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The effects of 1 wt% HfO, nano-dispersoid addition on the microstructure of a high-y’ Ni-8.5Cr-5.5A1-1Ti (wt%)
model superalloy are investigated after manufacturing via laser-based powder-bed fusion (PBF-LB). Despite their
very high melting point, HfO, dispersoids are not fully stable during their short stay in the melt pool. At the
nanoscale, the superalloy grains contain various Hf-Al-O-, Hf-O- and Hf-S-rich nano-dispersoids, as well as y’
L1, NigHf nano-precipitates, reflecting reaction of HfO, dispersoids in the melt. At the meso-scale, Hf-Al-O-rich
slag inclusions are embedded in the metallic matrix, exhibiting a two-phase HfO,-Al,0 eutectic structure. At
the macroscale, millimeter-long cracks form at the boundaries of the elongated, highly (100) textured grains,
indicative of solidification cracking. The critical role of Al and O in the superalloy melt in reacting with oxide
nano-dispersoids during PBF-LB manufacturing, previously reported for Y,03 nano-dispersoids, is observed to
occur here for HfO, dispersoids as well, despite their higher stability, melting point and density and their lack of

reactivity with Al,O.

1. Introduction

Oxide-dispersion-strengthened (ODS) nickel-base superalloys con-
tain low volume fraction of nanometric, coarsening-resistant oxide dis-
persoids which strengthen the metallic matrix, at ambient and elevated
temperatures, together with high volume fractions of larger y’ precipi-
tates formed during aging [1]. ODS superalloys are usually produced in
simple billet shapes via powder metallurgy methods: sintering, hot (iso-
static) pressing and spark plasma sintering (SPS) [1-5]. The low machin-
ability of these highly-reinforced superalloys motivates research in ad-
ditive manufacturing as an alternative fabrication method, in particular
via rapid melting and solidification through laser-based powder-bed fu-
sion (PBF-LB). This processing through the liquid state of the metallic
alloy, unlike the traditional solid-state powder metallurgy approaches,
brings new opportunities (e.g., larger alloy grains with low segregation
and high solidification texture desirable for creep resistance) as well as
new challenges associated with the very high temperatures reached in
the melt pool, (e.g., melting, dissolution, decomposition and/or reac-
tions of the solid oxide dispersoids, which is exacerbated by their very
small sizes) [6,7].

Recently, we investigated PBF-LB processing of a Ni-8Cr-5.5A1-1Ti
(wt%) model superalloy with and without 0.5-1 wt% Y,05 nano-
dispersoids additions [6,7]. This simple quaternary superalloy exhibits
Cr, Al and Ti concentrations similar to those of the commercial Ni-base
superalloy CM247LC, which provide high volume fractions of y’ precipi-
tates on aging. This simple composition allowed for a basic assessment of
the interaction of Y, 05 dispersoids with the main reactive elements (Cr,
Al and Ti) of this class of alloys in the molten state. Y,03 nanoparticles
were incorporated into the alloy grains, inducing a strong (100) texture,
and noticeably reducing grain size, as compared to the unmodified base
alloy [6,7]. Also, the addition of 0.5 wt% Y,05 nano-dispersoids notice-
ably improved the creep resistance of the Ni-8Cr-5.5A1-1Ti alloy, after
aging to form y’ precipitates [8,9]. However, some of the Y,O3; nano-
dispersoids were consumed by reaction with Al,O5 (most likely from the
alloy powder surface) to form Y4Al,Oq slag, incorporated in the solid
alloy as horizontally aligned lenses [6,7]. Further loss of Y,05 particles
occurred by thermal decomposition in the melt pool, as inferred from
the presence of Ni- and Y-rich nanoparticles in the solidified alloy and
from Y segregation to the grain boundaries, resulting in embrittlement
[6,71.
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Measured composition and impurity elements in the base powder. O, C and S are determined by melt combustion
after ASTM E1019-18, rest by ICP-OES after ASTM E1479-16 through a commercial testing lab.

Ni Cr Al Ti Co Fe
(wWt.%)

Cu Si C Zr Hf B S (0]
(wt.ppm)

Ni-Cr-Al-Ti Bal 8.76 5.39 1.17 0.10 140

90 120 80 <10 <10 <10 50 220

The reaction between added Y,O; nano-dispersoids and native
Al,05 lead to the hypothesis that optimal dispersoids should be
unreactive with Al,O05 [6,7]. A survey of high-melting binary ox-
ides revealed that most form ternary oxides with Al,O; (e.g., 2
Y,03 + Al,03 = Y4Al,00) [6,7,10-15], with the exception of two high-
melting oxides, ZrO, and HfO, [13,15] which were thus identified as
dispersoid candidates to replace Y,O3 in Al-rich Ni-base superalloys
[6,7]. In fact, HfO, was successfully added by laser-directed energy
deposition to oxide-dispersion strengthened (ODS) steels, which how-
ever lacks the high-reactivity, high-oxide-forming Cr, Al and Ti ele-
ments present in Ni-base superalloys [16]. Also, as compared to Y,04
and ZrO,, HfO, has a much higher density (9.7 vs. 5.0 and 5.7 g/cm3
respectively) and it is denser than the liquid alloy (~7.3 g/cm3), thus
potentially reducing buoyancy-induced surface agglomeration and slag
formation: while the lighter Y,05 (and ZrO,) nanoparticles can float
and agglomerate into large slag regions at the surface of the traveling
liquid melt pool, the heavier HfO, particles may be expected to sink and
be incorporated in the solidifying melt.

The goal of the present study is to investigate the above hypothesis
[6,7] that HfO, can successfully replace Y,05 as nano-dispersoid addi-
tions during the PBF-LB processing of ODS Ni-base alloys with high Al
content, based on (i) the lack of ternary compound formation between
HfO, and Al,Og, (ii) the high density of HfO,, and (iii) its excellent
chemical stability, reflected in its very high melting point of 2758 °C.
Using various microscopy methods, we ascertain the evolution of HfO,
nano-dispersoids after the very rapid melting, superheating, and solidi-
fication of HfO,-containing Ni-8Cr-5.5A1-1Ti (wt%) powders occurring
during PBF-LB processing, and we compare the fate of these HfO, nano-
dispersoids to previously reported Y,05 nano-dispersoids.

2. Experimental procedures

Prealloyed Ni-8.5Cr-5.5Al-1Ti (wt%) powders were fabricated by
Nanoval (Germany) by gas-atomization and sieved to 63 pm. The pow-
der also contains trace amounts of C, Si, O, and S, with the chemical
analysis reported in Table 1. The HfO,-modified powders were pro-
duced by rotational ball milling for 24 h of these prealloyed powders
together with 0.96 wt% HfO, nanoparticles (60-80 nm, 99.99%, US Re-
search Nanomaterials), using polypropylene vials with ZrO, media (5:1
ball-to-powder ratio), which could potentially trace amount of Zr into
the alloy, as previously observed in previous works [7], at levels below
<100 wt.ppm.

Powders were melted and solidified into 5 x 5 x 5 mm? cubic spec-
imens in a Sisma MySint 100 (Sisma S.p.A., Italy) laser-based powder-
bed fusion instrument equipped with a 200 W fiber-laser operating in
continuous-wave mode (with 55 pm spot size and 1070 nm wavelength)
under Ar shielding gas (O, < 0.01%). A bidirectional scan strategy (90°
rotation between layers) was used for each layer, followed by a con-
tour scan, with layer thickness t = 30 um and hatch spacing h = 75 um.
For each specimen, a different combination of power (P = 125-175 W)
and scanning speed (v = 750-1250 mm/s) was used, leading to a range
of volumetric energy densities E = P/(v-h't). These parameters were se-
lected to allow direct comparison with previous works on the model
alloy as well as a 0.5 wt% Y,05 modified variant [6,7], whose disper-
soid volume fraction is similar to 0.96 wt% HfO,.

The density of the manufactured cubes was measured in ethanol
by the Archimedes method. The cubes were then mounted in epoxy,

ground, and polished with 3-1 pm diamond suspensions, with a final
step with 50 nm colloidal silica. The cubes were oriented to reveal the
x-z plane (where z is the build direction). A complete microstructural
characterization was conducted on a cube manufactured with a laser
power of 150 W and a scan speed of 1000 mm/s. Argon-ion beam pol-
ishing (Leica TIC) was used for surface preparation to map grain orien-
tation by electron backscatter diffraction (EBSD), performed at a step
size of 2 um at 30 kV acceleration voltage on a JEOL 4700F FIB-SEM
with a Symmetry S2 (Oxford Instruments) detector.

Crack density was estimated from the analysis of full vertical cross-
sections from images provided in Supplementary Fig. 3. For each sam-
ple, about 300 images (at 200x magnification, acquired and stitched
using a Leica VZ700C optical microscope) were analyzed using the ‘an-
alyze particles’ function from ImagelJ. The images were median-filtered
followed by manual thresholding and binarization. Particles were fil-
tered out if they were smaller than 20 pixels, touched edges, or had
a circularity above 0.35 (pores). Additionally, vertically elongated slag
particles were manually removed. To obtain crack length, visible cracks
were fitted by ellipses.

The phase transformation temperatures of the HfO,-modified alloy
were determined by differential scanning calorimetry (DSC) measure-
ments (NETZSCH DSC 404C Pegasus). A sample of 25.5 mg was used.
To ensure better thermal conduction with the Al,05 crucible, the sam-
ple’s surfaces were grinded with SiC grinding paper to P4000. The ex-
periments were carried out under high-purity Ar atmosphere (99.9999%
Ar) with a flow rate of 40 ml/min. The crucibles were heated at a rate
of 10 K/min from 20 to 1430 °C and cooled at the same rate. Only the
heating thermograms are considered in this study and compared with
data from the base alloy without oxide additive (from Ref. [6]).

A transmission electron microscopy (TEM) lamella was extracted
perpendicular to the build direction using a FEI Helios NanoLab 600i
focused ion beam (FIB). Scanning transmission electron microscopy
(STEM) was conducted at 300 kV on a FEI Titan Themis microscope,
equipped with a probe spherical aberration corrector. The SuperEDX
system (ChemiSTEM technology), with four silicon drift detectors, was
used for energy-dispersive X-ray (EDX) spectroscopy and mapping. A
convergence semi-angle of 25 mrad was used in combination with an
annular dark field (ADF) detector with inner and outer collection semi-
angles of 53 and 200 mrad, respectively.

The EBSD data analysis was performed in AztecCrystal (Oxford In-
struments, UK) and semi-quantitative EDS data processing employed
Velox 3.0. Data visualization was performed in Python (Anaconda, Con-
tinuum Analytics).

3. Results and discussion

The HfO, modification of the model Ni-Cr-Al-Ti alloy had a notice-
able effect on the surface quality of the cubes, Supplementary Fig. 1. The
HfO,-free base alloy cubes have relatively rough top surfaces (with deep
valleys and local build-up), whereas the HfO,-modified cubes exhibit
very flat top surfaces with limited build-up (only localized closer to the
contour), consistent with the formation of more stable and reproducible
melt tracks. This process stability is further highlighted by the density
curve presented in Fig. 1a, where the HfO,-modified alloy shows a near
constant density plateau between 50 to ~105 J/mm3, albeit at a lower
density value than the base alloy. The DSC measurements reveal notice-
able changes in the alloy, Supplementary Fig. 2. In the HfO,-modified
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Fig. 1. — (a) Volumetric density and crack density of solidified HfO,-modified alloy as a function of laser energy density (values for the HfO,-free base alloy are
from Ref. [6]); (b) crack density map for HfO,-modified alloy, interpolated from various combinations of scanning speeds and laser power.

alloy, the y’ solvus temperature is increased by ~8 °C (1119 °C) and the
solidus temperature is slightly decreased by 4 °C (1377 °C), with the
melting onset ~20 °C lower (1350 °C). These changes suggest reaction
of the HfO,-dispersoids with the molten alloy. By contrast, the liquidus
temperature is unchanged, within experimental error (1404 °C).

Microstructure investigations of the HfO,-modified alloy reveal the
presence of a high number of defects: gas pores from keyhole for-
mation (limited to part consolidated at high energy densities above
~110 J/mm3 with scan speed of 500 mm/s), slag inclusions and cracks
(Supplementary Fig. 3). A fraction of the porosity originates from the
raw powder, as highlighted by the work on the HfO,-free alloy [6].
The same alloy modified with Y,05-dispersoids [6,7] also suffered from
those defects (Al,O5 or Y4Al,04 slag lenses, low-to-medium number
density cracks), their occurrence level in the present HfO,-modified al-
loy is much higher and more pronounced, e.g., cracks extend vertically
over 1 mm. Similarly to the base- and Y,05-modified alloys [6,7], the
slag fraction decreases with increasing energy density, while the crack
density shows the opposite trend, Fig. 1. The laser power has a notice-
able effect on crack density, as evidenced by the crossing of the curves
when plotted against energy density. The slag fraction could not be
quantitatively estimated from the cross-section imaging and is thus not
included.

Also, as shown in Fig. 1a, a sharp decrease in volumetric density is
observed for energy densities above 105 J/mm?, suggesting a change
in consolidation behavior. Cross-sectional imaging reveals a drastic in-
crease in porosity for these samples, consistent with deep-keyhole poros-
ity. Interestingly, while lack-of-fusion defects in the base alloy were
never completely prevented within the investigated parameter field, the
observation of such defects was very rare in the HfO,-modified alloy.

Further in-depth investigations were focused on a sample printed
with a single combination of power (150 W) and scan speed
(1000 mm/s). Three types of defects are observed, Fig. 2: (i) spheri-
cal gas porosity, (ii) cracks and (iii) slag inclusions. Spherical pores,
with median diameters of ~2 pm, and only a few reaching above 10 pm
(max ~25 pm), are randomly distributed in the specimen for this print-
ing condition; they are expected to be due to entrapped gas porosity in
the powder, as previously reported for the unmodified alloy [6].

The near-vertical cracks propagate inter-granularly between grains
located close to melt pool boundaries and they are often observed with
horizontal spacings of ~75 pm, matching the hatch distance. Unlike in
the base- and Y,03-modified alloys [6,7] which exhibit brittle crack-
ing of GBs, the present HfO,-modified alloy exhibits rough crack sur-
faces with a structure reminiscent of dendrites, suggesting solidifica-
tion cracking, Fig. 2e. This type of cracking was also observed in the

Hf-containing CM247LC alloy [17], and result from the interdendritic
segregation of Hf which locally lower the alloy’s melting point.

The slag particles have complex shapes and are easy to detect by
SEM given their sharp Z-contrast provided by Hf enrichment, Fig. 2a,f,g.
When embedded in the alloy, the slag particles are found in the center
of the melt tracks, often elongated vertically. This observation contrasts
those of Al,05 and Y4Al, Oy slag inclusions adopting lens shapes in the
base- and Y,03-modified alloys [6,7], which are located on the melt
pool top surface, before being incorporated into the matrix when a sub-
sequent layer is deposited. While some surface slag was observed in
the present HfO,-modified alloy, the slag inclusions do not adopt a lens
shape; this is consistent with the scenario that molten slag sinks into
(rather than float on) the melt pool, based on the slag composition es-
timated by chemical mapping and line profile, Fig. 2 g, h. The slag is
enriched in Hf, Al and O. However, no ternary compounds are given in
the Hf-Al-O ternary phase diagram [18], or in the general literature; only
a low eutectic point between HfO, and Al,03 (31% Al, 1880 °C) and a
solubility of ~3 mol.% Al in HfO, are reported [18]. Closer inspection
of the slag inclusions reveals a dendritic microstructure, Fig. 2 g; BSE
contrast suggests that the slag dendritic and interdendritic regions are
enriched in Hf and Al, respectively. The slag is thus more likely a eutec-
tic network of HfO, and Al,03, which average composition leads to an
atomic ratio close to Hf:Al:O of ~2:1:5 within the slag. Nonetheless, the
observation of a Hf-Al-rich slag reveals that the HfO, nano-dispersoids
(despite their very high melting point of 2758 °C) agglomerated and re-
acted with the molten alloy to form a high-temperature ionic melt. Ad-
ditionally, stringers of interdendritic submicron particles are observed
within the grains and at grain boundaries, Fig. 2d. Despite the high slag
fraction and high crack density, slag inclusions were extremely rarely
found to interact with cracks.

EBSD maps for the HfO,-modified alloy shows columnar grains span-
ning up to 25-30 deposition layers oriented along the build direction,
indicating some degree of epitaxy during the solidification of subsequent
layers (Fig. 3a). Most of the grains show alignment of their (100) di-
rection with all the major axes of the PBF-LB process, the build direc-
tion z and the two perpendicular scan axes x and y (Fig. 3b). However,
some grains also exhibit (110) and (111) aligned with the build direc-
tions (green and blue shades in Fig. 3a). This indicates a competition of
energetically-favorable 100 texture and the 110 and 111 grain popula-
tions typically associated with higher energy input and longer melt pool
lifetimes. This strong texture observation is in stark contrast with the mi-
crostructure of the base material, which showed weak texture despite its
very elongated grain structure [6]. However, as in the HfO,-modified
alloy, the same increased texture was observed in the Y,03;-modified
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Fig. 2. Microstructure of HfO,-modified alloy (P = 150 W, v = 1000 mm/s). (a—f) SEM micrographs of a vertical cross-section, show a very elongated grain structure,
regularly spaced cracks, micropores, and vertically-elongated globular slag inclusions. The cracks are located at the melt-pool boundaries, and more particularly
propagate along grain boundaries; the crack surfaces appear dendritic, suggesting solidification cracking. Submicron particles rich in heavy elements populate the
interdendritic regions. (g-h) EDS mapping and line of a ~10 mm-wide slag particle with an average compositional Hf:Al:O atomic ratio close to 2:1:5. A higher
magnification micrograph in the inset highlights the submicron dendritic structure of the slag inclusion.
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Fig. 3. EBSD maps of HfO,-modified alloy (P = 150 W, v = 1000 mm/s). (a) Inverse pole figure colored map along the build direction z. (b) Inverse pole figure
maps, along the build direction z and the transverse x and y directions, show strong alignment of 001 with the build and transverse directions. (c) Kernel average
misorientation map, highlighting the residual strain in the grains and along grain boundaries. The EBSD maps cover the same zone shown in Fig. 2a and the scale
bar in (c) is valid for both maps.
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Fig. 4. Chemical distribution in HfO,-modified alloy (P = 150 W, v = 1000 mm/s). TEM EDS map reveals the fine microstructure of the alloy. a) The dendrite cell
regions are marked by an increased Ti segregation. A high number density of Hf-rich nanophases are observed, more often located in the interdendritic regions,
suggesting a rejection by the solidification front. b) Multiple types of Hf-rich nanophases are identified and labeled as Hf-O, Hf-Al-O and Hf-S. High-resolution imaging
(bottom-right pane) reveals that the Hf-rich nanophase exhibits a y’ L1,_NiHf crystal structure, as observed here along its [111] zone axis.

Ni-Cr-Al-Ti alloy [7]. It was hypothesized that the nanodispersoid re-
jection rate by the solidification front depends on the dendrite’s crys-
tal orientation. In that regard, the 100 direction perpendicular to the
planar solidification front is then growing the fastest, with the nanodis-
persoids acting as seed selectors. Comparing EBSD maps and BSE-SEM
micrographs (Fig. 2) reveals that, while the alloy consists of very long
grains separated by high-angle grain boundaries, the grains contain a
high density of small-angle grain boundaries leading to contrast in BSE.
The kernel average misorientation map (Fig. 3c) shows that these small-
angle grain boundaries are predominantly located near the former melt
pool boundaries, indicating stress concentration in these areas, which is
consistent with the observed formation of cracks.

TEM investigation reveals the fine microstructure of the HfO,-
modified alloy, Fig. 4. As in the HfO,-free base alloy [6], strong Ti inter-
dendritic segregation marks the position of the solidification cells walls.
A relatively high number of Hf/Al/O/S-rich nano-particles are found
distributed through the matrix, with an increased occurrence within, or
close to, the solidification cell walls, suggesting rejections in the still lig-
uid metal during solidification. Four types of nanoparticles are observed
(Fig. 4b), all rich in Hf: Hf-Al-O-rich (dark) dispersoids, and Hf-O- and
Hf-S-rich (bright) dispersoids. The fourth type shows only an increase

in Hf and is identified as y’ L1,_NisHf via high-resolution imaging. In-
terestingly, the scavenging of S contaminant by Hf does not involve the
formation of oxy-sulfides as observed in the Y,03-modified alloy [7].
Additionally, the reaction between Ti and S observed in the base alloy
is prevented [6]. This confirms the S-scavenging role of Hf in nickel
alloys [19,20].

4. Conclusions

To investigate the incorporation and stability of HfO, dispersoids in
high-y’ nickel-base superalloys processed by laser-based powder-bed fu-
sion (PBF-LB), powders of a simplified Ni-8.5Cr-5.5A1-1Ti (wt%) model
alloy were ball-milled with 0.96 wt% HfO, nano-powder and subjected
to laser fusion and subsequent rapid solidification.

Defect formation follow the same trends previously observed in a Ni-
Cr-Al-Ti base alloy free of HfO, particles: increasing laser energy density
reduces slag incorporation, but also increases cracking.

Specifically, the addition of HfO, nanoparticles to the alloy leads to:

(1) A high number density of cracks, likely linked to the formation of
Hf-rich regions along grain boundaries and solidification cracking;
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(ii) Numerous Hf-Al-O-rich slag inclusions, showing a two-phase struc-
ture consistent with the HfO,-Al, 05 eutectic;

(iii) Various Hf-rich nano-dispersoids indicating extensive reaction of
HfO, dispersoids in the melt: Hf-Al-O-, Hf-O- and Hf-S-rich precipi-
tates, as well y’ L1,_NizHf precipitates;

(iv) Absence of oxy-sulfides (as observed in the Y,05-modified alloy)
and titanium sulfide (as observed in the base alloy), illustrating the
strong S-scavenging ability of Hf;

(v) A strong enhancement of the (100) alloy’s texture.

The lack of stability of HfO, during PBF-LB processing, which leads
to Hf dissolution into the molten alloy and formation of undesirable
phases, challenge the use of HfO, as a viable dispersoid choice for Al-
rich nickel superalloys.
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