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Ni-based superalloys have been studied extensively due to their impressive mechanical properties, 

including strength and creep resistance at high temperatures. Growing interest surrounding additive 

manufacturing (AM) methods has led to recent investigations of alloys that are traditionally di�cult 

to process, including Ni-based superalloys. Recent work has shown that AM methods enable high-

throughput materials discovery and optimization of di�cult- or impractical-to-process alloys, including 

those with high or even majority refractory element compositions. This work focuses on AM-enabled 

investigations of composition-dependent mechanical and microstructural properties for Ni–Nb binary 

alloys. Speci�cally, we report on the mechanical behavior of compositionally-graded  Ni
x
Nb1−x and 

uniform composition  Ni59.5Nb40.5 specimens made with AM. The AM fabrication process resulted in 

extraordinarily high strength, attributed to the formation of a dual-phase microstructure consisting of 

δ-Ni3Nb and µ-Ni6Nb7 intermetallic compounds with nanostructured and multimodal grain size and 

eutectic lamellar spacing.

Introduction

�e search for new processing routes that enable fabrication 

of higher-temperature structural materials is an active area of 

research, motivated by a desire to improve energy e�ciency in 

applications like the design of turbine engines and generators. 

�e e�ciency of these devices is proportional to the operat-

ing temperature of the �uid medium, which is limited by the 

high-temperature mechanical properties of available materials, 

including yield strength, fracture toughness, and creep resist-

ance [1–4]. Ni-based superalloys represent the current state-of-

the-art for high temperature materials, enabling operation of 

turbines at temperatures as high as 800 °C. �ese alloys derive 

their strength from a combination of precipitates, like face-cen-

tered cubic (FCC) γ′-Ni3Al  (L12 Strukturbericht designation) 

and metastable tetragonal γ″-Ni3Nb  (D022) intermetallic com-

pounds in a γ-Ni-rich FCC solid-solution strengthened matrix 

phase, as found in Inconel alloys [5–8]. At low homologous 

temperatures, stresses and strain rates, deformation accommo-

dation via microtwinning is observed in Ni-based alloys [9]. 

�e addition of refractory metals in dilute amounts has been 

used to improve the strength of Ni-based superalloys at higher 

temperatures [10]. However, processability of alloys with large 

fractions of intermetallic phases, which can have extraordinary 

strength at high temperature but are typically brittle at low tem-

perature, remains a signi�cant obstacle [11]. Refractory-based 

superalloys, with signi�cantly higher melting temperatures and 

higher speci�c strengths (i.e., ratio of strength-to-density), are a 

tantalizing prospect, though processing is extremely challenging 

or simply impractical using traditional methods like casting and 

hot- and cold-working processes [12–18].

�e advent and rapid evolution of laser- and electron beam-

based additive manufacturing (AM) methods has introduced new 

opportunities for fabrication of conventionally di�cult-to-process 

alloys [19–23]. �ere are now many examples of AM-based fab-

rication of brittle alloys for turbine engines [20, 24–27], including 

Ti–Al [28], Ni-based superalloys [29–31], refractory high-entropy 

alloys [26, 32–35], and metallic glasses [36–38]. In this work, we 

investigated AM-fabrication of the Ni–Nb binary alloy across 
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composition space, including the glass-forming near-eutectic com-

position  Ni59.5Nb40.5, as well as near-eutectic compositions consist-

ing of stable but brittle dual-phase δ-Ni3Nb  (D0a) and µ-Ni6Nb7 

 (D85) intermetallic structures. We demonstrate microstructural 

tunability using both graded and uniform composition specimens. 

Specimens were fabricated using a laser beam directed energy dep-

osition (LB-DED) system, with a mixed powder stream fed from 

independent powder reservoirs �lled with elemental Ni and Nb 

powders, enabling in-situ, dynamic alloying. �is approach was 

used to generate �at compact metallurgical specimens that were 

compositionally graded from pure Ni to pure Nb, and a uniform 

near-eutectic composition. �e latter resulted in the formation of 

a dual-phase intermetallic structure, consisting of orthorhombic 

δ-Ni3Nb and hexagonal close-packed (rhombohedral) µ-Ni6Nb7 

with multimodal phase sizes and lamellar spacing. �e micro-

structure included nanoscale phases similar to those found in arc 

melted Fe–Nb eutectic alloys [39] and micro/macro-scale precipi-

tates like those found in Ni-based superalloys [40, 41].

Hardness values up to 13 GPa were measured, exceeding 

the highest values reported for bulk nanocrystalline metals and 

structural alloys [40, 42–45]. Scratch-based [46] and nanoinden-

tation [47] methods were used to measure hardness and fracture 

toughness on both specimens to rapidly characterize a broad range 

of compositions, microstructures, and strain rates. �is method, 

described in an earlier publication [20], is a powerful platform 

for rapid materials discovery as it circumvents the need for time-

consuming and costly process optimization. A similar e�ort to 

properly characterize a single alloy composition and microstruc-

ture using traditional, macro-scale testing methods, like tensile 

testing, would require onerous process tuning to manufacture 

low defect density specimens [48]. However, as a counterpoint, 

scratch-based strength and fracture toughness measurements 

preclude decoupling of strain-hardening e�ects [49], and nanoin-

dentation requires corrections for size e�ects (due to steep strain 

gradients associated with shallow indentation depths) [50] and tip 

geometry-dependent elastoplastic responses [46, 51]. �is work is, 

in part, intended to highlight the untapped potential enabled by 

non-traditional combinations of materials and processing/char-

acterization tools. �e development of next-generation alloys that 

non-incrementally improve upon the state-of-the-art, as with Ni-

based superalloys for high-temperature applications, may lie in 

similar e�orts aimed at integrated development of materials and 

processing methods.

Results and discussion

Compositionally‑graded  Ni
x
Nb1−x alloy

Composition and hardness measurement results for com-

positionally-graded  NixNb1−x are summarized in Fig.  1. A 

representative topographical image of a 50 N scratch track is 

shown in Fig. 1a, illustrating how track width, which relates 

to hardness, changes as a function of composition along the 

specimen. Figure 1b shows average hardness values and atomic 

composition percentages for the majority of the scratch as a 

function of longitudinal position. Hardness values varied along 

the length of the scratch, peaking near the eutectic global com-

position  (Ni59.5Nb40.5). �e appearance of signi�cant periodic-

ity in scratch-hardness (Fig. 1b) as a function of wear track 

longitudinal position, parallel to the build direction, suggests 

a strong thermal history component, as the periodicity in hard-

ness is comparable to the AM layer deposition thickness (both 

approximately 250 µm). At a wear track position of ∼= 4.1 mm, 

where composition was measured to be  Ni62Nb38 (at.%), close 

to the eutectic [52], hardness reached H ∼= 17.1 GPa. However, 

as discussed below, although this composition is generally a 

good glass former [53], there was no evidence of amorphous 

domains, but rather ordered orthorhombic δ-Ni3Nb and rhom-

bohedral µ-Ni6Nb7 intermetallic phases that were multimodal 

in size. �e highest hardness value of H ∼= 19.5 GPa occurred at 

an approximate wear track location of 5 mm, corresponding to 

an o�-eutectic (Nb-de�cient) composition of  Ni65Nb35 (at.%). 

�is is similar to work by Chen et al. [54], who found a similar 

two-phase structure using annealed arc-melted specimens.

Results of nanoindentation testing along the composition-

ally-graded  NixNb1−x sample are shown in Fig. 1c. Indents were 

performed in 0.2 mm increments at locations adjacent to the 

scratch tracks, in an unworn location far enough away (see 

methods in Sect. 4.4) to avoid overlapping with work hardened 

zones. �e average and standard deviation in hardness plotted 

in Fig. 1c correspond to measurements at indentation depths 

between 140 and 170 nm. Nanoindentation hardness values are 

generally in agreement with corresponding scratch data. �e 

highest hardness from the nanoindentation occurred at a wear 

track position of ∼= 4.8 mm, with H ∼= 16 GPa to 18 GPa, again 

corresponding to a composition range close to the global eutec-

tic composition, where scratch hardness was H ∼= 17 GPa to 20 

GPa. Indentation hardness in a Nb-rich region (H ∼= 11 GPa 

to 13 GPa, at a wear track position of ∼= 1 mm to 2 mm) was 

higher than scratch hardness (H ∼= 6 GPa to 9 GPa); this dif-

ference can be attributed to microstructural heterogeneity and 

signi�cant di�erence in the interaction volume of the nano-scale 

indentation and micro/macro-scale scratch methods, as well as 

the previously mentioned thermal history e�ects. Nevertheless, 

similar trends in hardness were found using both techniques; 

di�erences in hardness could be a result of real variation in 

hardness, or an aliasing artifact. Size effects, here meaning 

ampli�cation of nanoindentation hardness at shallow depths, 

were shown to be negligible for indentation depths greater than 

about 120 nm. Following the method from Nix and Gao [50], 

the bulk or asymptotic hardness value H0 was determined using 

depth-dependent hardness data for each location; an illustration 

of this analysis is shown in Fig. 1d near the location of maximum 
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hardness where the composition was approximately  Ni66Nb34. 

�ese data show good agreement with the model and corrobo-

rates the high hardness values measured by scratch testing.

Figure 2 shows large-area SEM micrographs of one repre-

sentative scratch track for the compositionally-graded  NixNb1−x 

specimen. �e top image shows the Nb-rich end, where signi�-

cant cracking was observed, with cracks spanning the width of 

the track and into adjacent regions. With increasing Ni concen-

tration up to the eutectic composition (top two images), moving 

le�-to-right, the width of the scratch tracks narrows correspond-

ing to increasing hardness, with a minimum width and peak 

hardness near the center of the middle image. �e near-eutectic 

region (middle image) was observed to have a microstructure 

distinct from the near-pure compositions, consisting of needle-

like (1 to 10 µm wide, 10 s to 100 s µm long) δ-Ni3Nb grains dis-

persed in a µ-Ni6Nb7 eutectic (lamellar) matrix (see additional 

characterization, below). �e near-eutectic region showed only 

a few, small cracks, likely due to increased crack de�ection and 

screening in the two-phase intermetallic, multimodal grain size 

structure (see microscopy results, below) [55]. Below about 25 

at.% Nb (corresponding in the present case to the region shown 

in bottom image in Fig. 2), a transition to a two-phase FCC Ni 

and ordered orthorhombic δ-Ni3Nb structure is thermodynami-

cally favored, with a second eutectic consisting of a Ni–Ni3Nb 

lamellar structure [54]; this combination of phases explains the 

lower incidence of cracks, because of the higher ductility of the 

pure Ni or Ni-rich phase.

Representative surface SEM and EBSD inverse pole �gure 

orientation and phase maps (Fig. 3a–c), pole �gure (Fig. 3d), and 

cross-sectional STEM-HAADF images and chemical maps (Fig. 3e 

and f) for an undeformed (as-fabricated) location in the high-

hardness, near-eutectic region are shown in Fig. 3. SEM and EBSD 

(Fig. 3a–c) show the multimodal, multiscale (10 s of nm to 10 s of 

µm) distribution of δ-Ni3Nb grains and suggest an o�-eutectic 

structure with coarse grained δ-Ni3Nb phases within a �ner eutec-

tic (lamellar) matrix of δ-Ni3Nb and µ-Ni6Nb7. STEM chemical 

analysis revealed the presence of an inclusion of η-NiNb2Ox [56], 

appearing near the bottom of the HAADF imagine in Fig. 3e and 

as a brighter region in the corresponding chemical map in Fig. 3f. 

�e pole �gure shown in Fig. 3d indicates a strong (~ 33 × random) 

{001} texture for the δ-Ni3Nb phase, interspersed in a matrix of 

eutectic lamellar (con�rmed by STEM images (Fig. 3e and f)). 

�e poorly indexed locations shown in black in Fig. 3b and c were 

below the spatial resolution of the EBSD rather than indicative of 

Figure 1:  Mechanical and compositional properties of compositionally-graded  NixNb1-x alloy. (A) Topographical image of a scratch track from the 

Nb-rich to the Ni-rich region. (B) Scratch-based hardness and composition measurements along a scratch track. (C) Nanoindentation hardness 

measurements along a scratch track (at depths from 140 to 170 nm); the blue symbol indicates the location that aligns most closely with the peak 

hardness scratch location and corresponds to the depth-dependent data in panel (D). (D) Nanoindentation hardness as a function of depth, average 

hardness between 140 and 170 nm, and �t of Nix and Gao model hardness in the limit of in�nite depth, H0 [50].



 
 

Jo
u

rn
al

 o
f 

M
at

er
ia

ls
 R

es
ea

rc
h

  
 V

o
lu

m
e 

3
6

  
 

Is
su

e 
1

6
 

 
A

u
g

u
st

 2
0

2
1

 
 

w
w

w
.m

rs
.o

rg
/j

m
r

Invited Paper

© National Technology & Engineering Solutions of Sandia 2021 3170

an amorphous structure. EBSD analysis showed little evidence of 

the metastable γ″-Ni3Nb phase, though its existence cannot be 

completely ruled out with the current data. Cross-sectional high-

resolution STEM images that were acquired from the peak hard-

ness location along the centerline of the 0.01 mm/s scratch track 

are shown in Fig. 4. Signi�cant changes were observed compared 

to an undeformed region (Fig. 3e), including signi�cant re�ne-

ment of both grains and phases, with 10 s of nm size grains near 

the surface, and a large concentration of planar defects (sub-grain 

boundaries) and incoherent nanotwins (Fig. 4b and c). �e planar 

defects are reminiscent of the typically high-temperature shear 

bands, or possibly superlattice dislocations, that accommodate 

deformation in Ni-based superalloys [40] and Co-Al-W inter-

metallics [5]. Deformation of Laves intermetallic compounds, 

including µ-phases like  Ni6Nb7, via synchroshear (a combination 

of shear-induced twinning and dislocation slip) was proposed by 

Kronberg [57] and the subject of an extensive recent investigation 

by Schröders et al. [58]. �is mechanism may explain the preva-

lence of incoherent twin boundaries in the deformed µ-Ni6Nb7 

crystal shown in Fig. 4c.

Uniform‑composition of near‑eutectic  (Ni59.5Nb40.5) 

alloy

Representative SEM and EBSD orientation and phase maps 

(Fig.  5a–c), pole figure (Fig.  5d), and STEM-HAADF and 

EDS chemical mapping (Fig.  5e and f ) for an undeformed 

(as-fabricated) location on the single-composition, near-eutectic 

alloy are shown in Fig. 5. Similar to the compositionally-graded 

sample in the near-eutectic region, these images show the pres-

ence of a multimodal, multiscale distribution of δ-Ni3Nb grains 

in a matrix of µ-Ni6Nb7 with sporadic inclusions of metastable 

 NiNb2Ox. Surprisingly, compared to the graded sample, there 

is an even stronger texture (~ 86 × random) observed for the 

δ-Ni3Nb phase found between the larger δ needle-like grains, 

and the overall grain size is skewed larger. �ese possibly indi-

cate higher temperature during the AM process and/or lower 

thermal conductivity of the near-eutectic alloy. Diagonal stria-

tions in the brighter phase in the STEM-HAADF image (Fig. 5e) 

were determined to be planar defects in the µ-Ni6Nb7, that do 

not appear to bisect the δ-Ni3Nb grains. Additionally, cross-

sectional STEM of the δ-Ni3Nb grains con�rm that they are 

needle-like, i.e., with a cylindrical shape having rounded ends. 

STEM-EDS mapping (Fig. 6a) and a calculated atomic Ni/Nb 

ratio line pro�le across the phase boundary (Fig. 6b) suggest that 

the two phases were δ-Ni3Nb and µ-Ni6Nb7.�e atomic Ni/Nb 

ratio line pro�le shows some localized variability, indicating that 

the phases retained some degree of nanoscale chemical disorder 

and are not fully at thermodynamic equilibrium.

A summary of scratch test results for the single composi-

tion alloy is shown in Fig. 7. Hardness and fracture toughness 

are plotted as a function of strain rate (Fig. 7a). Hardness val-

ues ranged from 13.9 to 15.0 GPa, in good agreement with the 

(global) near-eutectic region in the compositionally-graded 

Figure 2:  SEM back-scattered electron (SEM-BSE) micrographs of representative regions (Nb-rich, near-eutectic Ni–Nb mix, and Ni-rich) of the micro-

scratch wear track on the compositionally-graded  Ni
x
Nb1−x alloy. Note the relative di�culty in resolving the wear track in the near-eutectic region, 

where the highest hardness was measured (see text). The scratch-based measurements were performed at a 0.01 mm/s sliding speed and 50 N normal 

load.
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specimen. �is comparison between samples, and the fact that 

the hardest region was in a Ni-rich composition, suggests that 

either (1) the combination of primary δ-Ni3Nb with a  Ni3Nb/

Ni6Nb7 eutectic matrix corresponds to higher hardness or (2) 

that this composition resulted in greater strengthening due a 

reduced initial grain size [59, 60] and eutectic lamellar spac-

ing of the matrix [39] promoted by the rapid solidi�cation of 

AM processing. A combination of both mechanisms is also 

possible. Fracture toughness values reported in Fig. 7a ranged 

from Kc 
∼
= 70.8–88.7 MPa  m1/2. �is range of fracture tough-

ness is commensurate with other nickel-based alloy systems, 

that have been reported to range between Kc 
∼
= 80–100 MPa 

 m1/2 [44, 61–66]. Similarly, scratch-based determination of 

fracture toughness (treated as a mode II crack) was shown 

to match (within 10–20%) traditional (mode I) plane strain 

KIC values for multiple polymers, ceramics and metals, includ-

ing 2024-T4 and -T351 aluminum, 1045 and 1144 steel, and 

Ti-6Al-4 V [46].

Figure 3:  Characterization of the undeformed high hardness region of compositionally-graded  Ni
x
Nb1−x alloy. (A) SEM back-scattered electron (SEM-

BSE) micrograph, (B) EBSD inverse pole �gure orientation and (C) phase maps, (D) pole �gure, (E) STEM-HAADF image of representative undeformed 

microstructure, and (F) corresponding STEM-EDS map showing primarily the presence of two distinct phases (δ-Ni3Nb and µ-Ni6Nb7) with an inclusion 

of η-NiNb2O
x
 (bright green region near the bottom edge).
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Tiwary et al. [67] reported appreciable ductility (approxi-

mately 4%) with ternary Ni–Al-Zr intermetallic eutectic alloys, 

that they attributed to restriction of slip length and promotion 

of deformation twinning with nanocrystalline grain sizes. �e 

evidence of retention of high strength at elevated temperature 

(2 GPa compressive yield strength at 700 °C) in  Ni77–Al12–Zr11 

(E1 crystal structure) shown by Tiwary et al. [67], coupled with 

the notable similarities in the microstructures and deformation 

behavior of our Ni–Nb alloys, suggest that similar behavior 

may be achievable with the two-phase (δ-Ni3Nb and µ-Ni6Nb7) 

Ni–Nb system.

STEM bright-�eld and corresponding compositional EDS 

mapping along the centerline of a scratch track is shown in 

Fig. 7b and c. A STEM bright-�eld image was used to better 

highlight nanocrystals present near the deformation surface 

(Fig. 7d). STEM of on-track microstructure shows evidence 

that scratch-based plastic deformation of the sample led to 

near-surface grain fragmentation, causing extreme grain 

re�nement, as con�rmed by EDS-STEM maps. Severe plastic 

deformation (SPD), as was imposed by the scratch method, is 

a well-established route to increasing strength of metals and 

alloys [68]. It is possible that the strength di�erences between 

scratch and nanoindentation, and the high hardness values in 

general, are primarily due to di�erences in the extent of work-

hardening (i.e., di�erences in Hall–Petch and Taylor strength-

ening through the creation of interactions between dislocations 

Figure 4:  STEM analysis of in-track microstructure of compositionally-graded  Ni
x
Nb1−x alloy in high hardness region. (A) STEM bright �eld image 

showing evidence of a high density of sub-grain boundaries. (B) High-magni�cation STEM-HAADF highlighting the formation of sub-grain boundaries, 

and (C) atomic-resolution STEM-HAADF image of µ-Ni6Nb7 phase in [010] projection showing incoherent deformation-twin boundaries (white arrows).
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and grain boundaries [69, 70]). Higher total plastic deformation 

and work-hardening from scratch measurements, compared to 

nanoindentation, is expected since plastic deformation is pro-

portional to penetration depth.

Strengthening mechanisms

Strain-rate sensitivity and activation volume were determined 

for the uniform-composition specimen, based on strain rate-

dependent scratch hardness [71, 72]. �e uniform-composition 

specimen is shown to have a relatively small strain-rate sensi-

tivity of m = 0.009 ± 0.001 , similar to those reported by Chen 

et al. [73], for Ni–Nb metallic glassy �lms. In their study, they 

found that annealing the �lm for 60 min at 623 K resulted in a 

strain-rate sensitivity of m = 0.0085. Similarly, near zero strain-

rate sensitivity was reported for a Ni-based superalloy at low 

temperature, while at room temperature, the value of strain-rate 

sensitivity value was measured to be m = 0.0086 [74]. In contrast, 

the strain-rate sensitivity of some coarse-grained intermetallic 

compounds (e.g.,  Cu6Sn5,  Cu3Sn,  Cu5Zn8,  Ag3Sn, AgZn, and 

 Ag5Zn8) has been shown to be signi�cantly higher than those 

measured here, with values reported in the range of m ∼= 0.082 to 

0.112 [75]. However, higher homologous temperature is associ-

ated with higher strain-rate sensitivity for coarser grain sizes, 

and these Sn-based alloys have a lower melting temperature than 

the two Ni–Nb-based intermetallic compounds here. Nanocrys-

talline Au-Cu alloys, with grain sizes in the range of 6 nm to 

20 nm, were also determined to have comparably high strain 

rate sensitivities of m ∼= 0.1 to 0.2, but measurement uncertainty 

was relatively high [72]. Fine-grained and nanocrystalline pure 

metals and dilute alloys have strain rate sensitivities that are 

smaller and weakly grain size-dependent [76], with values in the 

range of m ∼= 0.01 to 0.05. �e strain rate sensitivities for solid 

solutions, including high-entropy alloys, have been reported to 

be in the range of m ∼= 0.03 to 0.2 [20, 77, 78]. Higher strain-rate 

sensitivity and small activation volumes are characteristics com-

monly associated with yield strengths that exhibit high tempera-

ture-sensitivity due to lattice friction (Peierls stress) and mech-

anisms including grain boundary sliding and superplasticity. 

Conversely, metallic glasses and crystalline metals that deform 

Figure 5:  Characterization of the undeformed uniform-composition near-eutectic  Ni59.5Nb40.5 alloy. (A) SEM back-scattered electron (SEM-BSE) 

micrograph, (B) EBSD inverse pole �gure orientation and (C) phase maps, (D) pole �gure, (E) STEM-HAADF image of representative microstructure, and 

(F) corresponding STEM-EDS map showing the presence of two distinct phases.
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by shear-induced amorphization [43] typically have near-zero 

strain-rate sensitivities [79, 80], corresponding to non-di�usive, 

stress-activated inhomogeneous deformation.

Based on strain rate-dependent hardness, it was also pos-

sible to calculate an activation volume, V = 0.16 ± 0.02 nm
3 , 

comparable to those measured by Chen et al. [73], for annealed 

initially-glassy  Ni60Nb40. The authors found a value of 

V = 0.149 nm
3 a�er a 60 min anneal at 623 K, well below the 

glass transition temperature of 841 K [81], such that the mate-

rial remained glassy but achieved some degree of relaxation. 

Interestingly, hardness values for the glassy Ni–Nb annealed 

alloy only ranged from H ∼= 11.7 GPa to 11.9 GPa [73], sug-

gesting that bimodal crystalline intermetallic structures are 

substantially higher in hardness than the amorphous material. 

�e combination of activation volumes comparable to those 

for localized �ow in glasses and hardness values comparable to 

those of ultra-nanocrystalline intermetallics may be the result 

of a transition to grain boundary sliding  [82] and possibly 

dynamic amorphization [43]. �is interpretation also agrees 

with work by Basariya et al. [60], who reported similar strength 

values for intermetallic compounds with ultra-nanocrystalline 

grain sizes, in the range of 10 nm to 50 nm. To our knowledge, 

only one report of nanoindentation on Ni–Nb amorphous alloy 

ribbons yielded hardness values as high as reported here. Lesz 

and Dercz reported a nanoindentation hardness of 15 GPa on 

initially amorphous  Ni62Nb38, but did not provide details about 

the measurement or microstructural end state (i.e., it is unclear 

whether stress-induced crystallization and phase transforma-

tions occurred) [83]. A lower limiting case for the strength of 

Ni–Nb may be that of the metallic glass phase for the eutectic 

composition, which has a reported compressive yield strength 

at room temperature of 3.2 GPa [84]; the Tabor relationship [85] 

can be used to convert between hardness and uniaxial yield 

strengths, σY = H/3 , implying that the hardness should be 

close to 10 GPa. In contrast, our multiphase uniform composi-

tion AM bulk specimen showed a higher hardness of about 15 

GPa. Given that stress-induced crystallization (i.e., structural, 

not chemical ordering, as the latter would require long-range 

di�usive motion) is expected during low temperature defor-

mation of metallic glasses [86], it is possible that a nanoscale 

eutectic lamellar ultra-nanocrystalline grain Ni–Nb specimen 

could exhibit higher hardness by suppression of intragranular 

Figure 6:  (A) STEM-EDS map of the 

undeformed uniform-composition 

near-eutectic  Ni59.5Nb40.5 alloy 

and (B) corresponding atomic Ni/

Nb ratio line pro�le across phases, 

highlighting the presence of the 

two-phase δ-Ni3Nb and µ-Ni6Nb7 

microstructure.



 
 

Jo
u

rn
al

 o
f 

M
at

er
ia

ls
 R

es
ea

rc
h

  
 V

o
lu

m
e 

3
6

  
 

Is
su

e 
1

6
 

 
A

u
g

u
st

 2
0

2
1

 
 

w
w

w
.m

rs
.o

rg
/j

m
r

Invited Paper

© National Technology & Engineering Solutions of Sandia 2021 3175

deformation. �is could promote continuous, competing stress-

driven amorphization and crystallization [43].

Microscopy analysis of scratch-hardness tracks showed 

evidence of 10–30 nm grains near the surface, correspond-

ing to typical grain sizes at the crossover between Hall–Petch 

strengthening and inverse Hall–Petch so�ening [43, 87–90]. 

As an additional point of reference, hardness measurements on 

crystalline Ni–Nb specimens of varying composition and grain 

size showed a peak hardness of H ∼
= 8.6 GPa , for  Ni48Nb52 [91] 

where SEM analysis also showed a lamellar eutectic structure 

Figure 7:  Mechanical and compositional properties of the uniform-composition near-eutectic  Ni59.5Nb40.5 alloy. (A) Hardness (black circles) and fracture 

toughness (blue circles) as a function of strain rate. (B) Representative cross sectional in-track STEM bright �eld image along wear track centerline, (C) 

STEM-EDS map showing two distinct phases. (D) STEM bright �eld image highlighting in-track nanocrystals present after scratch deformation.
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consisting of  Ni6Nb7 and  Ni3Nb phases. �ese authors also 

measured the indentation hardness of isolated regions of  Ni6Nb7 

( H ∼
= 7.6 GPa ) and  Ni3Nb ( H ∼

= 4.1 GPa ), using specimens 

with initial grain size in the 10 s of µm. �is information sug-

gests that the strength of our AM Ni–Nb specimens, consisting 

of a two-phase (δ-Ni3Nb and µ-Ni6Nb7) multimodal distribu-

tion of grain and lamellar sizes, is likely due to a synergistic 

combination of solution and Hall–Petch strengthening, and 

possibly suppression of intracrystalline deformation/disloca-

tion mechanisms. �is applies to both the uniform composi-

tion and the graded material near the eutetctic composition. 

Metallic systems with comparable hardness have been reported 

by Nieh and Wang [59], who found 15–20 GPa nanoindenta-

tion hardness for Be with 2–10 at.% B with a grain size of about 

20 nm, and Basariya et al., who reported indentation hardness 

for several nanocrystalline (10–50 nm grain size) intermetallic 

compounds, including TiAl,  NiAl3,  NbAl3, and  Al5Fe2, in the 

range H ∼
= 10 − 15 GPa.

Summary and conclusions

�e hardness and fracture toughness of AM-fabricated Ni–Nb 

specimens, both graded and uniform, near-eutectic composi-

tions, were measured using scratch-based and nanoindentation 

techniques. A multimodal distribution of grain and cell sizes, 

spanning from a few nanometers to tens of micrometers, was 

observed via SEM and STEM microscopy. �is work highlights 

the usefulness of AM methods to enable fabrication of parts 

made of traditionally brittle or otherwise di�cult-to-process 

intermetallic compounds like δ-Ni3Nb and µ-Ni6Nb7. Addi-

tionally, potential deformation and strengthening mechanisms 

were discussed. �e highest hardness measurements, measured 

via scratch testing, corresponded to extreme near-surface grain 

re�nement.

Comparisons of hardness, strain-rate sensitivity, and activa-

tion volume between metallic glasses and intermetallic com-

pounds were used to explain the high strength of these materials 

and di�erences in strength between scratch and indentation. 

Di�erences in hardness between scratch and nanoindentation 

were explained in the context of defect-density dependent (e.g., 

Hall–Petch) strengthening mechanisms. Activation volumes 

and strain-rate sensitivity values indicate the possibility that 

extreme grain re�nement led to suppression of intragranular 

deformation mechanisms and that the highest hardness values 

(in the near-eutectic composition region) may be linked to the 

mechanism of dynamic amorphization. This interpretation 

is supported by microscopy analysis showing that the initial 

microstructure included nanocrystalline grains interspersed 

between larger grains. �e nanocrystallinity limits the possibil-

ity of intragranular deformation and promotes mechanisms like 

stress-induced amorphization (competing with crystallization 

and grain growth), driving the system to the Hall–Petch/inverse 

Hall–Petch crossover.

Materials and methods

Fabrication and processing

Graded  NixNb1−x and uniform, near-eutectic (nominal compo-

sition of  Ni59.5Nb40.5) specimens were fabricated on an open-

architecture laser-based directed-energy deposition (LB-DED) 

system equipped with a YLS-2000 laser operating at a wave-

length of 1064 nm. �e laser system is mounted to the spin-

dle of a 3-axis Tormach CNC 770 housed in an inert Ar-�lled 

glovebox. �e inert environment was maintained at < 50 ppm 

 O2 and < 10 ppm  H2O during all builds. �e powder feedstock 

was �uidized from individual powder hoppers via rotary feed 

wheels and Ar carrier gas toward the melt pool.

�e process parameters used for both specimens consisted 

of a laser power of 500 W, scan speed of 400 mm/min, layer 

height of 0.2 mm, and an optic size of 1 mm. Both specimens 

were fabricated on a Ni 200 substrate with a temperature main-

tained at 12 °C via a contact heat exchanger with �owing refrig-

erated water. For the graded  NixNb1−x specimen, eight layers 

of pure Ni were consolidated, followed by layer-wise increases 

in Nb content at approximately 1.02 at.% increments; a 100% 

Nb concentration was reached at about 98 layers, a�er which 

an additional eight layers of pure Nb were added, for a total of 

114 layers.

Scanning electron microscopy, X‑ray spectroscopy, 

and transmission electron microscopy

Both graded  NixNb1−x and uniform near-eutectic thin wall spec-

imens were mounted in a cold set epoxy and ground smooth 

using SiC paper. To achieve an optimal surface for microstruc-

tural analysis, the specimens were polished with a 1 µm dia-

mond suspension followed by a two-step vibratory polish using 

a 0.3 µm  Al2O3 and a 0.04 µm  SiO2 slurry. Scanning electron 

microscopy (SEM) was performed on a Zeiss Supra 55-VP FE-

SEM equipped with Oxford Instruments X-Max SDD energy-

dispersive X-ray spectroscopy (EDS) and Symmetry electron 

backscatter di�raction (EBSD) detectors. Backscatter- and sec-

ondary-electron images, EDS, and EBSD maps were collected 

with an acceleration voltage of 20 kV along a representative 

microscratch.

�e graded and uniform specimens were further investi-

gated by scanning transmission electron microscopy (STEM) on 

specimens prepared by focused ion beam (FIB). �e microstruc-

ture was studied by STEM imaging using a high-angle annular 

dark-�eld (HAADF) detector and a bright-�eld detector as well 

as by STEM chemical analysis using EDS. Atomic composition 

of the alloys was calculated based on STEM-EDS maps by using 
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the Cli� and Lorimer method [92]. A FEI Titan™ G2 80-200 

STEM with a Cs probe corrector and ChemiSTEM™ technology 

(X-FEG™ and SuperX™ EDS with four windowless silicon dri� 

detectors) operated at 200 kV was used.

Scratch‑based hardness and fracture toughness

Micro-scratch experiments were performed on the graded 

and uniform specimens using a Revetest  RST3 scratch tester. 

Detailed overviews of the experimental methods for deter-

mining hardness and strain-rate sensitivity can be found else-

where [20, 72, 90, 93]. Composition-dependent hardness of the 

graded  NixNb1−x sample and strain rate-dependent hardness of 

the  Ni59.5Nb40.5 sample were determined by generating multi-

ple wear tracks oriented parallel to the build plate direction at 

a constant 50 N contact force using a spheroconical diamond 

Rockwell indenter (radius R = 200 µm ± 10 µm and apex angle 

α = 120° ± 1°). Five tracks with a length of 4 mm were generated 

on each sample at sliding speeds ranging from  10−3 to  101 mm/s 

in order-of-magnitude increments. On the graded  NixNb1−x 

sample, 10 mm long tracks were used to capture a majority of 

the composition space. �e beginning and ending 10% (1 mm 

each) of each track were omitted from analysis due to inertial 

e�ects. Tracks were spaced 3 mm apart to avoid strain harden-

ing e�ects. �e indenter tip was cleaned using a roughing cloth 

followed by an isopropyl alcohol rinse and determined to be 

clean and free of debris using an optical microscope before and 

a�er experiments, to ensure that no cracking or signi�cant wear 

occurred during testing.

A Bruker Contour GT-I optical interferometer with a 

10 × Mirau objective was used to capture the entirety of each 

wear track via image stitching. �is objective translated to a lat-

eral resolution of 500 nm and a vertical resolution of < 1 nm. 

�e wear track widths from the topographical scans were used 

to compute strain rate and hardness. In this study, strain rate 

was de�ned as ε̇ = v/w , where v is scratch velocity and w is 

average track width, and average scratch hardness was de�ned 

as H =
8

π

Fn

w2 [72], where Fn is the normal or applied force. �e 

strain-rate sensitivity exponent m and activation volume V  were 

computed using data from experiments on the uniform-compo-

sition specimen. �e strain-rate sensitivity exponent was calcu-

lated via the relationship m =
∂ ln (H)
∂ ln (ε̇)

 [72] and the activation vol-

ume was determined using the expression V = 3
√
3kBT

∂ ln (ε̇)
∂H

 , 

where kB is the Boltzmann constant and T  is the absolute 

temperature [90].

Fracture toughness was determined for the uniform-com-

position specimen from scratch data following the method in 

Akono et al. [94]. �e maximum penetration depths dp along 

the length of each scratch track were determined from the inter-

ferometric topographical scans, similar to the widths used to 

calculate hardness. �e fracture toughness at each sliding speed 

was then calculated using the expression KC =
Ft√
2pA

 , where KC 

is the fracture toughness, Ft is the measured position-dependent 

friction force, and p and A are the perimeter length and pro-

jected semi-circular area of the contact. �e perimeter length 

was de�ned as p = 2R arccos
(

R−dp
R

)

 where R is the indenter 

radius (200 µm), for depths of indentation smaller than the 

threshold value that would engage the conical portion of the tip 

(i.e., dp < 27 µm). �e projected contact area was calculated as 

A = 0.5pR −

(

R − dp
)

√

R2
−

(

R − dp
)2

 . Error in the reported 

fracture toughness values was associated with penetration depth 

variability along the scratch.

Nanoindentation

Nanoindentation experiments were performed with a Berkovich 

tip on a Hysitron TI-950 nanoindenter. �e graded  NixNb1−x 

specimen used for the scratch testing was subsequently used in 

the nanoindentation experiments. Indents were placed mid-way 

between scratch track centerlines, corresponding to a distance 

of 1.5 mm from adjacent scratch tracks to avoid work harden-

ing e�ects and facilitate direct comparisons between scratch 

and indentation results, as well as more easily locate indents 

a�er testing. Prior to the  NixNb1−x measurements, the tip area 

function and load frame compliance were calibrated over the 

entire load range of the instrument with fused silica as the ref-

erence material. For the Berkovich tip, the tip area function 

was de�ned as A(hc) = C0h
2
c + C1hc , where hc is the contact 

depth and C0 and C1 are coe�cients related to tip shape [51]. 

Here, C0 and C1 were found through �ts to the calibration data 

assuming a reduced modulus Er = 69.6 GPa for diamond and 

fused silica [47]. �ese values were in good agreement with 

the area function model down to hc of 20 nm to 30 nm. For 

the  NixNb1−x measurements, a linear array of 500 indents was 

performed in load control to a maximum force of 11 mN. �e 

indent spacing was 20 µm; small enough to facilitate high-

resolution data across the specimen, but large enough to pre-

vent interactions between neighboring indents [95]. For each 

indent, a CMX (continuous measurement of X) load function 

was utilized, consisting of a constant strain-rate load superim-

posed with a 110 Hz oscillating load. �e strain rate was kept 

constant at 0.046  s−1 to mitigate strain-rate e�ects, and an oscil-

lating load was utilized to provide depth-dependent data. From 

this loading scheme, the storage modulus Eˊ was determined 

by E′ = ks
√

π/2
√
A , where ks is the contact sti�ness and A is 

the contact area. Similarly, the hardness H was calculated by 

H = Fmax

/

A , where Fmax is the maximum force and A is the 

contact area. E′ and H were calculated as a function of both 

composition and depth, thereby facilitating one-dimensional 

(cross-sections) and two-dimensional (maps) representations 

of the data.
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