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a b s t r a c t 

Laser powder bed fusion (LPBF) was used to consolidate powders of a Ni-Cr-Fe-Mo alloy (Hastelloy X) blended 

with 1 wt% Y 2 O 3 nanometric powders. The nearly-dense, crack-free specimens, with and without oxide dispersion 

strengthening (ODS), exhibit high-aspect ratio grains, aligned in the build direction and with a strong texture: ⟨001 ⟩ is aligned along both build direction and laser scanning direction. Creep tests performed at 950 °C, with 

compressive stresses aligned with the elongated grains (and the build direction), reveal two creep regimes: 

(i) at stresses below ∼50 MPa, diffusional creep dominates, and the ODS alloy is less creep resistant than 

the non-ODS alloy, consistent with a somewhat smaller grain size resulting from grain-boundary pinning by the 

oxide dispersoids; (ii) at stresses above ∼50 MPa, dislocation creep dominates and the ODS alloy is more creep 

resistant, as expected from oxide dispersoids impeding dislocation motion. When tested perpendicular to the 

build direction, both alloys have the same creep resistance, which is however much lower than when the stress 

is aligned with the build direction, reflecting a strong effect of texture and grain shape. After ∼10% compressive 

creep deformation, grain structure and texture remain largely unchanged as compared to pre-creep structure. 
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. Introduction 

Hastelloy X (HX) is a nickel alloy displaying high levels of solid-

olution strengthening at ambient and elevated temperature provided

y the high concentrations of Cr (20–23%), Fe (17–20%) and Mo (8–

0%), as well as minor amounts of Co (0.5–2.5%) and W (0.2–1%).

he high Cr concentration also provides outstanding oxidation- and cor-

osion resistance [1] . Because it lacks the L1 2 - 𝛾 ’ precipitates present

n Ni-based superalloys, HX shows excellent cold- and hot-workability,

eldability, and machinability, albeit without the very high creep re-

istance of 𝛾 ’-strengthened superalloys. Oxide-dispersion strengthening

 a widely used strategy to achieve improvements in creep resistance

n various alloys [ 2 , 3 ] - has been implement in HX via mechanical al-

oying followed by powder densification [4] , and more recently via the

pray-dispersion method where oxide particles are injected in the metal

tream during casting [5] . 

The additive manufacturing of HX has been extensively studied, with

ocus on microstructure [ 6 , 7 ], cracking prevention [8–11] , alloying ad-

itions, ambient-temperature strength [ 8 , 12 ] and high-temperature de-
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ormation [13] . Much less research has been performed on ODS-HX fab-

icated by additive manufacturing methods. Cheng et al . [14] achieved

dditions of 1 wt.% Y 2 O 3 in HX by laser powder bed fusion (LPDF) of HX

owders coated with yttrium nitrate hydrate, which decomposed to the

xide during processing: the resulting 20 nm Y 2 O 3 dispersoids reduced

racking propensity, refined the grains and increased tensile strength

nd elongation at ambient temperature. Banoth et al. [15] processed

X powders with 0.05 wt.% Y additions via LPBF, achieving Y 2 O 3 dis-

ersoids in grain interiors and boundaries after solidification. The dis-

ersoids improved creep fracture strain and lifetime at 900 °C, directly

hrough dispersion strengthening and indirectly by reducing oxygen seg-

egation at grain boundaries, which embrittles the alloy. 

In this paper, we mechanically-alloy Y 2 O 3 nanometric powders into

X powders and process the alloy via LPBF, a method used in other

DS superalloys, e.g., Y 2 O 3 –ODS-Inconel 718 [ 16 , 17 ], and Y 2 O 3 –ODS-

M247LC [ 18 , 19 ]. We investigate the grain microstructure and texture,

ith and without addition of Y 2 O 3 dispersoids, and correlate them with

he creep properties, measured at 950 °C for two different orientations

ith respect to the build direction. 
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Fig. 1. (a) SEM micrograph showing the mor- 

phology and (b) size distribution of the HX al- 

loy powders with the fitted log-normal distri- 

bution curve. 

Fig. 2. (a) Backscattered (BSE) SEM micrograph showing distribution of Y-rich oxides (dark particles) and (b) EDS line-scan corresponding to the white line in 

(a) and showing Y enrichment in these fine, equiaxed precipitates; (c) BSE-SEM micrograph showing the distribution of Y-rich oxides at both grain interiors and 

boundaries. 

Fig. 3. (a,b,d,e) EBSD inverse pole figure (IPF) maps acquired from as-powder-bed fused (as-PBF) (a,d) and solutionized (b,e) alloys (a,b) without and (d,e) with 

ODS; (c,f) pole figures representing as-solutionized HX alloys (c) without and (f) with ODS, corresponding to (b) and (e), respectively. BD and SD refer to build and 

scanning directions, respectively. 
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Fig. 4. (a,b) EBSD inverse pole figure (IPF) maps acquired from as-powder-bed fused (as-PBF) HX alloy (a) without and (b) with ODS. Black and gray lines indicate 

high-angle ( 𝜑 ≥ 15°) and low-angle (15°> 𝜑 ≥ 2°) grain boundaries, respectively; (c) distribution of misorientation angle measured for IPF maps in (a,b) using a minimum 

threshold angle of 5°. 
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. Experimental procedures 

Inert-gas atomized HX powders (from Oerlikon AM, Germany) were

sed, with composition measured by inductively-coupled plasma –

ptical-emission spectrometry (ICP-OES) reported in 

The HX powders exhibit a near-spherical morphology often with

ome small satellite powders attached to the coarser ones ( Fig. 1 a).

iameter of powders varies between 10 and 50 μm and follows log-

ormal distribution ( Fig. 1 b), with a mean value of ∼ 27 μm. Nanometric

9.99% pure Y 2 O 3 powder (10 nm average particle size, from US Re-

earch Nanomaterials) was blended, at a concentration of 1 wt.%, with

he HX powder by ball-milling (ZrO 2 media, ball-to-powder ratio: 5:1)

n Nalgene polypropylene containers on a rotational mill for 24 h. The

owders remain spheroidal after ball milling. 

Two blocks (15 ×27 ×14 mm) - one from the unmodified HX powders

nd the other from the ODS powders - were consolidated on a powder-

ed fusion (PBF) machine, (Sisma MySint 100, Trumpf), equipped with

 200 W fiber-laser operating in continuous-wave mode with a 55 μm

pot size and 1070 nm wavelength. A bidirectional scan strategy (90°

otation between layers) was conducted under Ar shielding gas (O 2 <

.01%) with a laser power of 150 W, scanning speed of 550 mm/s, hatch

pacing of 100 μm and a layer thickness of 30 μm, followed by a contour

can, at 60 W power, 300 mm/s scanning speed. 

The consolidated blocks were separated from the stainless steel base-

late by electro-discharge machining (EDM). Cylindrical compressive

reep specimens (diameter: 5 mm, height: 11 mm) were then machined

rom the blocks by EDM in the vertical (build direction z parallel to the

oad direction) and horizontal direction (scan direction x parallel to the

oading direction), yielding 4 cylinders per direction from a single block.

he remaining material was used for microstructural analysis. 

Prior to creep tests, creep specimens were solutionized in air at

175 °C for 4 h and then preconditioned (aged) at 950 °C for 120 h. This
3 
eat-treatment avoids the formation of 𝜎− phase, while small amounts

f 𝜇-phase are still present. Upon completion of each heat treatment, the

pecimens were quenched in water at room temperature. Compressive

reep tests were performed in air at 950 ( ± 3) °C (as measured with a

-type thermocouples attached to the specimen, using the stress-jump

ethod). For each applied stress level, strain was measured using a lin-

ar variable differential transducer (LVDT) until a steady-state strain

ate was achieved. Thereafter, the stress is increased to a higher value

nd the procedure is repeated until ∼10% plastic strain accumulated in

he specimen. At least two specimens per alloy condition were tested to

ssess repeatability. 

Microstructures of the alloys before and after creep were studied

sing scanning electron microscopy (SEM, FEI Quanta 650), equipped

ith electron backscatter diffraction (EBSD). Specimens for microstruc-

ure analyses were prepared by employing standard mounting, grinding,

nd polishing techniques. 

. Results and discussion 

.1. Microstructure 

As-processed density was 8.30 g/cm 

3 measured by the Archimedes

ethod, indicating near-full densification, which was confirmed by SEM

bservations of cross-section revealing very rare pores and no cracks.

ig. 2 a shows the distribution of fine, equiaxed precipitates (dark ones)

hroughout the microstructure and the EDS line-scan ( Fig. 2 b) that cor-

esponds to the line drawn in Fig. 2 a, reveals Y enrichment in these

recipitates, which are expected to be Y 2 O 3 dispersoids In general, Y-

ich oxide dispersoids are found distributed at both interiors and bound-

ries of the grain ( Fig. 2 c). Previous study on LPBF of blended powders

omposed by Y 2 O 3 and pre-alloyed Ni-Cr-Al-Ti has shown that Y 2 O 3 
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Fig. 5. (a-f) SEM backscattered electron micro- 

graphs showing the microstructure of the non- 

ODS (a,c,e) and ODS (b,d,f) HX alloys in as-PBF 

(a,b), solutionized (c,d) and aged (e,f) condi- 

tions. Build direction is vertical for (a-e) and 

perpendicular to image plane for (f). 

Fig. 6. EBSD phase-contrast map showing 𝜇-Fe 7 Mo 6 precipitates at a grain 

boundary. The matrix and Fe 7 Mo 6 are successfully indexed using Ni and Fe 7 W 6 

(which is isomorphous to Fe 7 Mo 6 ) phases. 
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ispersoids remain largely stable to decomposition during printing due

o their extreme thermal stability [18] . 
4 
Fig. 3 shows inverse pole figure (IPF) maps acquired from as-powder-

ed fused (as-PBF) and solutionized alloys with and without oxide dis-

ersion strengthening (ODS). Elongated grains are clearly aligned along

he build direction for both alloys, with no evidence of recrystalliza-

ion occuring during printing or solutionizing. In the non-ODS alloy,

ost of the elongated grains are aligned with either < 011 > or ⟨001 ⟩
irections along the build direction (BD) ( Fig. 3 a,b), as also shown in

he corresponding pole figures ( Fig. 3 c). Strong alignement of the ⟨001 ⟩
irections with the scanning direction (SD) is also observed ( Fig. 3 c),

ndicating absence of a ⟨001 ⟩ fiber texture (random orientation distri-

ution in directions perpendicular to BD) for our alloy, which is often

bserved in as-PBF or axisymetrically-deformed (in tension) FCC met-

ls [ 20 , 21 ]. Consistent with our texture, Pistor and Körner [22] have

hown in a Ni-based superalloy extreme grain alignment with ⟨001 ⟩ di-

ections, i.e., [001] and [010] aligned respectively along build direction

nd melt direction (MD, which is perpendicular to the scanning direc-

ion, occuring when melt pools are with persistent line shapes [23] ), at

he early stages of the building process; however, with increasing build

eight, the grains experience continuous twisting around the BD-axis

ntil their ⟨011 ⟩ orientations become fully aligned with the MD [22] .

his enables, upon subsequent build height increase, the solidification

f a monocrystalline sample with < 001 > Ni //BD and < 011 > Ni //MD ori-

ntation [22] . However, no < 011 > Ni //BD grains are observed, and the

resence of < 011 > //MD grains is attributed to the thermally-induced
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Fig. 7. Double-logarithmic plot of steady-state strain rate vs. compressive stress, 

for solutionized and aged HX alloys, with and without ODS, loaded vertically 

(V) and horizontally (H). 
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tress and strain fields existing near the melt pool, leading to plastic

eformation of the solidifying material. 

By contrast, our ODS alloy exhibits predominantly < 001 > Ni //BD

rains and much fewer < 011 > //BD grains ( Fig. 3 d,e,f). The
Ni 

5 
 001 > Ni //BD grains have ⟨001 ⟩ directions parallel to the scanning di-

ection in the ODS alloy too ( Fig. 3 f). Surface energy anisotropy in FCC

etals promotes grain growth along ⟨001 ⟩ orientations [24] . The grains

ith ⟨001 ⟩ orientations that are aligned with the direction of the ther-

al gradient overgrow other grains oriented differently with respect to

he thermal gradient, resulting in the formation of ⟨001 ⟩ textures dur-

ng directional solidification [ 22 , 24 ]. The fact that the grains with ⟨001 ⟩
rientations in our alloy are also aligned with the SD might imply the

resence of strong thermal gradient along both BD and SD. However, a
 011 > Ni //BD texture cannot be explained by the theory of grain selec-

ion during directional solidification of FCC metals [ 22 , 24 ]. FCC metals,

nder compressive deformation, produces ⟨011 ⟩ deformation texture

long the loading direction. For example, Um et al. showed the evo-

ution of ⟨011 ⟩ fiber texture during ambient-temperature compressive

eformation of a 99.9% Ni rod with initial ⟨111 ⟩ + ⟨001 ⟩ fiber textures

reated via axisymmetric extrusion [25] . Pistor and Körner [22] have at-

ributed the evolution of < 011 > Ni //MD grains to the thermally-induced

tress and strain fields existing in the neighbourhoud of the melt pool,

eading to the compressive deformation of the solidifying material along

D. As discussed further, high density of low-angle grain boundaries,

.e. , dislocations and subgrain boundaries, are observed at the grain in-

eriors of as-built alloys ( Fig. 4 ), suggesting that grains are plastically

eformed during the building process. However, to relate the observed

 011 > Ni //BD grains ( Fig. 3 ) to the thermally-induced stress and strains

n the neighbourhoud of the melt pool requires in-depth studies of their

istribution via finite-element modeling, which is beyond the scope of

his study. 

As shown in Figs. 4 a,b and 5 (a,b), both alloys exhibit low-angle grain

oundaries (subgrain boundaries) in the as-printed state, indicative of

lastic deformation during printing, with subgrain boundaries forming

ia dynamic/static recovery, as hypothesized above. The difference in

he subgrain structure of the alloys seems insignificant; however, misori-

ntation angle distribution quantified for IPF maps in Fig. 4 a,b reveals

lightly higher fraction of low-angle grain boundaries at the expense of

igh-angle grain boundaries in ODS alloy as compared to non-ODS al-

oy ( Fig. 4 c). This implies that oxide dispersoids, due to their interaction
Fig. 8. EBSD IPF maps showing the grain structure and 

orientations for vertically loaded HX alloys (a) without 

and (b) with ODS, crept at 950 °C. Build direction is 

vertical. 
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Fig. 9. (a,b) EBSD IPF and (c,d) kernel aver- 

age misorientation (KAM) maps showing the 

sub-grain structure and orientations for ver- 

tically loaded HX alloys (a) without and (b) 

with ODS, crept at 950 °C. Black and gray lines 

in (a,b) indicate high-angle ( 𝝋 ≥ 15°) and low- 

angle (15°> 𝝋 ≥ 2°) grain boundaries, respec- 

tively. The maximum angle for KAM analyses is 

set at 5° Build direction is vertical for all maps. 
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r  
ith dislocations, likely influence the rate of recovery which our alloy

xperiences during printing process. 

Figs. 5 (a-f) illustrate microstructures of both ODS and non-ODS al-

oys in their as-PBF, solutionized and aged states. Due to the orientation

ontrast in the micrographs, the subgrains formed during printing are

learly visible. Solutionizing does not appear to alter the subgrain struc-

ure of both alloys ( Figs. 5 c,d). Due to the relatively fine grain structure

f the alloy, their homogenization is expected to occur faster as com-

ared to their cast counterparts. Upon aging of both alloys, however,

rain boundaries become decorated by precipitates ( Fig. 5 e,f). As these

recipitates are well indexed via EBSD using the 𝜇-Fe 7 W 6 phase ( Fig. 6 ),

hey are identified as Fe 7 Mo 6 , which is isomorphous to the Fe 7 W 6 phase.

hese precipitates are observed at high-angle grain boundaries rather

han low-angle grain boundaries, consistent with an easier nucleation

t the former sites. Precipitation of 𝜇-phase has been reported to occur

n binary Fe-W (Fe 7 W 6 ), Fe-Mo (Fe 7 Mo 6 ), Co-Mo (Co 7 Mo 6 ) and Co-W

Co 7 W 6 ) [26] . Given complexity of our alloy, several alloying elements,
6 
uch as Co, Mn and W, are expected to partially substitute either Fe or

o in this phase. 

.2. Creep behavior 

A typical creep strain curve evolving as function of time and ap-

lied stress level at 950 °C for horizontally loaded HX alloy with ODS

s exemplarily shown in Fig. S1. The minimum strain rate �̇� vs. stress 𝜎,

easured at 950 °C for both alloys, were plotted in a double-logarithmic

anner, as shown in Fig. 7 , according to the Norton creep power law: 

̇  = 𝐴 σ𝑛 exp 
( 

− 

𝑄 

𝑅𝑇 

) 

(1)

here A is a constant, n is the stress exponent, Q is the activation energy,

nd R and T have their usual meanings. 

The anisotropy of the creep response was investigated by tests car-

ied out with uniaxial loading direction parallel or perpendicular with
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Table 1 

Chemical composition (wt.%) of Hastelloy X powder. 

Ni Cr Fe Mo Co W Mn 

Bal 21.06 17.80 8.92 2.07 0.74 0.43 
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he build direction (BD), which are respectively referred to as vertically

V) or horizontally (H) loaded alloys. Vertically-loaded alloys exhibit

wo creep regimes with distinct stress exponent, n. At lower stresses

up to 40–50 MPa), the stress exponent is low, n ∼ 2, consistent with

iffusional creep being rate-limiting [27] . At higher stresses, the stress

xponent is much higher, n ∼ 9, as expected if dislocation climb is rate-

imiting. Comparing the two vertically-loaded alloys with and without

DS, the Y 2 O 3 dispersoids have a clear influence on creep deforma-

ion: (i) at low stresses, the ODS alloy is weaker, showing a doubling

n strain rate, at a given stress, as compared to the non-ODS alloy; (ii)

t high stresses, the ODS alloy is stronger, displaying a five- to six-fold

ecrease in strain rate as compared to the non-ODS alloy ( Fig. 7 ). The

ower creep resistance of the ODS alloy in the diffusional regime may be

ue to a slightly smaller grain size, possibly related to grain boundary

inning by the oxide dispersoids preventing grain growth. As grains are

ighly elongated ( Fig. 5 ), grain-boundary sliding needed to accommo-

ate diffusional creep is more complex than for equiaxed grains, and

he presence of Fe 7 Mo 6 precipitates at grain boundaries likely restrict

rain-boundary sliding. Nevertheless, our results show that the influence

f Y 2 O 3 dispersoids on the rate of diffusional creep is minor. By contrast,

he much higher creep resistance of the ODS alloy in the high-stress re-

ion implies that the dispersoids are effective at inhibiting dislocation

otion. Eq. (1) , Table 1 

Horizontally-loaded alloys display the same two creep regimes

nd similar stress exponents (n ∼ 3 and n ∼ 6, above and below ∼
5 MPa, respectively). As compared to their vertically-loaded counter-

arts, horizontally-loaded specimens show much lower creep resistance,

ith almost one order of magnitude difference in strain rate, at a given

tress. This strong anisotropy in creep response is consistent with the

igh level of grain texture. Furthermore, the much faster diffusional

reep rate may also be linked to the highly anisotropic grain shape of

he alloys, and the fact that grain boundaries on which Fe 7 Mo 6 precip-

tates are located are highly aligned. Unexpectedly, when tested hori-

ontally, there is no difference between the ODS and non-ODS alloys

n both creep regime, which may be because the various differences in

icrostructure (texture and grain shape) have cancelling effects on the

reep rate. However, further studies are still required to reveal the effect

f oxide dispersoids on anisotropic creep response of HX alloys. 

Figs. 8 (a,b) shows EBSD-IPF maps, along the build direction, for

ertically-loaded crept samples, without and with ODS, after ∼ 10%

ompressive strain. Grains remain aligned along the build direction for

oth alloys, with no evidence of dynamic recrystallization having oc-

ured during creep deformation. Similar to the as-printed states, grains

ith < 001 > Ni //BD and < 011 > Ni //BD are widespread in the non-ODS

lloy, whereas grains with < 001 > Ni //BD provide the dominant texture

omponent in the ODS alloy after creep deformation. This indicates that

he grain microstructure remains largely unchanged after creep despite

igh level of internal energy stored in these alloys in the form of sub-

rain boundaries formed on printing ( Fig. 4 ). However, it is possible

hat both alloys experienced dynamic recovery during creep to a certain

xtent, as evidenced by the much reduced low-angle grain boundaries

ithin the grains of the crept alloys ( Fig. 9 a,b) as compared to those in

he as-printed alloys ( Fig. 4 a,b). The high levels of primary creep ob-

erved for these alloys, particularly at the first applied stress during the

tress-jump creep experiment, is consistent with our hypothesis of dy-

amic recovery, until a steady-state sub-grain structure is established at

he initial stress during creep. The kernel average misorientation (KAM)

aps in Fig. 9 (c,d) show misorientation concentrated heterogeneously
7 
ithin grain interiors. No apparent difference is seen between ODS and

on-ODS alloys. 

. Conclusions 

Hastelloy-X alloy powders, with and without addition of 1 wt.%

 2 O 3 nanometric powders, were consolidated via laser powder-bed fu-

ion. The main conclusions are: 

1 Specimens, with and without oxide additions, are nearly full densi-

fied and crack-free, and they show elongated grains aligned in the

build direction with a pronounced texture given by a strong align-

ment of ⟨001 ⟩ family of orientations along both build and laser scan-

ning directions. 

2 Creep tests performed at 950 °C with the uniaxial compressive stress

parallel to the build direction (i.e., aligned with the elongated, tex-

tured grains) reveal two creep regimes: 

a diffusional creep at low stresses (below 50 MPa), where the ODS

alloy is less creep resistant than the oxide-free alloy, consistent

with a smaller grain size resulting from grain-boundary pinning

by the oxide dispersoids; 

b dislocation creep at high stresses (from 50 to 120 MPa), where

the ODS alloy is more creep resistant (with a ∼5-fold decrease

in strain rate for a given stress), than the oxide-free alloy, as

expected from oxide dispersoids impeding dislocation motion. 

3 When the compressive creep stress is applied perpendicular to the

aligned, textured grains, both alloys creep much faster than in the

parallel direction, but the effect of oxide dispersoids is negligible,

reflecting a complex interplay between texture, grain shape, grain

size, and 𝜇-Fe 7 Mo 6 grain-boundary precipitates. 

4 After ∼10% compressive creep deformation, grain structure and tex-

ture remain largely unchanged, indicating a strong resistance against

dynamic recrystallization. 
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