the cell walls within single grains, 
and its morphology is typical for the occurrence of TiN. This charac
teristic shape has been reported frequently in literature already [76–79]. 
The formation mechanism can be traced back to a low standard free 
energy of TiN. The presence of Ti and N outside the preferred solid so
lution was targeted throughout this work and is now expected to have an 
influence on the mechanical properties in comparison to Alloy 400 
without any Ti addition. 

Besides this finding, the occasional presence of Al and O was 
detected and indicated by yellow arrows. Hence, Al-oxide seems to form 
as a secondary by-product in marginal quantity. As stated by Xu et al. 
and Hadraba et al. for Y-oxides, this may eventually lead to the pinning 
of dislocations [32,36]. Still, with the present alloy and its very low 
pronounced Al-oxide formation, it cannot be assumed that these nano
particles will cause any effect on the mechanical properties; mechanical 
improvements can only be associated with the TiN formation. 

3.3. Enhanced mechanical properties 

As the formation of TiN (and to a significantly lesser extent of Al2O3) 
seems to take place during LPBF, mechanical properties are expected to 
outperform the ones of non-modified Alloy 400. The latter key figures 
were elaborated in previous work [52] already. For hardness according 
to Vickers, HV10 was specified as listed in Table 2 and measured on 
as-built surfaces. While the Ti-enriched Alloy 400 shows a high hardness 
on the top surface, which exceeds the non-modified standard version of 
the alloy by approx. 15 HV10, the side surfaces reveal a lower hardness 
which in turn is approx. 15 HV10 below the reference value. This finding 
can be correlated to the pronounced pore formation below the side 
surfaces of the parts, as illustrated in Fig. 4 already, which occurred to a 
lesser extent in the reference material. During hardness measurements, 
such voids facilitate the penetration of the Vickers geometry. Therefore, 
the mean value of 207.4 HV10 of the top surface, where no such pore 
formation was observed, better indicates the hardness potential of the 
present modified alloy, outperforming the unmodified version. In 
conventionally manufactured, hot-extruded bulk material, only 
121–127 HV10 can be reached [52]. This can be explained by the overall 
finer grain structure of the LPBF-manufactured parts, as discussed by 
Raffeis et al. for a NiCu-based alloy [3]. To summarize, a clear hierarchy 
can be noted: Ti-enriched Alloy 400 shows a higher hardness than un
modified Alloy 400 which in turn demonstrates a higher hardness than 
conventionally manufactured bulk material. An increase in hardness due 
to DS is a well-studied characteristic throughout literature; for instance, 
Elsayed et al. denoted a 20 % increase in Vickers hardness after modi
fying an AlSi10Mg with B4C and Gao et al. reached a 16 % increase due 
to TiN integration into the same base alloy [46,80]. 

Fig. 8 illustrates the results of tensile tests for (i) the Ti-enriched 
Alloy 400 (‘LPBF + Ti’), (ii) hot-extruded bulk Alloy 400 (‘bulk’), 
taken from previous work [52], and (iii) the standard LPBF version of 

Fig. 7. Dark-field TEM of cuboidal TiN nanoparticles on sub-grain cell walls.  

Table 2 
Hardness for Ti-enriched and unmodified LPBF Alloy 400.  

Hardness HV10 

Ti-enriched 
Alloy 400 

207.4 ± 4.2 (top surface) 
179.8 ± 5.4 (side surface) 

Standard 
Alloy 400 

192.9 ± 3.1 (top surface) 
194.9 ± 3.2 (side surface)  
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Alloy 400 containing no Ti (‘LPBF’). When comparing the tensile curves 
for the three different material types at temperatures of 20 ◦C, 400 ◦C 
and 650 ◦C (potential application temperatures of Alloy 400 heat ex
changers), they all show the highest attainable stress for room temper
ature and lowest for 650 ◦C, respectively. Also, the Ti-enriched Alloy 
400 shows higher strength levels for all temperatures than the other two 
versions (with ‘LPBF’ being slightly higher or equal to ‘bulk’). Higher 
strength is attributed to the finer grain size of the AM variants [3,27,28]. 
Moreover, TiN particles on cell boundaries seem to positively affect the 
ultimate tensile strength (UTS) of ‘LPBF + Ti’ even further as it lies at 
least ~ 50 MPa above the ‘LPBF’ values for all tested temperatures 
(20 ◦C, 400 ◦C, 550 ◦C, 650 ◦C and 750 ◦C). When comparing the strains 
at fracture (elongations) as a measure of ductility, the bulk variant 
outperforms both LPBF variants throughout the whole temperature 
range. The remaining porosity and the high dislocation densities at the 
cell boundaries in the LPBF versions serve as an explanation here. The 
‘LPBF + Ti’ version reveals better strain performance than the ‘LPBF’ 
variant. However, this effect becomes negligible at temperatures 
≥550 ◦C. At room temperature, the strain of the Ti-modified LPBF 
version almost reaches bulk performance. An overall positive effect of 
the TiN nano precipitates can be noted at this stage; especially 
contributing to a better strength performance. Improved tensile prop
erties due to DS are a well-studied phenomenon. Yu et al. correlated an 
increase in tensile strength for a Ni-based superalloy with the presence 
of several oxides on the nanoscale [40]. Accordingly, Jang et al. reported 
that ODS Ni-based alloys outperform the non-modified versions in terms 
of mechanical properties at elevated temperatures due to suppression of 
dislocation movement; e.g. a 84 % increase at 700 ◦C for alloy 617 was 
reported [41]. For a NiCrFeY alloy enriched with Y2O3, Xu et al. revealed 
a high ultimate tensile strength around 563 MPa at 600 ◦C, traced back 

to the interplay of a high dislocation density and the nanoparticles [32]. 
Shifting the focus to the targeted enhanced creep properties due to 

TiN-precipitate-induced dislocation pinning, Fig. 9 shows the test results 
for ‘LPBF + Ti’, ‘bulk’ and ‘LPBF’. The image on the left-hand side il
lustrates the correlation between the applied stress σ in [MPa] and the 
time to fracture tf in [h]. At approx. 50, 80 and 100 MPa, a comparison 
between the three different alloy states is most accurate as measuring 
points are available for all of them. From the measured time to fracture 
data at various stress levels, it can be concluded that the creep properties 
of bulk material and Ti-enhanced LPBF material outperform the un
modified alloy, while the bulk one shows slightly higher values than 
‘LPBF + Ti’. It may thus be concluded that the AM variants of Alloy 400 
do not show better creep performance than the conventionally fabri
cated material. However, comparing only the two LPBF variants, a clear 
shift in terms of enhanced creep properties can be attributed to the Ti- 
alloyed material. Therefore, the previously found TiN nanoparticles on 
cell walls seem to have a certain impact on dislocation pinning. Al- 
oxides might also slightly contribute here but occur considerably less 
in the nanostructure than the Ti-nitrides. Fig. 9 right illustrates the 
detected stress exponent n for the respective material types ‘bulk’, 
‘LPBF’ and ‘LPBF + Ti’, resulting from the applied stress levels σ in 
[MPa] and steady creep rates ε̇ in [%/s] at 650 ◦C (determined at a strain 
of ε = 1 %). Accordingly, the stress exponents are: n = 3.1 for ‘LPBF, n =
4.9 for ‘bulk’ and n = 4.8 for ‘LPBF + Ti’. Therefore, the bulk and the Ti- 
enhanced LPBF variants can be described as significantly more resistant 
to creep with stress exponents of an order around n = 5 (which corre
sponds to a typical value for pure metals); the unmodified LPBF version 
instead reveals a stress exponent around n = 3, matching the typical 
order for solid solutions [81]. Also, when comparing the data for 100 
MPa applied stress, the steady creep rate for the standard LPBF Alloy 400 

Fig. 8. Stress-strain curves at several temperatures and UTS & elongation over temperature for the three variants of Alloy 400.  

Fig. 9. Time to fracture and stress exponents, resulting from creep experiments at 650 ◦C for the three variants of Alloy 400.  
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measures approx. 10− 5/s, while the other two reveal a rate of ~10− 7/s. 
Hence, creep takes place more slowly, allowing to conclude for a posi
tive effect on the creep properties due to TiN, enabling for comparable 
creep properties as in bulk material. For several Fe-based, ferritic alloys, 
Wasilkowska et al. exemplified that, especially at elevated temperatures, 
there is a clear positive effect of ODS nanoparticles on creep perfor
mance, being correlated with a successful pinning of dislocations [37]. 
The same finding of a positive ODS-dislocation-creep connection at 
950 ◦C was found by Rakhmonov et al. for Hastelloy X reinforced by 
Y2O3 [38]. For a gas-nitrided AISI 316L steel, Boes et al. stated that both 
nitrides and carbonitrides, e.g. enriched in Ti, inevitably improve the 
creep performance of the alloy [39]. 

4. Conclusion 

In this work, a nanoparticle modification route for a Ti-enriched, 
NiCu-based Alloy 400 was established. The process consisted of the ni
trogen atomization of raw material to powder being suitable for AM, a 
DoE-assisted LPBF parameter optimization for manufacturing of highly 
dense parts and a determination of mechanical properties in terms of 
hardness, tensile and creep. In between, an in-depth characterization of 
powders and parts was carried out. It was aimed to introduce TiN par
ticles on the sub-grain nanoscale. Enrichments of Ti and N were detected 
on powder surfaces and TiN was proven to be present inside powders, 
resulting from the internal nitridation during atomization. TiN forma
tion was determined on cell walls of the LPBF built parts as well. This 
eventually led to enhanced mechanical properties, resulting from the Ti 
modification of the standard Alloy 400 and the respective TiN nano
particles. The proven improvements include:  

- A positive shift in Vickers hardness of 15 HV10 to 207 HV10 in total 
for the Ti-enriched variant when compared to the unmodified LPBF 
one.  

- Enhanced ultimate tensile strength of the Ti-enhanced version 
throughout the whole tested temperature range (room temperature 
up to 750 ◦C) when compared to bulk material and non-modified 
LPBF Alloy 400.  

- A comparably high elongation for ‘LPBF + Ti’ and ‘bulk’ at 20 ◦C, 
while for all temperatures above the strain rates of the bulk material 
are substantially higher than the ones of the LPBF versions.  

- Comparable creep performance of the LPBF variant including Ti to 
the bulk one, both being clearly higher than for the standard LPBF 
Alloy 400 by one order of magnitude, allowing for a substantially 
longer time to fracture for several applied stresses. 

To conclude, a nanoparticle modification is feasible for the present 
Alloy 400 system enriched in Ti as TiN formed in situ during nitrogen 
atomization and in the subsequent LPBF process. This, in turn, suc
cessfully limited dislocation movement on the nanoscale and allowed for 
superior mechanical properties when compared to the unmodified 
version of the alloy system. 
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