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Nb-base high-temperature alloy powders

Tailoring a speciality alloy for
Additive Manufacturing:

From powder production to
parameter optimisation

Ultra-high temperature materials, such as niobium-base alloys, have been
limited to simple geometric designs due to their high working temperatures
and related production costs. Now, thanks to the development of commercially
available Nb-base alloy powders, it is possible to additively manufacture
complex-shaped, high-performance components from this material. To do so,

it is important to understand the full workflow, from powder production and
characterisation, to determining the optimal process parameters for these
speciality materials. In this article, Taniobis GmbH and Alloyed Ltd detail the
process of preparing, characterising, and processing two such alloy powders.

Ultra-high temperature refrac-
tory alloys have the potential to
perform at temperatures exceeding
~1050°C - outperforming even the
maost advanced Ni- and Co-base
superalloys - due to the ceiling
imposed by the strengthening phase
stability and their high melting
point. Niobium-base alloys such as
C-103 are of particular interest, due
to their relatively low density and
good thermal conductivity, as well
as excellent temperature and time-
dependent mechanical properties
(Fig. 1) 11,2, 31.

As a result, Niobium-base alloys
are commonly used in propul-
sion systems within the space and
defence industry [4]. Until recently,
typical applications have been
limited to preducts with simple
geometries made from sheet and
bar; for instance, expansion chamber
skirts made from TIG welded sheet.
This is because ingot production is
expensive and these alloys are chal-
lenging to fabricate into complex
shapes due to their high hot working

© 2022 Inavar Communications Lid

temperature. Because of the high
cost of manufacture, C-103 is, by
comparison, the most readily manu-
facturable, if not the strongest, Nb
alloy on the market today.

Mear-net shape manufacture of
these alloys was previously not
possible, as investment casting

presents challenges around mould
reactions and insufficient super-
heating, as well as being cost
prohibitve for economic reasons
such as loss of the alloy in gates
[5]. Processing these unigue high-
temperature alloys in powder form
allows for their near-net shape
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Fig. 1 Creep performance of various high-temperature alloys showing the
superiority of Nb alloys. Data for superalloys extracted from [3]
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Alloy Analysis Nb Ta Hf w Ti Ir C H N 0
Chemnical 88.7 0.2 9.6 < 0.1 1.0 0.2 29 <10 & 198
EDX area 89.2 .= 9.7 == 0.1 1.0 om - -- pm
C-103
EDX spot 1 %0.5 - 8.5 == 0.0 1.1 g - - om
EDX spot 2 79.2 - 19.6 - 0.1 - pm - - g
Chemical &0.8 283 0.03 10.0 0.01 1.0 <10 <10 19 289
EDX area 61.7 26.3 - 9.8 - 23 om - - opw
F5-85
EDX spot 1 68.2 21.1 - 5.8 = 4.9 gm - - pm
EDX spot 2 58.3 29.3 - 10.4 - 1.9 o - - oW
(1] below detection limit | - not determined

Table | The chemical composition of C-103 and FS-85 powders determined spectroscopically (ICP-0ES) and by carrier

gas hot extraction/combustion analysis

manufacture using Laser Beam
Fowder Bed Fusion (PBF-LE],
Electron Beam Powder Bed Fusion
(PBF-EB), Directed Energy Deposi-
tion (DED), and other advanced
forms of Powder Metallurgy. These
technologies have major advan-
tages over conventional processing,
including cheaper part produc-
tion thanks to their more efficient
use of material and the ability to
produce geometrically complex
components with minimal waste or
post-processing,

The ability to manufacture
complex shapes from C-103 [4]
and F5-85 (here described for the
first time) via PEF-LE enables
new applications such as struc-
tures for high-velocity flight and
re-entry guidance, and enables the

production of higher temperature
gas turbines for power generation
and jet propulsion. This article will
describe in detail the preparation
of Nb alloy powders for application
in advanced metal powder-based
manufacturing technologies.

Alloy powder preparation

Nb-base C-103 and F5-85 alloy
powders developed at Taniobis
GmbH, Germany, are commercially
available in the form of AMtrinsic®
C-103 or AMtrinsic® FS-85
pre-alloyed powders [7]. Due to the
lack of suitable crucible materials
for conventional gas atomisation,
they are atomised by Electrode
Induction-Melting Gas Atomisation

“The ability to manufacture complex shapes
from C-103 and F5-85 via PBF-LB enables
new applications such as structures for
high-velocity flight and re-entry guidance,
and enables the production of higher
temperature gas turbines for power
generation and jet propulsion.”
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(EIGA) [8] of pre-alloyed electrodes.
In this study, the electrodes were
electron beam melted with dimen-
sions of ca. d=l = 45 = 450 mm.
Prior to their use, a 30° tip was
machined to fit the shape and
dimension of the induction cail.

The pre-alloyed rods were atom-
ised in a purified Ar (4.6, Linde)
atmasphere through a Laval nozzle
and the as-obtained raw powders
sieved to remove the fine powder
fraction [< 10 ym). Finally, the
sieved powders were classified
through 63 pum, 105 um and 150 pm
meshes. This classification provided
powders with particle size distribu-
tions typically applied in PBF-LE
(10-63 ym), PBF-EB (63-105 pm) or
DED (105-150 um).

Alloy powder
characterisation

C-103 and F5-85 PBF-LB alloy
powders were fully chemically
characterised by a combination of
ICP-0ES and carrier gas hot extrac-
tion and/or combustion analysis,
a5 well as morphologically by X-ray
diffraction [XRD) and Scanning
Electron Microscopy (SEM)/Energy
Dispersive X-Ray Analysis (EDX).
Their flowability was investigated
using Hall Flow measurements.

The chemical compositions of
the C-103 and F5-85 powders,
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determined spectroscopically
(ICP-0ES) and by carrier gas hot

extraction/combustion analysis, are

provided in Table 1. For compar-
ison, the overall compasition and
the composition of selected spots
determined by EDX are given.

The chemical compaositions of the
atomised powders correspond
well with those of conventionally
processed materials. However, due
to the much higher surface areas,
the contents of the light elements
(i.e. C. N and 0) are slightly higher
than in the cast solids. Investiga-
tions by XRD, shown in Fig. 2, point
to the fact that C-103 and F5-85
alloy powders crystallised in the
body-centred cubic crystal struc-
ture. A comparison with pure Nb
shows very similar appearance of
the XRD patterns with the typical
110, 200 and 211 beta-phase reflec-
tions. Accordingly, C-103 and F5-85
can be considered as single-phase
materials,

For application in powder bed
Additive Manufacturing processes,
good powder processability is
mandatory [9]. A spherical particle
shape is one important require-
ment to guarantee free flow and
ensure a homogeneous distribution
of the powder in each individual
coating step. Other prerequisites
are the absence of satellites, i.e.
attachment of smaller particles
on the surface of larger particles
or agglomerates, The absence of
pores or voids in the powders is
necessary to avoid the inclusion
of porosity in the built part. Both
C-103 and F5-85 PBF-LB powders
show an ideally spherical particle
shape, as can be seen from the
SEM images in Fig. 3. They have
smooth surfaces and are fully
deagglomerated. In addition, satel-
lites are absent and. consequently,
the powders possess very good
flow properties. Their Hall Flow,
according to ASTM B213,i5 12 5
(C-103) and & s [F5-85). Particle
size measurements by means of
laser diffraction indicate narrow
distributions with d50 values of
34 um and 3% ym. Tap densities are
in the range of 5.5 g/cm? (C-103)
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Fig. 2 XRD pattern of C-103 and F5-85 alloy powders and comparison with
pure Nb powder

Fig. 4 BSE images of polished cross sections of C-103 and F5-85 alloy

powders recorded at 2500x magnification

and .5 g/cm? [FS-85). The higher
density of FS-85 is attributed to its
substantial Ta and W contents.
From the polished cross-sections
shown in Fig. 4, it can be concluded
that the particles are fully dense.
Voids, defects or inhomogeneities
are not observed. Interestingly,
the BSE images of both C-103 and
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FS-85 show structural features
with a more or less pronounced
dendritic appearance. Similar
observations have been made for
Wb and Ta-modified Ti base alloys
[10]. In C-103, they do not appear
clearly, while the BSE image from
F5-85 undoubtedly shows flower-
like dendritic features. In addition,
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the contrast in the image of F5-85
is significantly higher than that of
C-103.

The EDX images of C-103 and
F5-85 powder provided in Fig. 5
show clear differences in the
distribution of the elements. In
C-103, chemical variation of the
main components Nb and Hf is
observed, Nb appears enriched
in the dendritic phase while Hf
is enriched in the inter-dendritic
phase. This is clearly expressed
by the different chemical compo-
sitions, which are highlighted in
Table | of spots 1 and 2 in the Hf
map of C-103. While the dendrite-
type features contain 90.5 wt.%

Nb and 8.5 wt.% Hf, the volumes
between the dendrites consist of
79.2 wt.% Nb and 19.6 wt.% HF. The
secondary components Ti and Zr
appear homogeneously distributed
throughout the particle.

The element distribution in
F5-85 15 very different. Nane of the
elements appear to be homogene-
ously distributed throughout the
particles. There is a clear separa-
tion into Nb/Zr and Ta/W enriched
volumes, In contrast to C-103, Nb
appears with higher concentration
in the inter-dendritic phase associ-
ated with Zr, whereas Ta and W
occur preferentially in the dendrite
phase. The chemical fluctuations
of the elements in both phases are
significantly more pronounced than

e _ - with C-103. While spot 1 - which
Fig. § EDX images of polished cross sections of C-103 (top) and FS-85 (bottom) ;- i oioc the composition of the

alloy pc_;wders recorded at 2500 x magnification, Thg cnefn:'ca! composition of inter-dendrite phase - consists of
the entire area and selected spots | and 2 are provided in Tabie | 8.2 wt.% Nb, 21.1 wt.% Ta, 5.8 wi.%

WA b ¥ W = ¥

W and 4.9 wt.% Zr, the values in the
dendritic structures [cf. spot 2) are
58.3 wt.%, 29.3 wi.%, 10.4 wt.% and
1.9 wit.%, respectively.

C-103 and F5-85 powder parti-
cles were also investigated by
means of Electron Backscatter
Diffraction (EBSD) to generate
information on crystal size, struc-
ture and orientation. The average
grain size of C-103 particles,
at approx 20 um, appears to be
slightly coarser than in F5-85. This
rmight be a consequence of the
higher number of constituents in
ture within the powder particles F5-85 than in C-103 and, conse-
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guently, a higher entropy of the
F5-85 system, exhibiting extensive
crystallisation. Such an effect is
well known for refractory metal
high-entropy alloys.

Alloyed’'s process for AM
parameter development

The additive manufacturability of
C-103 and FS-85 was assessed

by PBF-LB in a protective argon
atmosphere using a Renishaw AM
400 pulsed fibre laser metal AM
machine with a 1075 nm wave-
length. Additively manufacturing
any new alloy or composition
requires single track experiments
to be carried out at various AM
machine settings to acquire infor-
mation on melt pool thickness and
depth. This is key to ensuring the
melt pools overlap, creating sound
builds without any remnant unfused
powder. A single track also helps
parameter selection by adjusting

300
Power (W)
400

the trade-off between a stable

scan track and keyhole forma-

tion due to high enthalpy. Fig. 7
provides a schematic of the various
AM machine parameters tested.

A snapshot of the single track
samples is also shown; these were
metallographically analysed to
determine scan track stability and
soundness. The scan track width
and one-dimension energy density
were plotted along with the ranking
of the tracks based on the stability
post metallographic analyses. This
is shown in Fig. 8 and can be used
as a map to visualise the effect of
operating parameters on additive
manufacturability.

The AMtrinsic C-103 and F5-85
powders, after being thoroughly
characterised as described in the
previous section, were additively
manufactured with varied process
parameters according to the design
of experiment strategy. Cubes
of dimension 10 x 10 x 10 mm
were manufactured with varying

50 &0

~
70 80 70

Exposure (ps)
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processing parameters (shown in
Table 2) at a fixed layer thickness of
30 um. A meander laser scan path
was applied with a rotation of 47°
between consecutive layers.

Fig. 9 shows a snapshot of one
particular DOE strategy of twelve
cubes being additively manufac-
tured. Once the optimised process
parameter was narrowed down, a
full test bar build was undertaken.
After manufacturing the cubes, a
full microstructural characterisation
was performed to correlate the
process parameters and micro-
structural attributes. The density
of the cubes and the AM defects
concentration (cracks and porosities
measured through microstructural
characterisation) were correlated
with the build parameters such as
laser power, exposure time, hatch
and point distance.

The influence of the processing
parameters such as laser power,
scan speed, hatch, powder bed
thickness, etc, on the guality of the

10 20 30 40 50

Point distance (pm)

Fig. 7 Single track design of experiments (DOEs) (top) and experiments (bottom) conducted in Renishaw AM 400
machine at 300-400 W with 50-90 us exposure time and 10-50 ym point distance
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Fig. 8 Process parameter and microstructure stability plot generated by char-
acterising single tracks made from various operating conditions for F5-85

Parameter Range

Laser power 200 W and 300 W

Exposure time 70 us

Hatch distance 0 ym to 110 pm in steps of 10 pm

Point distance 30 pm, 40 pm, 50 pmoand 70 ym

Table 2 Range of parameters used for design of experiment to determine the
additive manufacturability of F5-85 and C-103 alloys

Fig. ? Cube build of C-103 and F5-85 (top) as a part of the design of experiment strategy. Full test bar build (bottom)

with the optimised Additive Manufacturing parameters

Page 97-105 | Powder Metallurgy Review | Autumn 2022

build can be assessed by investi-
gating its density/porosity. It can
be seen that, as the laser power
(all other parameters remain
unchanged) is lowered from 300

to 200 W, defects - or pores - are
significantly reduced around the
corners, borders and bulk (Fig. 10).

Characterisation of
additive manufacturability

Density comparison of C-103 and
F5-85

Cubes with density * 99.9 % were
obtained by applying optimised
processing parameters. A compar-
ison of corners, borders and bulk
microstructure has been made

and the micrographs for C-103 and
F5-85 are shown in Figs. 11 and
12, respectively. It can be seen that
both alloys are readily processable
through Laser Beam Powder Bed
Fusion.
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Advanced chemical and micro
characterisation / EBSD

Additive Manufacturing using PBF-LB
has a significant impact on the
development of the morphology of
the materials used. This can be illus-
trated for FS-85 by comparing the
powder morphology shown in Fig. 5
with that of the material additively
manufactured by PBF-LB shown in
Fig. 13.

When exposed to the laser beam
on the powder bed, the powder melts
completely. Moreover, the under-
lying layers are also melted and,
accordingly, each individual layer is
remelted several times throughout
the process. In the molten layers,
the individual atoms are randomly
distributed, with maximum disorder;
they exhibit maximum entropy. Since
the cooling rates for PBF-LB are
extremely high at around 10° K/s, a
thermodynamically favoured partial
demixing with the formation of
dendrite-like structures observed in
the powder particles can no longer
take place. The remaining structure,
therefore, has a very high entropy
and random element distribution.

At the deepest part of the
melt pool (i.e., at the solid/liguid
boundary), a slight segregation of
the alloy may occur, The reason
is that the individual alloy compo-
nents solidify with different rates,
causing local segregation. Two such
melt pool boundaries are indicated
in Fig. 13 in the tungsten map by a
dashed line. The melt pool bounda-
ries are likewise visible, though not
highlighted, in the Mb, Ta and Zr
maps.

To make sure all additively manu-
factured components fulfilled the
composition specification for C-103
and F5-85 standards, advanced
chemical analysis such as ICP and
LECO were applied. Table 3 shows
the oxygen concentration measured
using LECO for powders and the final
components. This level of quality
check is required for the stringent
gualification of various classes of
components for space applications.
In general, a slight increase of
oxygen (140-250 ppm) was observed,
caused by the PBF-LB processing.
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Fig. 10 Optical micrographs of DOE cubes processed at 300 W (left) and 200 W
{right), showing significant difference in defect concentration, size and shape

Fig. 11 Optical micrographs of corner (left), bulk (middle) and border (right)
showing weak presence of defects/porosities for C-103 cube built with opti-
mised parameters

E

T —— E
1 mm 1 mm -
u— |

Fig. 12 Optical micrographs of corner (left), bulk (middle) and border (right]
showing weak presence of defects/porosities for F5-85 cube built with opti-
mised parameters

Advanced electron back scat-
tered diffraction examination of the
AM parts was performed to assess
the grain structure in the as-built
components. EBSD maps of C-103
and F5-85 (Fig. 14) show predomi-
nantly (101) and (111) textures,
respectively. This change in texture

from cube on the edge to cube

on the corner dependence could
be attributed to the difference in
chemical composition leading to a
difference in solidification texture
during the Additive Manufacturing
of powders using PBF-LB.
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Fig. 13 EDX images of polished cross sections of F5-85 additively manufac-
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tured specimens recorded at 3000 x magnification. Build direction was right
to left. The dashed line in the W map highlights melt pool boundaries along

which a slight demixing occurances

Mechanical performance

The mechanical performance of the
additively manufactured FS-85 and
C-103 at room temperature was
measured using standard ASTM E8
tests. Rectangular blanks of dimen-
sion 55 x 10 x 10 mm were machined

into cylindrical dumbbell specimens
with threads on either end. The
samples were tested in tension in a
30 kN Instron tensile testing machine
at a strain rate of 0.005% mm/min.

Fig. 15 shows the room temperature
performance of additively manufac-

Oxygen content / ppm

Powder AM coupon
F5-85 Alloyed,/Taniobis FPBF-LB 180 398
C-103 Alloyed/Taniobis | PBF-LB 248 423

Table 3 Oxygen content of powders and additively manufactured components
measured through LECO for qualification and to understand oxygen pickup

during manufacture

101

m

Fig. 14 EBSD of C-103 (left) and F5-85 [right] as-built parts
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tured F5-85 and C-103.

It is found that F5-85 is signifi-
cantly stronger than C-103. The
corresponding ultimate strengths
are approximately 750 MPa and
545 MPa, respectively. On the other
hand, C-103 exhibits a significantly
higher strain-to-failure of -20-22%
compared with ~6-7% in F5-85,
Alloyed is currently performing
ETMT measurements to investigate
the high temperature capabilities
of these materials. Experimental
details will be published sepa-
rately [11]. As evident from Fig.

14, an excellent high-temperature
performance can be observed for
both alloys at elevated tempera-
tures. Either of the alloys produced
by PBF-LE is clearly outperforms
C-103 in in terms of strength and
density compensated strength. In
accordance with room temperature
investigation, FS-85 is the first
choice when searching for new
alloys for service in high-tempera-
ture environments [11].

Outlook for component
manufacture

Both these Nb alloys proved to have
superior additive manufacturability
and mechanical properties
comparable to conventionally
processed alloys. These alloys,
therefore, need to be manufactured
into prototype components to prove
the validity of these alloys in actual
component manufacture for space
applications.
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