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ABSTRACT

The temperature-dependent hardness of additively-manufactured near-eutectic

Ni–Nb was investigated. This alloy was found to have solidified into a two-

phase nanoscale microstructure with peak hardness of H % 14–17 GPa at

temperatures up to 400 �C, above which irreversible softening was observed

despite retention of significant strength compared to traditionally-synthesized

Ni-based superalloys. Experiments and molecular-dynamics simulations show

that deformation for single-phase nanocrystalline volumes was confined to

intragranular slip-band formation in d-Ni3Nb and to intergranular grain-

boundary sliding in l-Ni6Nb7. However, microscopy in the nanostructured two-

phase regions after severe plastic deformation indicated that phase boundaries

acted as nucleation sites for dislocations, promoting twinning-induced plasticity

(TWIP) in the l-Ni6Nb7 grains. This work highlights (1) that additive manu-

facturing techniques enable formation of unique microstructures that exhibit

superior mechanical properties, and (2) that multi-phase intermetallic com-

pounds provide a route to mitigate brittle fracture though the promotion of

twinning-induced plasticity. High strength and the absence of interface deco-

hesion (cracking) suggests that multi-phase intermetallic systems may be a

viable route for design of new printable superalloys. These results suggest that

additive manufacturing methods and rapid solidification via non-equilibrium

pathways may enable a pathway for achieving high combined strength and

ductility.
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Introduction

Alloy research is driven by the need for structural

materials that can survive increasingly harsh oper-

ating conditions. Gas turbines are one example

application where energy efficiency, reliability, and

safety are limited by a material resistance to pro-

longed exposure to high temperatures and stresses.

Ni-based superalloys have been a successful com-

mercial solution in this space [1]. The development of

new superalloys or alternatives to superalloys has

involved microstructural engineering [1]. Additive

manufacturing (AM) techniques have been shown to

produce microstructures with advantageous proper-

ties, including pathways for overcoming ductility

challenges in historically-brittle alloys that are

otherwise difficult or impossible to achieve with

traditional fabrication methods (e.g., casting, defor-

mation processing) [2–7]. Examples of desirable

deformation mechanisms in high-strength materials,

where cohesive failure is often energetically favorable

compared to intragranular deformation, include

transformation-induced plasticity/twinning-in-

duced plasticity (TRIP/TWIP), as has been shown in

some steels [8, 9] and high-entropy alloys [10]. In

these materials, a combination of high strength and

ductility is achieved through deformation twinning,

where twins accommodate deformation while at the

same time impeding dislocation motion and accu-

mulation [11–13].

Here, we show that AM fabrication of the near-

eutectic Ni–Nb binary alloy resulted in the formation

of a dual-phase intermetallic d - Ni3Nb/l - Ni6Nb7

microstructure. Although intermetallic compounds

are conventionally considered intrinsically brittle and

thus of limited practical utility, several recent studies

have shown that multi-phase intermetallics can be

tailored to produce both high hardness and ductility

[14–16]. For example, in the Ti–Al dual-phase system,

it was found that ductility increased with decreasing

grain size [17, 18], a trend not commonly seen in pure

metals. Additionally, there have been investigations

of multi-principal-element alloys which possess

lamellar, dual-phase intermetallic microstructures

that preferentially undergo deformation twinning

[19, 20]. Both the d and l intermetallic phases have

also received attention due to (1) their presence in Ni-

based superalloys and (2) their role in imparting high

strength as precipitate phases. For example, in

Inconel 718 and 625 the d structure has been shown to

improve stress-rupture ductility [21], increase fatigue

resistance (by hindering dislocation glide [22]), slow

grain coarsening [23], and delay recrystallization [23].

The less common l phase could be promising for use

in high-temperature structural materials due to its

high melting temperature, strength, and creep resis-

tance [24, 25]. However, its processability is limited

by brittleness, even at high homologous temperatures

[24]. Here, we present evidence that fracture mitiga-

tion is possible through additive manufacturing by

promoting plastic deformation modes that can impart

some ductility to otherwise brittle compounds.

Previously [26], we presented Ni59.5Nb40.5 fabri-

cated by AM and reported its impressive combina-

tion of high hardness, H = 14–17 GPa and fracture

toughness. These hardness values exceed those

reported for most nanocrystalline metals, multi-

principal-element alloys, and superalloys [27–32]. We

showed that this material possesses a cellular, mul-

timodal microstructure with two phases: nanoscale

d-Ni3Nb precipitates in a l-Ni6Nb7 matrix phase.

Here, we investigate the phase-dependent deforma-

tion mechanisms in this material using ambient and

high-temperature nanoindentation, electron micro-

scopy for microstructure characterization, and

molecular dynamics simulations. TWIP was observed

and attributed to the presence of the phase bound-

aries, associated with a nanoscale cellular structure. It

is thus demonstrated that AM fabrication can pro-

duce microstructures that promote deformation

twinning in traditionally brittle intermetallics, giving

rise to favorable mechanical properties (i.e., high

strength and good ductility).

Methods

Fabrication and processing

A near-eutectic binary Ni–Nb alloy, with a global

composition of Ni59.5Nb40.5, was fabricated utilizing

an open-architecture laser-beam directed-energy

deposition (LB-DED) AM system. Full details of the

LB-DED system are available elsewhere [33]. Briefly,

it is equipped with a YLS-2000 fiber laser that emits at

1064 nm wavelength, which is mounted to the spin-

dle of a 3-axis Tormach CNC 770 milling machine

housed in a glovebox. A continuously purging Ar gas

creates an inert environment that typically
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maintains\ 50 ppm O2 and\ 10 ppm H2O during

AM processing. A pre-blended Ni–Nb powder feed-

stock was fluidized from a single powder hopper via

a rotary feed wheel and Ar carrier gas toward the

melt pool for layer-by-layer consolidation. Powder

blending was facilitated by pouring the Ni and Nb

powders into a bottle that was subsequently placed

on a mechanical tumbler. A compact metallurgical

sample in the form of a single-pass thin wall was

produced with laser power = 500 W, scan veloc-

ity = 400 mm/min, layer height = 0.2 mm, and a

1 mm laser spot size; the dimensions were approxi-

mately 25 mm (track/specimen length) by 25 mm

(specimen height) by * 2–3 mm (a single-bead

specimen width). Given the nominal 0.2 mm layer

height, the sample consisted of roughly 125 total

layers. The substrate was a Ni 200 plate that was

maintained at 12 �C via a contact heat exchanger with

flowing refrigerated water. A chilled substrate was

utilized to maximum layerwise solidification rates

and minimize effective part reheating, toward refin-

ing the as-built microstructure. Prior to microstruc-

tural characterization and testing, the surface of the

Ni59.5Nb40.5 specimen was polished to an average

roughness of Ra ffi 25nm using a 0.3 lm Al2O3 and a

0.04 lm SiO2 slurry.

Nanoindentation

Nanoindentation experiments were performed using

a Berkovich tip on a Hysitron TI-980 nanoindenter

equipped with a TriboIndenter magnetic sample

stage. A detailed overview of the experimental tech-

niques and calibration procedures for room-temper-

ature nanoindentation testing can be found elsewhere

[26]. Indentation of a 10 9 10 sample array was per-

formed on the Ni59.5Nb40.5 specimen with a 10 mN

maximum load and 10 lm spacing between indents.

A constant strain rate CMX (Continuous Measure-

ment of X) load function was employed during test-

ing to elucidate the depth-dependent hardness, H, of

each indent. One-way ANOVA and a Tukey’s mul-

tiple comparisons test [34] were used to determine

statistical significance between the hardness values of

different regions.

An XSol environmental stage and high-tempera-

ture Berkovich tip were utilized for high-temperature

nanoindentation experiments. A constant stream of

N2 gas flowed over the sample during testing to

minimize oxidation effects. Five indents spaced

10 lm apart were performed at each temperature (25,

200, 400, 600, and 800 �C) using a 10 mN standard

trapezoidal load function. Hardness at each temper-

ature point was taken as the average value from the

five indents.

Transmission electron microscopy
and electron-backscatter diffraction phase
identification

Transmission electron microscopy (TEM) specimens

in cross-section were extracted from the nano-in-

dented areas by focused ion beam (FIB) methods. An

FEI TitanTM G2 80-200 scanning transmission elec-

tron microscopy (STEM) with a Cs probe corrector

and ChemiSTEMTM technology (X-FEGTM and

SuperXTM EDS with four windowless silicon drift

detectors) operated at 200 kV was used in this study.

The microstructure was examined by STEM using

high-angle annular-dark-field (HAADF) and bright-

field (BF) detectors. The film composition was stud-

ied by STEM energy-dispersive spectroscopy (EDS)

spectral imaging acquired as a series of frames where

the same region was scanned multiple times. An

electron probe of size less than 0.13 nm, convergence

angle of 18.1 mrad, and current of * 75 pA was used

for data acquisition. HAADF and BF images were

recorded under similar optical conditions using a

detector with a collection range of 60–160 mrad and

0–9 mrad, respectively.

SEM specimens were mounted in cold-set epoxy

and ground with a series of SiC paper, followed by

polishing with a 1 lm diamond suspension. The

sample was then prepped for EBSD analysis using a

two-step vibratory polishing procedure utilizing a

0.3 lm Al2O3 slurry followed by a 0.04 lm SiO2

slurry. SEM imaging and EBSD were performed on a

Zeiss Supra 55-VP FE-SEM equipped with Symmetry

EBSD detectors. EBSD was performed at 20 kV for

select regions to determine the grain and phase

morphology.

Molecular dynamics

Molecular-dynamics (MD) simulations were per-

formed with LAMMPS [35, 36] (v Oct 29, 2020) using

the Finnis–Sinclair potential for Ni–Nb developed by

Zhang et al. [37]. This potential was originally fit for

liquid and amorphous Nb62Ni38 alloys and shows

good agreement with ab-initio calculations. Bulk
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samples of Ni3Nb and Ni6Nb7 were created with

equivalent microstructures, specifically meaning that

between systems the grain sizes and relative rotations

are identical, but the atomic structure of each mate-

rial was generated from the appropriate crystalline

unit cell according to a CIF file from materialspro-

ject.org. Polycrystalline rods with length and diame-

ter of 500 Å were cut from the bulk crystal and

consisted of an average grain size of 13.1 ± 4.4 nm.

Tensile tests were performed by applying a con-

stant velocity of 0.01 Å/ps, parallel to the rod axis, to

a fixed region on each end of the rod, approximately

15 Å thick. Prior to straining, structures were mini-

mized and then equilibrated at 300 K for 30 ps in the

isothermal, isobaric, and constituent invariant (NPT)

ensemble. The strain reported is the percentage of the

rod length stretched from its original length (i.e.,

engineering strain) and stress was computed as the

sum of forces in the fixed atoms on either end of the

rod in the direction of the tensile strain, divided by

the original cross-sectional area of the rod. Flow

stress was computed as the average stress from 6 to

10% strain.

The polycrystalline configurations were generated

from a mesoscale microstructure created using a

Monte Carlo Potts model that accurately represent

curvature driven grain growth kinetics [38, 39]. Using

the SPPARKS [40] Kinetic Monte Carlo (KMC) code,

we started from a discretized configuration of

50 9 50 9 50 on-lattice elements each having a ran-

dom assignment from 1000 different spin values. The

configuration was evolved in time according to

rejection-KMC rules, to create a system representa-

tive of grains in a polycrystalline microstructure.

With sufficient simulation time, the system showed

grain coarsening to the point where a single spin

value remained. A single snapshot during this time

evolution was chosen as our representative dis-

cretized configuration, with approximately three to

five grains spanning the simulation cell in each

direction.

We converted this snapshot to an atomistic repre-

sentation with a given length-scale for the simulation

cell. This dictates the discretized voxel size and grain

size in the mesoscale representation. For each unique

grain, we determined a bounding polyhedron

through the identification of connected neighboring

voxels with identical spin values. The polyhedron

was filled with atoms from a single crystal (created

from replicated unit cells as defined by the CIF files

from materialsproject.org) given a random 3-dimen-

sional crystallographic rotation and then, trimmed to

the bounding polyhedral of the given grain. While

assuring the preservation of periodic boundary con-

ditions, this process was repeated until all grains

were populated. Overlapping atoms (defined as

within 1.0 Å of their nearest neighbor) were deleted,

and a minimization was performed on the structure

to remove non-physical configurations. Notably, each

configuration was constructed using an identical

random seed. As a result, each configuration has

identical microstructure with the same per-grain

crystallographic orientation, eliminating potential

variability in our results due to microstructural dif-

ferences or anisotropy.

Results and discussion

Hardness

Figure 1 summarizes the results of nanoindentation

measurements on the Ni59.5Nb40.5 specimen. Hard-

ness is plotted as a function of indentation depth, as

shown in Fig. 1A. Regardless of indent location, all

hardness values initially skewed toward higher val-

ues at shallower penetration depths, before reaching

steady-state values at depths greater than approxi-

mately 125 nm. This behavior is common with crys-

talline materials [41–43], and indentation size effects

have been shown to accurately describe such behav-

ior [44–46]. At shallow indentation depths, plastic

deformation is confined to small volumes, where

strain gradients are large and contribute significantly

to the flow stress of the crystalline material. Beyond a

critical value, indentation measurements become

insensitive to depth and converge to the bulk hard-

ness of the sample. With small enough sampling

volumes, for example when they are smaller than the

grain size or average space between defects, the

hardness can be extremely high, converging toward

the idealized strength of defect-free metals [47].

Following the series of indentation tests, EBSD was

used to generate a contrast image (Fig. 1B) and a

phase map (Fig. 1C). As reported in our previous

study [26], microstructural analysis of the Ni59.5Nb40.5

specimen revealed the presence of two distinct

intermetallic structures: the orthorhombic (D0a)

d-Ni3Nb phase and the rhombohedral (D85) l-Ni6Nb7

phase. As evidenced in Fig. 1B and C, the
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Figure 1 Results of nanoindentation measurements and

characterization. A Hardness as a function of indentation depth

on the AM near-eutectic specimen. Color coding of high, medium,

and low hardness corresponds to indent locations shown in (B). B

Contrast image formed from EBSD pattern quality. Indent

locations are overlayed with color coded circles, and average

hardness value is shown above each location (in GPa). C EBSD

phase map with indent locations marked with white circles. Two

distinct phases are present, d-Ni3Nb and l-Ni6Nb7. D Bar graph

depicting the hardness of different phase regions. The p-value

between each data set is shown above dotted brackets.

E Temperature-dependent hardness of the near-eutectic

Ni59.5Nb40.5 specimen assessed via high-temperature

nanoindentation. Average hardness values and corresponding

error bars were found by computing the average and standard

deviation of nanoindentation data sets. Temperature-dependent

hardness data of Ni-based superalloys from literature [55, 56] are

included to highlight the engineering relevance of the Ni59.5Nb40.5
specimen.
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microstructure is composed of larger needle-like

primary d-Ni3Nb grains, dispersed in a dual-phase

matrix of finer-grained lamellar (eutectic)

d-Ni3Nb/l-Ni6Nb7. Through the combination of

nanoindentation and EBSD characterization, we

identified regions of high hardness and correlated

these regions to specific microstructures and phases.

Average values of steady-state hardness (in units

of GPa) are reported above the given indent location

in Fig. 1B. Indent locations are overlaid with color

coded circles corresponding to high (orange), med-

ium (yellow), or green (low) average hardness values.

Upon inspection of Fig. 1B and C, trends emerge in

the relationship between hardness and indentation

location. Specifically, average hardness values were

lower, Havg % 8–12 GPa, for locations within large

d-Ni3Nb grains, and considerably higher, Havg % 14–

17 GPa, within d-Ni3Nb/l-Ni6Nb7 lamellar regions

that possessed nanoscale d-Ni3Nb phases.

Figure 1D further highlights the region-dependent

hardness for large d-Ni3Nb grains (left,

Havg ffi 9:6 GPa), phase boundaries of the large

d-Ni3Nb grains (middle, Havg ffi 12:6 GPa), and the

dual-phase d-Ni3Nb/l-Ni6Nb7 mixed regions (right,

Havg ffi 14:2 GPa). Medium hardness values Havg-

% 12–14 GPa were generally observed for indent

locations on d-Ni3Nb phase boundaries or dual-

phase regions that possessed larger d-Ni3Nb grains

within the l-Ni6Nb7 matrix. Because regions of

hardness fall within the error bars of other hardness

regions in Fig. 1D, a multiple comparisons test was

employed to ensure; there was no statistical signifi-

cance between groups. Probability values (p-values),

shown for regions of hardness in Fig. 1D, all fall well

below 0.05, indicating that average hardness showed

negligible correlation between regions.

The formation of large, needle-shaped d-Ni3Nb

phases have been widely reported in literature for Ni-

based superalloys [21, 48, 49], but few studies have

been conducted to assess the mechanical properties

of this phase [49–51]. These focused on how Ni3Nb

precipitates influenced mechanical properties of

Inconel 718 at variable temperatures [49] and on

single-crystal deformation mechanisms of the Ni3Nb

phase [50, 51]. Like the present work, it was found

that Ni3Nb precipitates exhibited a needle-like mor-

phology in Inconel 718; at a 40% Ni3Nb phase frac-

tion, an increase in hardness and fatigue life was

reported, though significant embrittlement was

observed above 40%. The single-crystal work focused

on compression and tensile testing at variable tem-

perature, concluding that the isolated phase had

negligible ductility in tension, but ductile in com-

pression attributed to suppression of {211} twin for-

mation. In contrast, here, we found nearly complete

suppression of intragranular deformation in the Ni3-

Nb crystallites in the nanostructured two-phase

region and shear banding in the coarse grained iso-

lated Ni3Nb regions. Afonso, et al. [52] reported a

hardness value of H ffi 4:13 GPa for the irregular

coarse grained c00-Ni3Nb phase. These authors iden-

tified the d-Ni3Nb phase for a rapidly solidified

Ni70Nb30 specimen but did not perform Vickers

microhardness testing on the individual phase. The

study reported a coexistence of d-Ni3Nb þ c-Ni in

Ni70Nb30 that exhibited an overall hardness value of

H ffi 4:13 GPa, more than 29 the measured hardness

of the individual c-Ni phase (H ffi 1:8 GPa). Our

current results show that the average hardness of the

d-Ni3Nb phase ranged from H % 8.2–11.6 GPa, more

than 29 the hardness of the c00-Ni3Nb phase reported

previously [52]. For traditional fabrication of Ni-

based superalloys (e.g., Inconel 718 and Inconel 625),

it has been shown that precipitation of the c00-Ni3Nb

phase precedes the formation of the (apparently

much harder) d-Ni3Nb phase [21]. Because of this,

post-processing steps, such as heat treatments, are

needed to generate the d structure. With AM tech-

niques, it was possible to evaluate the d-Ni3Nb

structure without the need for post-fabrication

treatments.

Results of temperature-dependent hardness from

high-temperature nanoindentation experiments are

shown in Fig. 1E. The temperature-dependent hard-

ness behavior of the Ni59.5Nb40.5 specimen was eval-

uated with five indents performed at each

temperature. Indents were performed across d-Ni3Nb

large grains as well as the dual phase

d-Ni3Nb/l-Ni6Nb7 region. Tests revealed the Ni59.5-

Nb40.5 sample exhibited a retention in hardness

(H ffi 10 GPaÞ up to 400 �C, followed by a sharp drop

in hardness (H % 1.5–2.5 GPa) at higher tempera-

tures. Although softening was significant, the mea-

sured hardness values of Ni59.5Nb40.5 at 600 �C and

800 �C were nearly equivalent to reported strengths

of Ni-based superalloys at T[ 400 �C [53]. The

melting temperature for this near-eutectic alloy is,

Tmelt ffi 1100 �C [54]. The observed decrease in hard-

ness occurred close to the homologous temperature,
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Thomologous ¼ Ttest

Tmelt
ffi 0:5, where diffusion processes

become dominant in the deformation of the material.

Post-anneal hardness of the specimen (Fig. 1E) was

H % 3.8–4.8 GPa, indicating that exposure to high

temperatures during nanoindentation softened the

specimen to a level that is commensurate with

annealed Ni-based superalloys. The reduction can

result from temperature-driven microstructural evo-

lution via phase transformations, recrystallization,

grain coarsening, or a decrease in dislocation density.

Microstructure and deformation
characterization

Cross-sectional STEM images of nanoindentation-in-

duced deformation zones are shown in Fig. 2. Fig-

ure 2A and B were generated from FIB-prepared

cross-sectional specimens extracted from the center of

an indentation site on a large d-Ni3Nb grain and

within the dual-phase region, respectively. Multiple

distinct deformation modes were observed in the

single phase d-Ni3Nb, all associated with severe

plastic deformation [57, 58], including extreme grain

refinement, sub-grains (measuring 10 s of nm), and

fine shear bands near the surface as well as in the

bulk. Nanoindentation experiments performed in

CMX mode were oscillatory in nature, and other

dynamic mechanical testing techniques, such as laser

shock processing (LSP) and dynamic plastic defor-

mation (DPD), have also been shown to promote the

formation of sub-grain structures and shear bands.

LSP studies have shown that the accumulation of

dislocation walls was the mechanism responsible for

sub-grain formation in AISI 8620 steel [59] and Ti–

6Al–4V [60]. Hong et al. [61] performed an extensive

study on the nucleation of fine shear bands (thick-

ness * 100 nm—200 nm) in a twinned Cu-Al alloy

subjected to DPD and showed the nucleation stage

results from highly localized deformation, in which

crystal rotation occurs and high shear strains are

introduced. The TEM results shown in Fig. 2 for the

coarse grained d-Ni3Nb subjected to dynamic

indentation loading suggest that plasticity was

accommodated by (1) formation of regions with high

dislocation densities and highly localized strain, and

(2) the formation of dislocation walls that subse-

quently developed into low-angle sub-grain bound-

aries (\ 15� misorientation).

Similarly, TEM of the dual-phase lamellar

d-Ni3Nb/l-Ni6Nb7 region (Fig. 3) shows the effects

of plastic deformation on the microstructure. In

Fig. 3A, B, and C, regions of the deformation zone

were analyzed using STEM-EDS and STEM-HAADF.

Chemical mapping was used to track d-Ni3Nb grains

to ensure the darker regions in Fig. 3C were, in fact,

an orientation change in the l-Ni6Nb7 grain. A higher

magnification of the region within the dashed box in

Fig. 3C is shown in Fig. 3D, where there is clear

evidence of deformation twinning. The image reveals

that regions of the lighter l-Ni6Nb7 grain appear

darker after deformation. This change in contrast was

found to be a result of {204} nanotwins, which appear

confined to the l-Ni6Nb7 grain (Fig. 3E). Nano-

twinning can be beneficial to mechanical properties,

by confining dislocation motion, playing a similar

role as grain boundaries in Hall–Petch type

Figure 2 Representative

cross-sectional STEM images

of nanoindentation-induced

deformation zones within a

large d-Ni3Nb phase. A High-

angle annular dark-field

(HAADF) image and B bright

field (BF) image of dashed box

shown in (A).
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strengthening and providing low energy boundaries

that are thermally and mechanically stable [13, 62].

Additionally, the presence of impenetrable nanopre-

cipitates could aid in delocalizing slip and nanotwin

pathways [63], leading to enhanced ductility. While

the large d-Ni3Nb grains showed evidence of shear

banding, we find that the d-Ni3Nb grains in the dual-

phase region remain largely undeformed, and the

much larger grains of l-Ni6Nb7 accommodate the

bulk of the deformation (discussed in detail below).

The l-Ni6Nb7 phase crystallizes into a rhombohe-

dral lattice, forming a hexagonal unit cell. Others

Figure 3 Cross-sectional STEM images of nanoindentation-

induced deformation zones within d-Ni3Nb/l-Ni6Nb7 lamellar

phase. A STEM-HAADF low magnification image of deformed

region. B STEM-EDS chemical map with outline of large

l-Ni6Nb7 grain boundary. Orange and green coloring

corresponds to d-Ni3Nb and l-Ni6Nb7 regions, respectively. C

Corresponding STEM-HAADF image highlighting deformation

nanotwins (DNTs) and guidelines (in orange) of = d-Ni3Nb phase

from EDS analysis. The differences in contrast of the l-Ni6Nb7

grain is indicative of an orientation change. D STEM-HAADF

magnification of boxed region shown in (C), where each grain is

labeled and, by the contrast, DNTs appear to be confined to the

l-Ni6Nb7 phase. E High-resolution STEM-HAADF along with

FFT pattern from the left side of the grain (inset) in the [1,- 1, 0]

zone axis.
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have shown that plastic deformation of the l-Ni6Nb7

phase is mediated by synchroshear, where the l
phase can be described by stacking of MgCu2-type

Laves and Zr4Al3-type layers as its building blocks

[24, 25]. More generally, deformation-induced twin

nucleation and growth have been well documented

for purely hexagonal close-packed (HCP) metals,

such as Mg and Ti [64–67]. In HCP structures, twin-

ning acts simultaneously with slip and the preferred

slip and twin planes do not coincide [68]. Therefore,

slip/interface interactions can either completely

block dislocation motion or induce non-planar reac-

tions of lattice dislocations at the intersection site into

twinning partials suitable for forming twins [69]. The

nanoscale d-Ni3Nb inclusions could act as twin

nucleation sites, given that twins are preferentially

emitted from high-energy interfaces like grain

boundaries and bimetal interfaces [64]. Generally,

twinning is preferred at the more defective interfaces

and geometrically well aligned slip and twin systems

across the interface. In the present case, dislocations

in the matrix that meets these interfaces on one side,

which could dissociate and trigger the formation of

twin embryos and twin dislocations to form on the

other side [70]. With the generally limited slip system

availability in intermetallics, twinning is likely the

most energetically favorable route to accommodate

plasticity up to 400 �C (Fig. 1E) and responsible for

the high hardness over this temperature range. As in

pure HCP metals, while for elevated temperatures,

diffusion-mediated and/or multi-slip processes,

including possibly higher-order planes, dominate

over twinning, deformation twinning can still occur

[71]. Room-temperature mechanical twinning has

been observed in ordered Ti–Al alloys, and the

addition of Mn to Ti–Al was found to promote

deformation twinning [72]. Specifically, interactions

among superdislocations [73] were shown to be the

dominant deformation mechanism in the Ti–Al sys-

tem, whereas in Ti–Al-Mn, deformation twinning

became more favorable due to the decrease in stack-

ing fault energy and as evidenced by the stabilization

of twins/twin boundaries [72]. Ductility was also

enhanced with the addition of Mn, and this was

attributed to the transition to twinning as the domi-

nant deformation mechanism [72].

Additionally, it has been observed across a wide

range of metals that the twinning stress follows Hall–

Petch behavior [74], increasing with decreasing grain

size. As shown in twins in HCP metals, such as Mg

and Ti, a back stress is generated at the twin/grain

boundary intersection, which increasing stunts twin

expansion as grain size shrinks [75]. Deformation-

induced twinning will more readily occur in the

coarse grained l-Ni6Nb7 where the stress required

for twin formation is lower than that of the finer-

grained d-Ni3Nb, though it is important to note that

this relationship only holds with grain sizes

above * 100 nm [64]. Although we were not able to

systematically experimentally compare the strength

of the two individual phases at their respective grain

sizes, twinning was the only observed deformation

mode immediately adjacent the indentation zone in

the nanostructured two-phase region, and our simu-

lation results (see Fig. 4) indicate that l-Ni6Nb7 is

stronger than d-Ni3Nb for equivalent grain sizes.

Composition and process parameter tuning are a

likely route for achieving similar properties in bulk,

though this was beyond the scope of this project.

Figure 4 Summary of MD analysis on deformation behavior of

l-Ni6Nb7 and d-Ni3Nb phases with average grain size

dave ¼ 13:1 nm. A Stress–strain curves from uniaxial tension

testing of l-Ni6Nb7 and d-Ni3Nb cylindrical rods. B Snapshot of

l-Ni6Nb7 sample and C d-Ni3Nb sample at 2.9% strain. The

color indicates the atomic strain with red indicating highest strain

and blue and green indicating areas of low strain. Additional

snapshots of the two phases at 2.9% (A, B) 4.0% (C, D) 6.4% (E,

F), and 12% (G, H) strain are shown in Supplemental Figures I

and II.
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Computational modeling and simulations

A summary of MD simulations used to investigate

the strength and deformation behavior of l-Ni6Nb7,

d-Ni3Nb phases is shown in Fig. 4. These simulations

were designed to have identical microstructures

across samples, allowing for comparisons across

composition as a function of grain size. A series of

uniaxial tensile tests on cylindrically shaped speci-

mens were modeled with average grain size of

13.1 nm, and flow stress was computed from the

strain-dependent average stress from 6 to 10% strain.

Figure 4A shows stress–strain curves for l-Ni6Nb7

and d-Ni3Nb phases with dave = 13.1 nm. It is clear

the Ni3Nb phase is softer than that of Ni6Nb7, and the

average flow strengths of l-Ni6Nb7 and d-Ni3Nb are

rflow ¼ 4:3 GPa and rflow ¼ 3:1 GPa, respectively.

Maps of atomic strain at e ¼ 2:9% are shown in

Fig. 4B and C. For the stronger l-Ni6Nb7 phase, most

of the strain is localized at grain boundaries, a char-

acteristic of intergranular deformation (Fig. 4B).

Conversely, d-Ni3Nb strain was primarily intragran-

ular, localized within grains in the form of slip bands,

confined to glide planes, indicating dislocation-me-

diated plasticity as the dominant mode of deforma-

tion [76, 77] (Fig. 4C). Literature on pure metals has

shown that above dave ffi 10 nm, it is generally

observed that dislocation activity is the dominant

mechanism of plasticity, rather than grain boundary

sliding [76–83]. While the grain size of MD and

experimental investigations are not comparable, we

note that slip bands were also experimentally

observed in deformed d-Ni3Nb (Fig. 2A). Snapshots

of deformation in the two phases at 2.9, 4.0, 6.4, and

12% strain are included in the Supplemental sec-

tion. Some slip planes form within the l-Ni6Nb7

grains at high strain, but far less than in the d-Ni3Nb

phase under the same loading conditions.

Strengthening mechanisms

The MD results indicate deformation would take

place preferentially in the softer d-Ni3Nb phase,

seemingly contradicting the nanoindentation experi-

ments (Fig. 1). However, as already mentioned,

l-Ni6Nb7 grains of the AM sample are much larger

than the encapsulated d-Ni3Nb phase grains. A rea-

sonable explanation for the discrepancy between MD

and experiments is that due to Hall–Petch behavior

[28], the nominally stronger l-Ni6Nb7 phase

accommodates most of the deformation because of

their far larger grain size. Additionally, the suppres-

sion of slip band formation in the nanoscale d-Ni3Nb

phase and the promotion of deformation nanotwins

in the coarse grained l�Ni6Nb7 phase that was

observed experimentally warrants a brief discussion.

Because d-Ni3Nb nanograins are well-dispersed

throughout the dual-phase lamellar region of the Ni–

Nb sample, there exists a high density of bimetal

interfaces that serve as a source of deformation twins

[84, 85]. Studies have shown that deformation twin-

ning is a direct consequence of the presence of a

bimetal interface, where similar twinning behavior is

not observed in individual constituents [64]. Sec-

ondly, in similar low symmetry metals, such as HCP,

many studies have shown that deformation twinning

becomes increasing unlikely as grain size decreases

[75, 86]. These are possible explanations as to why no

deformation twinning was observed in the MD for

purely l-Ni6Nb7 nanograined rods (Fig. 4B). The

nanoscale d-Ni3Nb inclusions are likely responsible

for both the nucleation and growth of deformation

nanotwins in the l-Ni6Nb7 phase. The absence of slip

band formation in the nanoscale d-Ni3Nb phase is

also seen experimentally (Fig. 3), but not computa-

tionally (Fig. 4C). We offer a reasonable explanation

based on the findings from a recent report [87] on an

equiatomic CoCrNi medium-entropy alloy. Through

a detailed investigation, the authors found that the

presence of deformation nanotwins relieved high

local stresses in the ternary alloy system, thereby

suppressing or holding off severe plastic deforma-

tion. The mechanical energy absorption via defor-

mation nanotwinning aids in the high fracture

toughness (Kc � 110 MPa m1=2) of CoCrNi. In the

context of the Ni–Nb system, which we have shown

previously [26] to have a reasonably high fracture

toughness of Kc � 70 � 90 MPa m1=2, it is possible

that a similar mechanism is at play, where nanotwins,

confined to the l-Ni6Nb7 phase, thwart slip band

formation in the d-Ni3Nb phase.

Concluding remarks

This work highlights the potential for rapid solidifi-

cation and non-equilibrium processing pathways

enabled by additive manufacturing to achieve a

combination of high strength and ductility with

microstructures that would be otherwise impractical
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to achieve. Here, experimental and computational

techniques were used to assess the strength of an

AM-fabricated, near-eutectic, intermetallic of Ni59.5-

Nb40.5. This study revealed a dual-phase lamellar

region with high hardness, approaching a maximum

value near H ffi 17 GPa. As evidenced by cross-sec-

tional STEM, plasticity was predominantly accom-

modated by deformation twinning. It is proposed

that the nanostructured d-Ni3Nb cells within the

coarser grained l-Ni6Nb7 matrix act as twin nucle-

ation sites, with deformation twinning preferred over

slip due to the limited number of available slip sys-

tems in intermetallic compounds in general. High-

temperature nanoindentation testing revealed a

retention of strength up to 400 �C, followed by a

significant softening at about half of the melting

temperature. This phase- and temperature-depen-

dent study highlights the untapped potential enabled

by non-traditional combinations of materials and

processing/characterization tools.

Data and code availability

Measured data (indentation, etc.) available upon

request.
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[70] Wang J, Beyerlein IJ, Tomé CN (2014) Reactions of lattice

dislocations with grain boundaries in Mg: implications on

the micro scale from atomic-scale calculations. Int J Plast

56:156–172

[71] Knezevic M, Beyerlein IJ, Nizolek T et al (2013) Anomalous

basal slip activity in zirconium under high-strain deforma-

tion. Mater Res Lett 1:133–140

[72] Kim Y-W (1994) Ordered intermetallic alloys, part III:

gamma titanium aluminides. Jom 46:30–39

[73] Hanamura T, Uemori R, Tanino M (1988) Mechanism of

plastic deformation of Mn-added TiAl L 10-type inter-

metallic compound. J Mater Res 3:656–664

[74] Kovarik L, Unocic RR, Li J et al (2009) Microtwinning and

other shearing mechanisms at intermediate temperatures in

Ni-based superalloys. Prog Mater Sci 54:839–873. https://d

oi.org/10.1016/j.pmatsci.2009.03.010

[75] Kumar MA, Beyerlein IJ (2020) Influence of plastic prop-

erties on the grain size effect on twinning in Ti and Mg.

Mater Sci Eng A 771:138644

[76] Hugo RC, Kung HW, Knapp JA, Follstaedt DM (2003) Acta

Mater 51:1937–1943

[77] Jakob S, JK W (2003) A maximum in the strength of

nanocrystalline copper. Science (1979) 301:1357–1359. htt

ps://doi.org/10.1126/science.1086636

[78] Yip S (2004) Mapping plasticity. Nat Mater 3:11–12

[79] Zhang T, Zhou K, Chen ZQ (2015) Strain rate effect on

plastic deformation of nanocrystalline copper investigated by

molecular dynamics. Mater Sci Eng A 648:23–30

[80] Schiøtz J, di Tolla FD, Jacobsen KW (1998) Softening of

nanocrystalline metals at very small grain sizes. Nature

391:561–563

[81] Yamakov V, Wolf D, Phillpot SR, Mukherjee AK, Gleiter H

(2002) Nat Mater 1:45–49

[82] Gertsman VY, Hoffmann M, Gleiter H, Birringer R (1994)

The study of grain size dependence of yield stress of copper

for a wide grain size range. Acta Metall Mater 42:3539–3544

[83] Liu J, Fan X, Zheng W et al (2020) Nanocrystalline gold

with small size: inverse Hall–Petch between mixed regime

and super-soft regime. Phil Mag 100:2335–2351

[84] McCabe RJ, Beyerlein IJ, Carpenter JS, Mara NA (2014)

The critical role of grain orientation and applied stress in

nanoscale twinning. Nat Commun 5:1–7

[85] Beyerlein IJ, Wang J, Kang K et al (2013) Twinnability of

bimetal interfaces in nanostructured composites. Mater Res

Lett 1:89–95

[86] Kumar MA, Beyerlein IJ (2020) Local microstructure and

micromechanical stress evolution during deformation twin-

ning in hexagonal polycrystals. J Mater Res 35:217–241

[87] Wu X, Yang M, Jiang P et al (2020) Deformation nanotwins

suppress shear banding during impact test of CrCoNi med-

ium-entropy alloy. Scr Mater 178:452–456. https://doi.org/

10.1016/j.scriptamat.2019.12.017

Publisher’s Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps and

institutional affiliations.

Springer Nature or its licensor (e.g. a society or other

partner) holds exclusive rights to this article under a

publishing agreement with the author(s) or other rightsh-

older(s); author self-archiving of the accepted manuscript

version of this article is solely governed by the terms of

such publishing agreement and applicable law.

9736 J Mater Sci (2023) 58:9723–9736

https://doi.org/10.1016/j.pmatsci.2009.03.010
https://doi.org/10.1016/j.pmatsci.2009.03.010
https://doi.org/10.1126/science.1086636
https://doi.org/10.1126/science.1086636
https://doi.org/10.1016/j.scriptamat.2019.12.017
https://doi.org/10.1016/j.scriptamat.2019.12.017

	Evidence of twinning-induced plasticity (TWIP) and ultrahigh hardness in additively-manufactured near-eutectic Ni--Nb
	Abstract
	Introduction
	Methods
	Fabrication and processing
	Nanoindentation
	Transmission electron microscopy and electron-backscatter diffraction phase identification
	Molecular dynamics

	Results and discussion
	Hardness
	Microstructure and deformation characterization
	Computational modeling and simulations
	Strengthening mechanisms

	Concluding remarks
	Data and code availability
	Acknowledgements
	References




