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Abstract

In this work, we demonstrate the feasibility of manufacturing an iron-based oxide-dispersion-strengthened (ODS) PM2000
composite material with the chemical composition of Fe20Cr4.5A10.5Ti+0.5Y,0; (in wt.%) via the advanced directed
energy deposition (DED) process of high-speed laser cladding (HSLC). The characteristic high solidification rates of HSLC
processes allow the successful dispersion of nano-scaled yttrium-based oxides in the ferritic stainless steel matrix. The effec-
tive suppression of nano-particle agglomeration during the melting stage, which is frequently observed in conventional DED
processes of ODS materials, is reflected by smaller dispersoid sizes and corresponding higher hardness of manufactured

specimen compared to DED-manufactured counterparts.

Keywords High-speed laser cladding - EHLA - Laser additive manufacturing - Oxide-dispersion-strengthened steels -

ODS - Directed energy deposition - Laser metal deposition

1 Introduction

Oxide-dispersion-strengthened (ODS) materials are promis-
ing candidate materials for new GenlV nuclear reactors due
to their tolerance toward irradiation-induced defects [1-3].
In addition, this material class offers superior mechanical
properties at room and elevated temperatures [4—7]. There-
fore, ODS materials are also considered for applications in
the fields of stationary gas turbines or combustion engines
in the aerospace industry [8].

ODS materials gain their outstanding mechanical prop-
erties typically from the presence of sub-micrometer-sized
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oxide particles that are homogeneously distributed in a
corrosion-resistant metallic matrix. Manufacturing of ODS
steels is typically performed via a mechanical alloying pro-
cess by ball milling [9, 10], followed by compaction via
hot extrusion or hot isostatic pressing (HIP), subsequent
hot rolling, and subtractive manufacturing [11, 12]. Apart
from this powder metallurgical route, only few alternative
concepts enabling the successful dispersion of nanometer-
sized oxides in a metallic matrix have been reported, such as
the gas atomization reaction synthesis followed by internal
oxidation reaction during HIP [13] or in-situ oxidation of a
titanium wire introduced into a steel melt under severe elec-
tromagnetic stirring [14]. Other promising approaches are
based on gas synthesis formation of oxides in a melt pool,
internal oxidation [15, 16], spark plasma sintering (SPS)
[17, 18]. However, most of these processes only allow the
production of simply shaped bodies and need costly sub-
tractive manufacturing before being applied in a particular
application.

Laser additive manufacturing (LAM) is principally capa-
ble of producing highly complex parts directly from com-
puter files and raw material powders. LAM processes are
characterized by small melt pool dimensions with high solid-
ification rates in combination with complex flow patterns
due to the so-called marangoni forces or with the formation
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of a keyhole due to the displacement flow, resulting in effec-
tive dispersion of nano-scaled oxide particles. In the liter-
ature, the feasibility of the LAM-method of laser powder
bed fusion (L-PBF), also termed as selective laser melting
(SLM), for the manufacturing of various ODS alloys has
been demonstrated using mechanically alloyed powder mate-
rial as a feedstock [19-24]. An approach utilizing laser-pro-
cessed powder material containing the metallic and ceramic
components of the alloy as a feedstock also has been dem-
onstrated. [25-28] For the LAM process of directed energy
deposition (DED), also referred to as laser metal deposition
(LMD), general feasibility has been demonstrated using
mechanically alloyed powder material [29-31]. However,
pronounced agglomeration and clustering of oxide nanopar-
ticles in DED-manufactured material are observed [32, 33],
resulting in the dispersion of agglomerated oxide disper-
soids with reduced number densities compared to L-PBF
processed material. [27] The agglomeration tendencies are
attributed to reduced solidification and cooling rates, which
stem from larger beam diameters and lower process veloci-
ties used in DED processes compared to L-PBF processes
[27] or the utility of additional preheating [29, 34].

In the present work, we demonstrate the feasibility of
the advanced DED process of high-speed laser cladding
(HSLC), a next-generation coating and repair technology
for large-scaled metallic components [35-37] to synthesize
a highly corrosion-resistant Fe-based ODS alloy, designated
as PM2000 (Fe20Cr4.5A10.5Ti+0.5 Y,05 (wWt.%)) and char-
acterized by a ferritic stainless steel matrix and homoge-
neously dispersed nano-scaled yttrium-based oxides. [38]
HSLC offers higher solidification rates of up to 106 K/s [39]
compared to conventional DED processes with approx.
10* K/s [27, 40] and therefore is considered to significantly
reduce agglomeration tendencies of nano-scaled oxides dur-
ing the melting stage, frequently observed in DED processed
PM2000 material [25-29].

20 ym EHT =2000kV
Signal A= SE1

WD= 14mm StageatX=49403mm HHS
Mag= 1.00KX Stageaty =80.643 mm

2 Experimental procedure
2.1 Powder material

The used metallic powder materials Fe20Cr4.5A10.5Ti
(wt.%) were received in an Ar-atomized state (Nanoval
GmbH, Berlin, Germany) in a particle size distribution of
15-45 pym with a d5, value of 32.1 um (Fig. 1a) according
to the manufacturer. Y,0; powder (abcr GmbH, Karlsruhe,
Germany) was received in a particle fraction of 2040 nm.
Due to massive agglomeration by electrostatic forces,
nanometer-sized powder material cannot be conveyed via
conventional powder feeding systems, which makes the man-
ufacturing of a powder compound consisting of micrometer-
sized metallic powder and nanometer-sized powder neces-
sary. Manufacturing of a powder compound was performed
via mechanical alloying in the planetary mill Pulverisette 4
classic line (Fritsch GmbH, Idar-Oberstein, Germany) using
milling containers and grinding balls manufactured from
yttrium stabilized zirconia (YSZ). The result was a pow-
der compound consisting of metallic particles covered with
nanometer-scaled Y,0O; particles on the surface. Only minor
deformation of the metallic particles by the milling process
was observed; hence, the powder compound was considered
suitable for the used powder feed system (Fig. 1b).

EDS measurements on the surface of the powder parti-
cles shown in Table 1 confirm the presence of yttrium and
oxygen on the surface of the mechanically alloyed powder
material.

2.2 High-speed laser cladding (HSLC)

The HSLC process was performed using a 4-axis gantry
system equipped with a fiber-coupled diode laser sys-
tem LDF 2000-30 (Laserline GmbH, Miilheim-Kirlich,

" M --\ : A 3
WD= 12mm StageatX =47538mm HHS

20 ym EHT =20.00kV
SignalA=SE1  Mag= 100KX StageatY =31.403mm

Fig. 1 SEM images of powder particles: a Gas-atomized Fe20Cr4.5A10.5Ti (wt.%), b Mechanically alloyed Fe20Cr4.5A10.5Ti+0.5% Y,0;

(Wt.%)
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Table 1 EDS measurements
(wt.%) on the surface of the

powder particles

Element Fe Cr Al Ti Y o
Gas-atomized powder 74.72 21.11 5.13 0.59 - -
Mechanically alloyed powder 73.54 19.92 4.13 0.57 1.79 2.53

Lathe machine

Fig.2 Overview of the machine setup and HSLC process. a Pho-
tograph showing the general machine setup with deposition head
equipped with a continuous coaxial powder nozzle and lathe machine

Germany) emitting laser radiation with wavelengths of
1025 nm and 1064 nm simultaneously. The laser beam
was guided by an optical fiber and shaped via collima-
tion (f,=200 mm) and focusing lens (f;=182 mm) to
generate a focal spot with a diameter of approx. 0.6 mm
and a top-hat beam profile. The powder material was
fed by conventional disk-based powder feeding units PF
2/2 (GTV Verschleilschutz GmbH, Luckenbach, Ger-
many) via Argon carrier gas. Before entering the pow-
der nozzle, the powder gas stream entered a diffusor unit
dividing the powder gas stream into three independent
streams to homogenously feed the powder material into
the continuous coaxial powder nozzle D40 (Fraunhofer
ILT, Aachen), injecting the powder material into the melt
pool formed by the laser beam on the substrate surface.
A local argon shielding gas atmosphere was created by
the coaxial powder nozzle to protect the melt pool from
atmospheric oxidation (Fig. 2).

As a substrate material, steel tubes (AISI 304) with a
wall thickness of 5 mm and an outer diameter of 50 mm
were used, which were mounted on a lathe machine
Twister FU-180 (Neureiter Maschinen GmbH, Kuchl bei
Salzburg, Austria). The substrates were sand-blasted and
cleaned with ethanol before mounting to avoid surface
contaminations. The process parameters for the HSLC
process used are shown in Table 2.

Traverse
direction

Rotation
direction

with steel tube positioned 8.5 mm below the nozzle tip. b Photograph
of the HSLC process during deposition of the mechanically alloyed
powder material Fe20Cr4.5A10.5Ti+0.5% Y,05 (wt.%)

Table 2 Process parameters for HSLC process of Fe20Cr4.5A10.5Ti
(Wt.%) base alloy and its ODS counterparts

Laser Rotation Traverse Powder Beam Shielding/

power speed speed feed [g/  diameter Carrier gas

[W] [rpm] [mm/ min] [mm] flow [I/
min] min]

1099 150 45 533 0.66 15/7

2.3 Melt pool simulations

The determination of the temperature distribution and
the solidification kinetics during the HSLC process
was performed via simulations. The simulation is based
on a mathematical model operating with the integra-
tion of the time-dependent heat equations in conjuction
with calculations of the track geometry using nonlinear
Young-Laplace equations and solved with the finite ele-
ment method (FEM) [27]. Temperature-dependent ther-
mophysical data for heat capacity, thermal conductivity,
and thermal expansion were taken from Kanthal APMT
FeCrAl-based steel [41]. A density of 7.25 g/cm3 [42] is
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used for modeling. Due to their small volume fraction, the
influence of the dispersed nanoparticles was considered
negligible for the FEM melt pool simulations.

3 Characterization methods

The microstructural characterization was performed by
standard metallographic analysis. Specimens were cut par-
allel to the traverse direction and embedded in a conduc-
tive resin followed by grinding with SiC paper and final
polishing procedure using 1 ym diamond suspension. For
visualization of the microstructure during the examinations
using light optical microscopy (LOM) and scanning elec-
tron microscopy (SEM), the cross sections were etched for
approx. 30 s using Nital etchant (3 vol.% HNO; in ethanol).

SEM imaging of the powder particles was performed on
a Zeiss Leo 1455EP equipped with an Oxford Instruments
EDS detector. A minimum of two individual point measure-
ments on 15 randomly selected powder particles were taken
to determine the chemical composition. SEM imagery in SE
mode and EDS was performed at an acceleration voltage of
20 kV. SEM images of samples manufactured by high-speed
laser cladding were acquired using an FEI FEG XL30 in SE
mode with an acceleration voltage of 15 kV.

Hardness measurements along the build direction were
performed using a Qness Q30 A + (ATM Qness GmbH,
Mammelzen, Germany) in Vickers mode with a load of
0.1 kg. Mean hardness values are calculated from six indi-
vidual indents at every build height measured.

4 Results and discussion
4.1 Microstructural characterization

Figure 3 provides LOM images of cross sections consist-
ing of two subsequently manufactured layers for both mate-
rial types. The non-reinforced coating, manufactured with
Fe20Cr4.5A10.5Ti (wt.%) material, (Fig. 3a) features full
metallurgical bonding to the substrate material without any
sign of delamination or defects in the fusion zone. The full
double-layered coatings are found to be almost defect-free,
exhibiting no cracks and low porosity, resulting in a relative
density of 99.94%. The curvature of the fusion zone proves
that substantial melting of substrate material occurred,
resulting in an effective layer height of approx. 100 um. The
fact that the upper layer exhibits a larger layer height indi-
cates significant remelting of the previously applied layer.

A strong texture in building direction (BD) is observed,
indicating that the main heat diffusion direction is perpen-
dicular to the building direction. The inclination of the grain
growth direction of grains starting at the substrate—cladding
interface is caused by the curvature of the melt pool [43, 44].
The curvature of the melt pool is directly connected with the
melt pool geometry and describes the solid-liquid interface
from the bottom to the surface of the melt pool during the
deposition process. [45]

The grain growth direction is not altered by the layer
boundary (indicated by the red line), and epitaxial grain
growth (indicated by purple arrows) is observed regularly.
However, the growth direction changes significantly paral-
lel to the traverse direction in the top area of the cladding
(indicated by blue arrows). The abrupt change of the grain
growth orientation can be explained by the curvature of the

Fig.3 LOM images of etched cross sections of non-reinforced (a) and reinforced coatings (b)
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melt pool boundary and the energetically preferred growth
direction, which is the smallest angle to the temperature gra-
dient [44]. Because all these features can also be observed
in the cladding manufactured with Fe20Cr4.5A10.5Ti+0.5%
Y,0; (wt.%) (Fig. 3b), it can be concluded that no appar-
ent change between reinforced and non-reinforced cladding
could be observed on a scale that can be resolved by LOM.

The microstructure of the non-reinforced material
(Fe20Cr4.5A10.5Ti) was examined using SEM images
shown in Fig. 4a and is characterized by grain boundaries
(marked with yellow arrows) in the build direction and a
predominantly dendritic solidification structure. Within
the microstructure, no precipitations or dispersoids can be
detected (Fig. 4b). The sporadically observed flakes (green
circles) could be identified as remnants of the etching pro-
cess and were therefore discarded in the microstructure
analysis.

SEM images of the reinforced material reveal the pres-
ence of sub-micrometer scaled oxide particles homogene-
ously distributed inside the grains, appearing as bright white
spots throughout the microstructure (Fig. 4c). The micro-
structure evolution is not affected by the presence of the
nanometer-scaled oxide particles, which are not acting as

a site for heterogeneous nucleation of the ferritic matrix.
This may be attributed to the low wettability of Y,0; by
iron—chromium melts [46]. The size of the nanoparticles
(marked with red arrows) ranges between 50 and 150 nm
(Fig. 4d). However, smaller nanoparticles may also be pre-
sent, which cannot be resolved with the used SEM system.
The nanoparticles are found to be significantly smaller
than in PM2000 material processed via conventional DED
(100-200 nm) [25] but larger than nanoparticles found in
L-PBF processed with approx. 60 nm [21] and convention-
ally manufactured PM2000 with approx. 60 nm [47].

This process-related refinement of dispersed oxide par-
ticles can be further examined by modeling of the respec-
tive temperature distribution in the melt pool, the cooling
rate, and the solidification rate encountered in the high-
speed deposition process with the process parameters used
(Table 2).

Comparing the calculated process-related values for
HSLC with DED and L-PBF processes processing the same
alloy, indicate that the considered values of maximum melt
pool temperatures, solidification rates and cooling rates in
HSLC are shifted from DED toward L-PBF (Table 3).

Fe20Cr4.5Al0.5Ti

Spot Magn
30 400(

Det WD ——— 1/m

SE 86

121

Fig.4 SEM images of the microstructures of manufactured non-reinforced (a, b) and reinforced coatings (c, d)
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Table 3 Maximum values for melt pool temperature, cooling rate,
and solidification rate of DED, HSLC, and L-PBF

DED [27]  HSLC L-PBF [27]
Melt pool temperature [K] ~ 3x10° 2.6x10°  2.3x10°
Cooling rate [K/s] 6x10* L.1x10%  2x10°
Solidification rate [mm/s] 3x10" 3.5x10% 7107

Values for DED and L-PBF are taken from [27], calculated with the
identical mathematical model and material properties

The maximum melt pool temperature directly influences
the melt viscosity and may enhance nano-particle mobility
in the melt pool. Therefore, low melt pool temperatures are
considered favorable for preventing nano-particle agglom-
eration. In Fig. 5c, high-temperature gradients in HSLC-
formed melt pools are observed, which are believed to cause
severe melt pool dynamics induced by maragoni convection,
effectively preventing particle agglomeration. We hypoth-
esize that even disruption of occasionally formed agglomer-
ates by maragoni-induced shear forces might occur. Another
factor for successful dispersion of nanoparticles is high cool-
ing and solidification rates limiting the existence time of
the melt pool significantly inhibiting diffusion controlled

agglomeration mechanisms [48]. Nanoparticles dispersed in
the melt pool are instantaneously captured by the advanc-
ing solidification front and integrated in the mushy zone
inhibiting the nanoparticles’ mobility and therefore pre-
venting agglomeration tendencies. Low solidification rates
allow nanoparticles to agglomerate in the melt pool imped-
ing capture by the mushy zone and are consequently being
pushed in front of the solidification front [49]. Additionally,
advanced particle agglomeration enforces buoyancy-induced
flotation effects of nanoparticles leading to slag formation on
the clads’ surface and therefore reduced dispersion strength-
ening. [50] However, a direct comparison between the pow-
der-blown deposition techniques of DED and HSLC, and
the powder bed manufacturing process of L-PBF is difficult
because of the strongly differing beam diameters (DED and
HSLC: 0.66 mm [25], L-PBF: 0.08 mm [27]) leading to
formation of increased melt pool dimensions in DED and
HSLC, altering the solidification conditions significantly.
The direct comparison of DED and HSLC with identical
beam diameters used proves the ability to increase cool-
ing and solidification rates leading to improved dispersion
of nanoparticles in the stainless steel matrix reflected by
smaller oxide particles in HSLC (50-150 nm) compared to
DED (100-200 nm) [25].

Temperature distribution

Cooling rate

1.1E+06
9.0E+05
7.5E+05
6.0E+05
4.5E+05
3.0E+05
1.5E+05
-5.6E+03
-1.6E+05
-3.1E+05
-4 BE+05
-6.1E+05
-7.6E+05
-9.2E+05
-1.1E+06
-1.2E+06

Solidification rate

I

Vsol [mm/S] =]

0.6

0.4

0.2

TD [mm]

Fig.5 Results of the FEM melt pool simulations. a Temperature dis-
tribution with laser movement in scanning direction (SD). The melt
pool dimensions are indicated by the solidus temperature (7). b
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Fe20Cr4.5A10.5Ti + 0.5Y,0,
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Fig. 6 Hardness profile over the building direction of Fe20Cr4.5Ti0.5
(blue) and Fe20Cr4.5Ti0.540.5% Y,0; (red). Error bars indicate the
respective standard deviation. Hardness measurements for DED-man-
ufactured material (light and dark green lines) are taken from [54]

The chemical composition of the dispersoids in the
ODS specimen could be evaluated using EDS analysis on
rarely observable agglomerates, revealing enrichments of
yttrium, oxygen and titanium. This indicates the formation
of Y,Ti,O; or Y,TiO5 compounds typically found in tita-
nium-alloyed Fe—Cr-based ODS steels [51]. The formation
of Y—AI-O particles, found in Al-alloyed Fe—Cr-based ODS
steels [52, 53], could not be observed. These findings are in
agreement with DED-manufactured material. [25] However,
a detailed study using high-resolution electron microscopy
is necessary to confirm these results.

4.2 Mechanical characterization

The hardness profiles of both studied materials show a
higher hardness of the reinforced material with hardnesses
locally exceeding 300 HVO.1 (Fig. 6) proving the impact of
nanoparticles on the hardness of the material. Please note
that the nominal nano-particle mass loadings are different
between the conventionally DED-manufactured sample (0.3
wt.%) [25, 54] and the HSLC (0.5 wt.%) processed material
from this study.

However, the HSLC processed non-reinforced stainless
steel (blue) exhibits a hardness of approx. 250 HVO0.1, which
is higher compared to its DED-manufactured specimen
(approx. 230 HVO0.1). Grain refinement enabled by higher
solidification kinetics in the HSLC processed specimen may
be a reason for this behavior. It can be concluded that nano-
scaled dispersed oxides increase the hardness presumably
by the Orowan mechanism leading to pronounced dispersoid
hardening.

5 Conclusion

The feasibility of using the advanced DED process of high-
speed laser cladding (HSLC) for the production of the Fe-
based oxide-dispersion-strengthened alloy PM2000 has been
demonstrated. Following major findings can be drawn from
this study:

1) Manufacturing of defect-free specimens with low poros-
ity using the high-speed laser cladding (HSLC) process
was successful.

2) After HSLC processing, the reinforced PM2000 pow-
der, a homogeneous distribution of sub-micrometer
scaled Y-Ti—O-structured oxides within the metallic
Fe20Cr4.5A10.5Ti-matrix (wt.%), was achieved.

3) A considerable increase of hardness (approx. 320
HVO.1) of the reinforced PM2000 material was deter-
mined exceeding the hardness of the non-reinforced
counterparts (approx. 260 HVO.1).

In-depth microstructural characterization using trans-
mission electron microscopy (TEM) to clarify the crystal-
lographic structure, size distribution and chemical compo-
sition of the nano-scaled oxides and electron backscatter
diffraction (EBSD) examinations will be part of future stud-
ies to further characterize the local grain structure. Further-
more, mechanical characterizations for the determination of
tensile and high-temperature properties will be performed.
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