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ABSTRACT

Refractory compositionally complex alloys (CCAs) have been found to exhibit promising high-temperature properties. However, the brittle-
ness of most CCAs at room temperature limits their application. To understand the influence of microstructure on the deformation behavior
of these alloys, we conducted micromechanical experiments, including nanoindentation and micropillar compression tests, on a representa-
tive NbMoCrTiAl alloy at room temperature. The indentation at the grain boundaries showed increased shear stress and hardness compared
to the matrix (ordered B2 crystal structure) due to the presence of local intermetallic precipitates (C14 and A15 phases). Although the
NbMoCrTiAl alloy exhibits no ductility at the millimeter scale as shown in previous studies, the micropillars at the grain boundaries, which
were decorated with precipitates, demonstrated higher yield strength and significant plastic strain >30% at room temperature. Numerous slip
lines were observed, while cracks and fracture occurred at higher levels of deformation. The grain boundaries with precipitates increased the
probability of crack initiation and propagation, but they did not necessarily lead to catastrophic failure of the pillars.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0203536

The concept of high entropy alloys (HEAs) and compositionally
complex alloys (CCAs) was introduced as a metallurgical strategy to
create materials with advanced properties for multifunctional applica-
tions.1,2 Compared to conventional alloys, HEAs and CCAs provide a
broader range of selection and combinations of alloying elements, thus
offering flexible alloy design to meet critical capabilities.2–6

One promising approach to designing improved alloys for high-
temperature applications, such as strength and corrosion and oxidation
resistance, involves alloying different refractory elements to achieve
higher solidus temperatures. A refractory CCA (RCCA) with high melt-
ing point consisting of five principal elements, i.e., the NbMoCrTiAl
alloy, was designed for this purpose, aiming to improve mechanical
behavior, such as yield strength and ultimate strength at elevated tem-
peratures.7,8 However, RCCAs often lack ductility at room tempera-
ture.2 For instance, compression experiments at the millimeter scale
showed a lack of plasticity of the NbMoCrTiAl alloy below a

temperature of 400 �C.7 The brittleness of the NbMoCrTiAl alloy at
room temperature was rationalized with its ordered B2 crystal structure3

and the presence of intermetallic grain boundary precipitates.9

Nevertheless, these previous studies and experiments were conducted
on polycrystalline samples; thus, the results have to be considered as the
interplay of all microstructural features. Recently, notable plastic defor-
mation of single-crystalline NbMoCrTiAl at room temperature together
with numerous slip lines was observed in micro-cantilevers and micro-
pillars.10 This suggests that the grain boundaries decorated with precipi-
tates could be critical for the brittle behavior of the NbMoCrTiAl alloy,
and the local deformation behavior needs to be characterized.

A NbMoCrTiAl sample (cast and homogenized at 1573K for
20h) cold-mounted, ground with SiC papers, and then gently polished
using an OP-A (acidic alumina) suspension of 0.05lm grain size was
investigated. Details of the procedures to produce the material can be
found elsewhere.7,8 The microstructure was characterized using
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electron backscatter diffraction (EBSD) (AZtecHKL, Oxford
Instruments, UK) and energy dispersive x-ray spectroscopy (EDS) (X-
Max Extreme, Oxford Instruments, UK) analyses in a scanning elec-
tron microscope (SEM) (Merlin Gemini-2, Zeiss, Germany).
Micropillars were prepared at selected grain boundaries using focused
ion beam (FIB) milling (Auriga, Zeiss, Germany). After FIB prepara-
tion, the geometry and distribution of the precipitates in each pillar
were characterized by SEM for further analysis, such as determining
the stress vs strain and the fracture behavior. The pillars were �10lm
in height with an aspect ratio of �3:1 (height-to-diameter). The pillar
diameter was kept in the range of �3–5lm to avoid significant size-
dependent ductility observed for smaller pillar diameters.11,12

Micromechanical experiments, including nanoindentation and micro-
compression tests, were conducted using a standard nanoindenter
(Nano Indenter XP, MTS Systems Corp., Eden Prairie, MN, US) with
a diamond Berkovich tip and a diamond flat-ended punch (of 10lm
diameter), respectively. For comparison, indentation experiments were
also performed in TaNbHfZrTi, which is a BCC refractory HEA with
excellent room temperature ductility.13

Nanoindentation experiments were performed in different grains
and precipitates at constant loading rate (CLR) and constant strain
rate (CSR) using continuous stiffness measurement (CSM). After
nanoindentation, EBSD and EDS analyses were employed to deter-
mine the orientation and phase of the indented area. Consequently,
the mechanical behavior of each indent was correlated with the micro-
structure, as shown in Fig. 1.

Figure 1(a) shows the load–displacement (P–h) behavior of 79
indents at a loading rate of 0.01mN/s to a load of 1mN. Clear pop-ins
are observed in the curves, which are related to the dislocation nucle-
ation mechanism andmark the transition from elastic to elastic–plastic
deformation during the loading process.14 Before the pop-in, the P–h
curve can be described by the Hertzian contact relation,15 as indicated
by the dashed line in Fig. 1(a). An array of indents with a spacing of
4lm [Fig. 1(b)] was made over an area of three grains and the grain

boundaries in-between. The crystal orientation does not have a signifi-
cant effect on the P–h behavior [Fig. 1(a)]. EBSD and EDS were used
to characterize the grain orientations and phases present in the
NbMoCrTiAl sample. The matrix of NbMoCrTiAl is known to be B2-
structured,3 which, though, cannot be identified by EBSD. The precipi-
tates were identified by EBSD phase map as C14 structured Laves
phase (EDS showing enriched in Nb and Cr) and A15 phase (enriched
in Nb and Al) localized at the grain boundaries and the triple point. At
the grain boundary, in addition a Ti-rich BCC phase is observed
tagged by the arrow in Fig. 1(c). Indentation at the grain boundaries
and of the precipitates results in quite distinct curves, as indicated by
the arrows and circles in Figs. 1(a) and 1(b). Compared to the indents
in the B2 matrix, indentation of the precipitates suggests relatively
higher pop-in loads (P�, at which the pop-in starts) and the corre-
sponding loading curves are steeper than those of the matrix.

The pop-in load P� determined from the CLR experiments was
used to calculate themaximum shear stress smax according to Refs. 15–17,

smax ¼ 0:31Pm ¼ 0:31
6E2

r

p3R2
P�

� �1
3

; (1)

with Pm being the maximum pressure, Er the reduced modulus deter-
mined from nanoindentation,18 and R the tip radius determined by a
Hertzian fit15 [Fig. 1(a)]. With a dataset of �100 indents, smax was sta-
tistically analyzed to estimate the activation volume V�

y related to the
dislocation nucleation in the material.19–21 The cumulative distribution
function (CDF) f of the shear stress s can be described as

f ¼ 1� exp �N0kT
_sV�

y
� exp � e

kT

� �
� sV�

y

kT

� �" #
; (2)

and

ln �ln 1� fð Þ½ � ¼ ln
N0kT
_sV�

y
� e
kT

þ sV�
y

kT
; (3)

FIG. 1. The nanoindentation load–
displacement (P–h) curves reflect the
microstructure of the NbMoCrTiAl sample:
(a) P–h curves of 79 indents at a constant
loading rate (CLR) of 0.01mN/s exhibit
significant scatter. (b) The inverse pole fig-
ure (IPF) shows the out-of-plane orienta-
tion of every indent position. The colors of
the curves in (a) were selected according
to the crystal orientations and the IPF in
(b). The indents at the grain boundaries
and precipitates are marked by numbers
and circles in (a) and (b). (c) The phase
map and composition maps of the area
indicated in (b) reveal precipitates at the
grain boundaries and at the triple point.
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withN0 as the constant frequency describing the probability of disloca-
tion nucleation, e the intrinsic nucleation energy barrier, that is, the
activation energy, and k and T the Boltzmann constant and tempera-
ture, respectively. Under the CLR condition, the stress rate _s is con-
stant. Different microstructural features of NbMoCrTiAl and
TaNbHfZrTi were characterized by CLR nanoindentation tests; differ-
ent grains as well as regions with grain boundaries were indented. In
previous studies, intermetallic phases were found in NbMoCrTiAl,9,10

while TaNbHfZrTi consists of a single disordered BCC phase
(A2).10,13 Two loading rates, 0.005mN/s and 0.01mN/s, were applied.
In Fig. 2, the calculated smax values from CLR nanoindentation tests
are plotted according to Eqs. (2) and (3).

The smax values of NbMoCrTiAl determined from the experi-
ments shown in Fig. 1 are plotted as the black symbols in Fig. 2 and
exhibit the broadest scattering among all datasets. This can be attrib-
uted to the presence of complex intermetallic phases at the grain
boundaries. For comparison, another indentation array of �100
indents was performed in the same area, but with an increased spacing
of 15lm to avoid the grain boundaries and precipitates. The smax val-
ues are shown as red symbols in Fig. 2. The scatter is significantly
reduced, and all data are less than the theoretical shear strength
(defined as G/2p, where G is the shear modulus). The cumulative dis-
tribution, however, exhibits a discontinuous shape compared to the
distribution of the smax values obtained from one grain (gray symbols
in Fig. 2). The two distributions overlap partially, but the distribution
of smax values determined in one grain is sharp and continuous as also
seen in the ln ½�ln ð1� f Þ�-smax plot in Fig. 2(b). The discontinuous
distribution of smax in different grains is likely related to the
orientation-related shear stress22 due to the ordered B2 matrix,3,9,10

since the number of available slip system is limited. The dataset deter-
mined for the TaNbHfZrTi sample (blue symbols in Fig. 2) does not
exhibit grain boundary- and orientation-related behavior.

According to Eq. (3), the slope of the ln ½�ln ð1� f Þ�-smax behav-
ior [Fig. 2(b)] provides the value of V�

y =kT under the CLR condition.
For the TaNbHfZrTi and NbMoCrTiAl alloys, V�

y is determined and
normalized to the respective lattice parameters (0.340 nm for

TaNbHfZrTi13 and 0.315nm for NbMoCrTiAl8), yielding �1 X and
�2 X, respectively. For the NbMoCrTiAl alloy, the slope of data from
one grain is used to eliminate the scatter induced by precipitates and
different crystal orientations. The normalized V�

y values suggest20,23

that dislocation nucleation in TaNbHfZrTi is attributed to point-like
defects, while nucleation in NbMoCrTiAl involves more than one
atom, which complicates the process and, therefore, makes dislocation
nucleation more difficult than in the TaNbHfZrTi alloy or other con-
ventional BCC metals.

The elastic modulus and hardness of different grains in
NbMoCrTiAl and precipitates at grain boundaries were characterized
by CSR nanoindentation tests, with the results shown in Fig. 3.

At an indentation strain rate of 0.05 s–1, the elastic modulus and
hardness were determined continuously to a depth of �1800nm. The
elastic modulus of 12 grains yields an average value of 196.76 0.9GPa
and is constant over the depth, while the hardness exhibits a pro-
nounced indentation size effect.24 Fitting H–h for h> 400nm by
applying the Nix–Gao model,24 the depth-independent hardness H0

was determined as 7.026 0.17GPa. Generally, the elastic modulus and
hardness determined for one out-of-plane orientation tend to group
closely, while also the overall variation is small. In some cases, hardness
behaviors significantly different from those found in the majority of
tests were observed. Lower hardness values were found to be caused by
pre-existing pores in the sample, while higher hardness was due to pre-
cipitates decorating the grain boundaries (b and c in Fig. 3). SEM
images in Figs. 3(b) and 3(c) show that the two types of precipitates
[C14 and A15 phases, confirmed by EBSD analysis in Fig. 1(c)] at the
grain boundaries contribute to higher hardness, while a crack was also
observed at one corner of an indent on a precipitate.

Nanoindentation was used to determine the mechanical proper-
ties that reflect the microstructure around and below the indentation.
To evaluate the effect of the subsurface microstructure, micropillars
were prepared at selected grain boundaries, specifically at three grain
boundaries between {100} and {110} grains denoted as GB1, GB2, and
GB3 (Fig. 4), to include the precipitates along the longitudinal axis of
the pillar. Depending on the length of the grain boundaries, one to

FIG. 2. Maximum shear stress values smax determined from CLR experiments are shown in the cumulative probability distribution. (a) The cumulative distribution function
(CDF) of smax of the NbMoCrTiAl alloy is compared to the TaNbHfZrTi alloy. The theoretical shear strength of each RCCA is marked by the dashed lines. (b) The
ln ½�ln ð1� f Þ�-smax plot gives a slope to determine the activation volume for the individual case.
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three pillars were prepared at each grain boundary. The uneven distri-
bution of precipitates at the grain boundaries resulted in varying local
ratios of precipitates in each pillar (Fig. S1). Prior to the compression
experiment, SEM was used to determine the distribution of precipi-
tates, grain boundary path, and pillar geometry. The P–h response was
then converted into stress vs strain behavior.10,25 The micro-
compression experiments were conducted at a constant displacement
rate of 20 nm/s corresponding to the strain rate of�2� 10�3 s–1.

All pillars exhibited a yield point and sustained strains of �35%,
as shown in the stress–strain behavior in Fig. 4(a). Such a high level of
plasticity of micropillars in this size regime is unexpected compared to
many micropillar experiments of brittle materials,26–28 which typically
reported strains <10%, as NbMoCrTiAl showed brittle behavior in
millimeter-scale compression tests;7 brittle intermetallic precipitates at

the grain boundaries were considered the main cause for brittle frac-
ture. Yet, in this study, the pillars at the grain boundaries show higher
yield strength compared to the single-crystalline pillars of similar
geometry and orientation10 [gray band in Fig. 4(a) shows the yield
strength range of h100i and h110i loading directions in single-
crystalline pillars]. In some pillars, such as P1�1, P3�1, and P3�2 (with
the indices referring to grain boundary and pillar number), a continu-
ous increase in stress with increasing strain was observed. In general,
the stress vs strain behaviors did not reveal a strong dependence on the
type of grain boundaries, that is, the orientation of the neighboring
grains. Rather, the distribution of precipitates played a major role and
affected the mechanical behavior.

The SEM images [Figs. 4(b)–4(d)] confirm the presence of slip
lines on the surfaces after compression, indicating plastic deformation.

FIG. 3. 50 indents covering 12 grains
show the mechanical response of the
grains and at the grain boundaries. (a)
Elastic modulus (E) and hardness (H)
were determined continuously over the
indentation depth (h) at a constant strain
rate of 0.05 s–1. The colors of the curves
correspond to the crystalline orientation
referring to the IPF triangle in the inset. A
significant increase in hardness is
observed in some tests, for example,
marked by b and c. The corresponding
indents are found at grain boundaries with
precipitates (arrows) shown in SEM
images in (b) and (c).

FIG. 4. Stress vs strain behavior of micro-
pillars at grain boundaries in NbMoCrTiAl.
(a) Stress–strain curves of pillars prepared
at three grain boundaries between {100}
and {110} grains indicated as GB1, GB2,
and GB3. The gray band marks the range
of yield strength of single-crystalline (SX)
pillars of comparable geometry and orien-
tations.10 The pillars are denoted as
PGB�pillar. (b)–(d) SEM images show the
compressed pillars at the three grain
boundaries, and the grain boundaries are
marked by the dashed lines.
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The grains exhibit parallel slip lines that terminate at the grain bound-
ary decorated with precipitates. The width of the precipitate band
varies from several tens of nm to �1lm, depending on the local
amount of precipitates (Fig. S1). The presence of precipitates in a grain
inhibits the movement of dislocations and slip lines across the grain
boundary, resulting in a slip-line-free zone. This band of precipitates,
thus, provides additional strengthening to the pillar until a crack ini-
tiates. Fracture of the pillars typically occurs at the boundaries between
the precipitates and the B2 matrix, along which cracks grow and
merge. The pillar P3�1 [Fig. 4(d)] represents an exception. Its precipi-
tate row is relatively thin, which allows the slip lines to pass through.
As a result, the stress–strain behavior is similar to that of a single-
crystalline pillar, and the yield strength is comparable to the upper
limit of the values obtained from the compression of a single-
crystalline pillar.

In summary, micromechanical experiments, including nanoin-
dentation and micropillar compression tests, were performed on the
RCCA NbMoCrTiAl. Our study focused on the effect of precipitates,
such as the C14 and A15 phases, on the mechanical behavior.
Overall, the micropillars containing grain boundaries decorated with
precipitates demonstrate the unique characteristics and behavior of
the RCCA NbMoCrTiAl at the microscale. The NbMoCrTiAl matrix
has an activation volume V�

y twice that of BCC (A2 structure)
TaNbHfZrTi, indicating a greater number of atoms involved in the
dislocation nucleation process. This explains the distinct plastic
behaviors observed for the two RCCAs. The nanoindentation tests
demonstrate that the precipitates exhibit higher shear strength and
hardness. The pillars with precipitates exhibit higher yield strength
in stress–strain behavior compared to single-crystalline pillars.
Despite the increased probability for cracks due to the precipitates,
plastic deformation and slip lines were observed in all grain bound-
ary pillars. At higher levels of deformation, cracks were observed, but
they did not result in catastrophic failure of all pillars. Slip lines were
also observed to cross grain boundaries with precipitates that were
arranged in rather thin lines, indicating that careful tuning of the
shape, distribution, and fraction of precipitates can introduce them
as a strengthening phase into the matrix without significantly
sacrificing plasticity.

See the supplementary material for details: Fig. S1 presents
SEM images of the micropillars P1�3, P2�1, and P3�1 showing the
distribution of precipitates (from the side and top). (a) The side and
top (inset) view of pillars before the compression experiments. Two
kinds of precipitates, A15 (marked by black arrows) and C14 (white
arrows), were observed along the grain boundary. The tilt angle of
40� was corrected. (b) Precipitates were identified after the com-
pression experiments. Compared to the other pillars [also P2�1

shown in Fig. 4(c)], the line of precipitates in P3�1 is thinner and
no significant cracks were observed after the compression experi-
ment in this pillar.
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