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ABSTRACT

Refractory high-entropy alloys (HEAs) possess many useful properties such as high strength and high-temperature stability. So
far, most studies on refractory HEAs have been limited to a few well-known compositions and on their coarse-grain bulk forms.
Here we fabricate nanocrystalline (TiZrHf),(NbTa),_, HEA thin films with a large range of compositions (x = 0.07-0.90) by the
direct current (DC) magnetron co-sputtering technique and measure their mechanical properties using the nanoindentation
method. All the as-deposited HEA thin films show a solid-solution body-centered cubic (bcc) structure. As the compositional ratio
(x) increases, the elastic modulus decreases from 153 to 123 GPa, following the trend of the rule of mixture. As x increases, the
hardness first decreases from 6.5 GPa (x = 0.07) to the lowest value (4.6 GPa, x = 0.48) and then increases to the highest value
(7.1 GPa, x = 0.90), showing a concave trend. The change in hardness might be attributed to the combinational influence caused
by the atomic size and modulus effects, as well as the texture effect. The authors also propose a few open questions for future

studies on this and related HEA systems.
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1 Introduction

High-entropy alloys (HEAs) are an emerging class of metallic
systems in which five or more principal elements form single or
multiple solid-solution phases and show many useful properties
[1-7]. Over the past two decades, researchers have made a
significant advance in understanding face-centered cubic (fcc)
HEAs [8], particularly Cantor alloys [2]. In the past decade,
refractory HEAs (RHEAs)—a family of body-centered cubic (bcc)
HEAs comprised of refractory elements from IVB (Ti, Zr, Hf), VB
(V, Nb, Ta), VIB (Cr, Mo, W) groups—have attracted significant
attention, due to their excellent mechanical properties and thermal
stability [7, 9-15]. A large majority of RHEAs, such as NbMoTaW
and NbMoTaWV [12], are rather brittle at room temperature,
hindering their practical applications. As an exceptional example
of RHEAs, TiZrHfNbTa systems exhibit superior ductility, even in
their as-cast states [16-18]. In such a system, it is reported that
adding the bcc NbTa binary alloy to the hexagonal close-packed
(hep) TiZrHf medium-entropy alloy (MEA) leads to a bec phase
[19,20]. In addition, nanocrystalline (TiZrHf),(NbTa),_, thin
films (x: the compositional ratio) [20], prepared by the direct
current (DC) magnetron co-sputtering technique, exhibit
interesting electrical property transitions as x changes, including
resistivity, superconducting transition temperature, and critical
magnetic field, which have also been suggested in their bulk-state
forms [21,22]. The co-sputtering method can also be potentially
used for fabricating HEA nanolattice structures for structural and
functional applications [23,24]. However, so far, the mechanical

properties of the nanocrystalline (TiZrHf),(NbTa),_, thin films
have not been reported yet.

Furthermore, there have been few studies on the effect of a large
range of compositional ratios (x) on the mechanical properties of
the TiZrHfNbTa system. For bulk alloys composed of IVB- and
VB-group elements, their yield strength and hardness do not
always increase with increasing the configurational entropy (S,,)
[19,25]: For example, TiHfNbTa (S,;, = 1.39R) exhibits lower
yield strength and hardness than HfNbTa (S, = 1.10R). For a co-
sputtered Ti-Zr-Nb system [26], the composition influences the
morphology and texture of as-deposited thin films, but the
correlation between its composition and mechanical properties is
still not well understood. Moreover, due to the cocktail effect in
HEAs [27], slight composition change may lead to a significant
property variation. The equiatomic composition of the
TiZrHfNbTa system may not exhibit the optimal combination of
mechanical properties such as elastic modulus and hardness.
Thus, two questions arise for the nanocrystalline
(TiZrHf),(NbTa),_, HEAs: (i) How does the compositional ratio
influence their phase and microstructure? (i) What are their
mechanical properties over a large range of compositional ratios?

In this study, we fabricate nanocrystalline (TiZrHf) (NbTa),_,
HEA thin films within the composition series x = 0.07-0.90 and
measure their elastic moduli (E) and hardness (H) using
nanoindentation. Our results provide an improved understanding
of phase stability, microstructure evolution, and mechanical
properties of the nanocrystalline (TiZrHf)(NbTa),_, RHEA
system.
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2 Materials and experimental

To fabricate (TiZrHf)(NbTa),_, thin films, we employed a DC
magnetron co-sputtering system to co-deposit TiZrHf and TaNb
(99.9%) on (100) oriented silicon wafers at room temperature. The
compositional ratio was controlled by the power of each target; the
substrate was rotated to ensure that the elements were
homogeneously distributed. The detailed process was described in
previous studies [15,20]. Table S1 in the Electronic
Supplementary Material (ESM) lists the corresponding fabrication
parameters of the five samples with various compositional ratios.
To make sure the compositional ratio (x) is uniform, the central
regions of as-deposited films were selected and cut into ~ 5 mm x
5 mm samples for further characterization and nanomechanical
testing.

The crystal structures and grain sizes of the as-deposited thin
films were examined using the X-ray diffraction (XRD) method
(D8 DISCOVER (Bruker) with Cu Kal wavelength). The surface
morphology and element distribution of the films were
characterized using a high-resolution scanning electron
microscope (SEM, Hitachi SU5000) and its integrated energy
dispersive X-ray spectroscopy (EDS, Bruker) at both 20 and 5 kV.
We employed a nanoindenter (iMicro, KLA-Tencor) with a
Berkovich tip to measure E and H using the continuous stiffness
measurement (CSM) method in a displacement control mode. To
reduce the effects from a blunt tip and substrates, we set the load
maximum indentation depth as 200 nm, corresponding to a load
of 11-16 mN. The measured E and H were calculated based on
the Oliver-Pharr method [28, 29] and the Poisson's ratio of 0.402
[30]. The corrected E and H values that eliminate the substrate
effect were calculated based on the modified King’s model [31].

3 Results

Figure 1 shows the backscattered-electron (BSE) SEM images and
EDS maps of the five samples and confirms that all the five
elements (Ti, Zr, Hf, Nb, and Ta) are uniformly distributed. Table 1
lists the corresponding compositions for Samples #1-#5, with the
x values of 0.07, 0.34, 0.48, 0.58, and 0.90, respectively. Figure 2
reveals the top surfaces and cross-sections of the five samples. The
thickness of the as-deposited thin films is around 700 nm, except
the sample #5 with a 1,094-nm thickness (Table 1). It is interesting
to observe that the top surfaces of the thin films exhibit various
visual features: For Samples #1 and #5, no obvious contrast is
observed; for Sample #2, dendritic-like pattens are revealed; for
Samples #3 and #4, dark dots in the size range of ~ 100 nm-1 pm
are uniformly distributed. According to the SEM images of the
film cross-sections, the roughness of the films also varies:
(i) Sample #1 shows relatively high roughness; (ii) Sample #2
presents brick-like steps with the highest roughness among the
samples; (iii) Samples #3 and #4 exhibit shallow sunken dimples

SEM Ti Zr Hf Nb Ta

'“

Figure1 (a)-(e) SEM micrographs (BSE) and corresponding EDS result maps
(20 kV) of the (TiZrHf) (NbTa), , HEA thin films, showing uniform elemental
distributions.
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Tablel The compositions (at.%) and the corresponding x values of the
(TiZrHf),(NbTa),_, samples measured using the EDS (20 kV) as well as the
thickness of the films measured in SEM images

No Ti Zr Ht Nb Ta B Average thickness
" (at.%) (at.%) (at.%) (at.%) (at.%) (nm)
1 2.6 1.9 2.8 444 48.3  0.07 756
2 12.1 9.7 12.0 34.3 31.8 0.34 688
3 19.7 12.6 15.3 26.6 258 0.48 659
4 20.3 21.9 16.3 19.0 225 0.58 771
5 36.7 25.2 284 5.2 4.5  0.90 1,094
SE BSE Cross section
x=0.07 §
10Hm
x=0.34 ‘
x=0.48
x=0.58 E
gty
x=0.90 .
- L e |
Figure2 (a)-(e) Secondary electron (SE) and (f)-(o) BSE micrographs of the

(TiZrHf),(NbTa),_, HEA thin films: (a)-(j) top surfaces and (k)-(o) the cross-
sections.

Table2 The peak positions of (110) plane (26)), corresponding lattice
constant, and calculated average grain size of the as-deposited
(TiZrHf),(NbTa), _, thin films according to the XRD results

20, Lattice constant Grain size
Noo ¥ 0 A) (nm)
1 0.07 38.2 3.329 21.1
2 0.34 38.02 3.344 33.0
3 0.48 37.46 3.393 22.0
4 0.58 37.2 3.415 29.2
5 0.9 36.02 3.523 21.1

(~ 100 nm depth), which may correspond to the dark dots
observed on the top surface; (iv) Sample #5 shows a relatively flat
surface. Despite various morphologies observed on these samples,
we do not identify obvious element segregations in these films at
both low (Figs. 1(a), 1(b), and 1(e)) and high (Figs. 1(c) and 1(d))
magnifications of the EDS maps.

The EDS point analysis at 5 kV on the dark dots of Samples #4
and #5 also confirms there is no obvious element segregation,
including oxygen and carbon (Fig. S1 and Table S2 in the ESM).
As shown in Fig. S1 in the ESM, some crack-like features are
observed in Samples #3 and #4. The observed dark contrast
features could be attributed to the surface roughness. In addition
to the surface roughness effect, the formation of oxides on the thin
films during or after the co-sputtering process may also result in
distinct dark contrasts—a similar phenomenon has been reported
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in Ref. [32]. Although there is no obvious oxygen and carbon
accumulation observed in the EDS maps (Fig. S2 in the ESM), we
are not able to eliminate the possibility of the formation of a very
thin layer of oxides, because of the large interaction volume (~ 1
pm) of the characteristic X-rays.

Figure 3 shows the XRD patterns of as-prepared
(TiZrHf),(NbTa),_, HEA thin films: All the samples exhibit a bec
structure (Fig. 3(a)). As x increases, (110) peaks shift to a lower 26,
indicating an increased lattice constant (Fig. 3(b)), which is in
good agreement with Ref. [20]. Table 2 lists the corresponding
(110) peak positions, lattice constants, and grain size for all five
films. The measured lattice constant of Sample #4 (x = 0.58,
3.415 A) is comparable to the reported values (3.404-3.414 A [16,
33]). The grain size of the samples is around 20-30 nm. It is
interesting to observe that Samples #1 and #5 exhibit a stronger
(110) texture than the other samples.

Figure 4 shows the nanoindentation results for all the five
samples. Figure 4(a) suggests the distinct E and H values among
the samples. Figure 4(b) presents an obvious hardness drop and a

4875

curve serration at x = 0.48 and 0.58, respectively, which may result
from the crack-like features in the dimples. Nevertheless, these
features do not affect the mechanical properties in deeper regions,
similar to the effect of roughness which is only valid at low depth
during nanoindentation [34]. Figures 4(c) and 4(d) show the E
and H values as a function of x. Based on the cross sections in
Figs. 2(k)-2(0), the films with a relatively larger roughness
(xx = 0.07 and 0.34) present a higher level of scattering in E and H
values than the other films. The shallow sunken dimples (x = 0.48
and 0.58) exhibit no obvious effect on data distribution. As shown
in Fig. 4(c), the E values decrease as x increases, but the hardness
shows a concave trend: The hardness shows relatively high
“measured” values (~ 7.5-8.8 GPa) when x = 0.07 and 0.90, but it
shows the lowest “measured” value (~ 6.3 GPa) when x = 0.48.
The “corrected” values are obtained by eliminating the effect of
the silicon substrate [31]; the “predicted” values are calculated
according to the rule of mixtures. These are discussed in the
following sections.
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Figure3 (a) XRD patterns of the as-deposited (TiZrHf), (NbTa),_, thin films, indicating all the samples are single-phase bcc structured. Samples #1 and #5 show high
intensities of (110), suggesting a strong (110) texture. (b) Normalized (110) peaks after deconvolution; the corresponding lattice constant and average grain size can be
calculated accordingly. Note: in (a) it is difficult to identify the (211) peak of the samples due to the strong intensity from the silicon substrate.
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Figure4 Nanoindentation testing of the HEA films: (a) representative load-displacement (depth) curves, (b) hardness-displacement curves, (c) elastic modulus (E)
and (d) nanohardness (H) as a function of x. The measured values indicate the directly obtained results from the nanoindentation. The corrected values indicate the
values that are eliminated from the substrate effect based on the modified King’s model [31]. The predicted values indicate the calculated values according to the rule of
mixture. The H,,o values in (d) indicate the hardness obtained at the depth equal to 1/10 of the film thickness in the hardness-displacement curves.
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4 Discussion

4.1 Formation of the single solid-solution bcc phase in
(TiZrHf),(NbTa),_, HEAs

As shown in Figs. 1-3, (TiZrHf),(NbTa), , HEAs present a single
solid-solution bcc phase over a large composition range. Based on
the modified Hume-Rothery rules, the thermodynamic
parameters of configurational entropy AS,;, mixing enthalpy
AH,, and criterion Q can be calculated as follows [35, 36]

AS. = —RY cIn(c) (1)
AH,; =Y 4AH,.cc (i # ) (2)
Q = TmixASmix/AHmix (3)

where R is the gas constant, ¢; and ¢; are the mole fraction of the
element i and j, respectively, AH; is the enthalpy of mixing of
binary liquid alloys [37], and T, is the melting point calculated
based on the rule of mixture. The atomic-size difference J, the

electronegativity difference Ay, and the mixing valance electron

concentration VEC,;, are determined as
Z c(1—r/rn)’ (4)
=l —x.)1” )
VEC,;x = ) ¢ VEC, (6)

where 7, ), and VEC; are the atomic radius, the Pauling
electronegativity, and the valence electron concentration of each
element, respectively; ,, and y,, are the average atomic radius and
the average electronegativity, respectively, of component elements
calculated by the rule of mixture.

Based on the properties of elements in Table 3 [17,38-43],
Table S3 in the ESM lists all the calculated results from Egs.
(1)-(6). To form single entropy-stabilized solid-solution phases,
the criteria Q > 1.1, § < 6.6%, and Ay < 0.117 are generally
required for HEAs [36]. Meanwhile, the stable bce phase exists in
the range of 3 < VEC < 6.87 [36]. Figure 5 shows the
corresponding region of criteria 8, Ay, and VEC,;, as well as the
data points of the samples in this study. Therefore, the fabricated
HEA thin films present a single bcc phase based on the theoretical
prediction, which is in good agreement with our experimental
observations (Figs. 1-3).

4.2 The correction and relationship for Eand H

In contrary to the literature [44-47], the measured E values in this
study are significantly higher than that of the corresponding bulk
HEAs [19, 25, 30, 33, 48]. This phenomenon could be due to the
substrate effect during the nanoindentation of ~ 200 nm depth (/)
on an approximate 700 nm-thick thin film [31,49]. Generally,

Nano Res. 2022, 15(6): 4873-4879

when the contact depth exceeds 10%-25% of the film thickness
(1), the substrate effect should be considered [49], and there is an
obvious transition for the slopes of hardness-displacement curves
(Fig. 4(b)) at the depth of 65-110 nm, i.e., about 1/10 of the film
thickness. Hence, we select the hardness data at the cutoff point
h/t = 10, and the corresponding hardness (H,,;o) shows a similar
concave trend with lower values than the measured data
(Fig. 4(d)).

Another way to eliminate the substrate effect is based on the
modified King’s model for Berkovich indenter [31]. The elastic
modulus of the film (E;) can be expressed as

1/E,=(1—v?)/E+(1—v/ )/E,(l— th)/)+
(1—v2)/E, (e ) )

where E, is the reduced modulus, E; and v; are the elastic modulus
(1,140 GPa) and Poisson’s ratio (0.07) of the diamond tip, E, and
v, are the elastic modulus (202 GPa) and Poisson’s ratio (0.273) of
the silicon substrate [50], a equals 24.56/* for the Berkovich
indenter, and « is a numerically determined scaling parameter
(1.11-1.41 in our study and listed in Table S4 in the ESM [31]).
The corresponding nanohardness can be calculated as

= (4B/m) (P/S") E’ ®)

where P/S* is the load/stiffness’ value measured during
nanoindentation,  equals 1, and E, is the calculated standard
reduced modulus regardless of the substrate effect, ie,
a/(t—h)—0[31].

Figures 4(c) and 4(d) and Table S4 in the ESM present all the
data from the measurement, correction, and prediction. The
corrected E values are about 10% higher than the values predicted
by the rule of mixture and show the same trend as the prediction.
The corrected H values (4.6-7.1 GPa) also correspond well to the
reported H values at x = 0.6 (equiatomic, 4.97 GPa) [30] and
x = 1.0 (6.02 GPa) [48]. The discrepancy between the corrected H
and the Hy;, values may be attributed to the blunt Berkovich tip.
The H values measured at the low depth will also be affected by
the surface conditions (e.g., surface roughness) [34]. Therefore, the
results are more reliable at a higher depth (> 100 nm), and the
corrected H values could be more reliable than H,,,. The
hardness of our nanocrystalline film samples is considerably
higher than that tested in bulk-state TiZrHfNbTa HEAs
(0.7-3 GPa) [19,25,33], which is due to the Hall-Petch effect
(grain-boundary strengthening).

In addition, the parameter H/E can be used to classify different
types of material [51-53]. As shown in Fig. 6, the H/E slopes vary
for these materials: For pure metals (Ti, Zr, Hf, Nb, Ta) [33]
and binary alloy (NbTa) [25], the slopes are relatively low
(H/E = 0.009); for equiatomic TiZrHf MEAs [19,48] and
TiZrHfNbTa HEAs [19,30,33], the slope is much higher
(H/E = 0.0437). Meanwhile, despite nano- and bulk-state HEAs
being located at different H-E regions, they show comparable H/E

Table3 Summary of the basic parameters of Ti, Zr, Hf, Nb, Ta: atomic size (r), melting point (T},), Pauling electronegativity (x), valence electron concentration

(VEC), lattice constant (a), elastic modulus (E) and shear modulus (G)

Element r(nm) [17] T, (K) x [38] VEC a (A)bec E (GPa) [39] G (GPa) [39]
Ti 0.142 1,933.15 1.54 4 3.282 [40] 120.2 45.6
Zr 0.157 2,125.15 1.33 4 3.5453¢ 98.0 35.0
Hf 0.155 2,423.15 1.30 4 3.543 [41] 141.0 56.0
Nb 0.143 2,741.15 1.60 5 3.3063 [42] 104.9 37.5
Ta 0.143 3,269.15 1.50 5 3.30276 [43] 185.7 69.2

*Data from PDF2-2004 (#34-0657).
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Figure 6 Relationship between elastic modulus and indentation hardness for
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slopes.

4.3 Mechanisms contributing to the hardness difference
of the (TiZrHf),(NbTa),., HEAs

As the grain size of the samples is in a narrow range (20-30 nm),
the Hall-Petch effect contributes little to the difference of hardness.
Meanwhile, no secondary phase or intermetallic is observed in the
samples. Here, we focus on solid-solution strengthening effects on
the difference of hardness of the (TiZrHf),(NbTa),_, HEAs. The
corresponding  solid-solution  strengthening mechanism for
HEAs was suggested by Senkov et al. [16] and modified by
Yao et al. [54]. The increasing yield strength (Ac;) of element i can
be estimated as

Ao, = GmixAﬁ4/3ci2/3 (9)

where G, is the shear modulus of the alloy calculated by the rule
of mixture [17], A is a material-dependent dimensionless
parameter and equals 0.04 [16], and f; is the interaction force
parameter of element i and is related to shear modulus (G) and
atomic size () [54]

fi= [5@,-2 + (3. (10)

where 8 depends on the type of the mobile dislocation. In general,
B ranges 2-4 for the screw dislocations and higher than 16 for
edge dislocations [16]. Considering the random mixture of edge
and screw dislocations in most alloys, the value of 5 equals 9 in
this case [54].

For the single-phase bcc HEAs, each solute in the lattice has 8
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nearest-neighbor atoms, forming a 9-atom cluster. Thus, the
average differences of atomic modulus (dg,;) and atomic size (6,;)
with its neighbors can be determined as [16]

86 =9/8().¢0c,) (11)

8, =9/8().¢0,5) (12)

where 0g; = 2(G; — G)/(G; + G)) and 6, = 2(r; — 1))/ (r; + r)). Hence,
the solid-solution strengthening (Acg) can be obtained by the
following equation [55]

Aogs = (ZAG,W)‘I (13)

where ¢ is the concentration exponent and equals 2/3 in Eq. (9)
[54].

Generally, there is a nearly linear relationship between yield
strength and hardness [56, 57], and here we assume that the values
of Adggsand AH follow the same trend, i.e. Aogg ©< AH.

The local structural disorder and degree of lattice distortion can
be estimated using the atomic displacement parameter (ADP),
derived from the lattice parameter differences of the pure elements
(14, 58]

ADP = Z’c,»(a,.faal)2 (14)

where g; is the lattice parameter of the pure elements and a, is the
lattice parameter of the alloy measured by the XRD (Table 2). Due
to the pure bee phase of the films, the bec lattice constants of all
elements are selected (Table 3). The corresponding ADP values
increase as x increases (Table S5 in the ESM).

Based on Table 3, Egs. (10) and (13), the solid-solution
strengthening is contributed from the difference of shear modulus
(Adsg, modulus effect) and the lattice distortion (Agg,, atomic size
effect), which can be expressed as [54]

Adgs = (Aag”” + Aa,?) (15)

The atomic size effect can be estimated by either Agg, or ADP.
Acg, is calculated from theoretical radius values while ADP is
based on both theoretical and measured lattice constants. ADP
may reflect a more realistic trend of lattice distortion than the Adg,
and the corresponding increment of strength (Ao,pp) can be
estimated as

Aoy = G A(BADP™ /a,)"? (16)

However, as the parameters A and 8 may not be suitable for Eq.
(16), the contributions of Agy; and Ao,pp cannot be directly
summed to calculate Aogg by Eq. (13). As shown in Fig. 7, Agyg
decreases as x increases, but both Acgs, and Ao,pp show a similar
trend where the contribution of lattice distortion increases as x
increases. The combination of these two effects may lead to the
concave trend of hardness (Fig. 4). However, how these two effects
in tandem influence the hardness is still required further
investigation.

In addition, the preferred grain orientation (i.e., texture) may
also affect the hardness. Based on the XRD results (Fig.3),
increasing the configurational entropy may result in a weak
texture, which was also reported in Refs. [59,60]. When the
aggregation of the oriented grain becomes stronger, the strength
and hardness may increase [61-63]. Nevertheless, for a bec system
with low anisotropy, the grain-orientation effect on the modulus
and hardness might be minor.

5 Conclusions

In this study, we have fabricated nanocrystalline (20-30 nm)
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Figure 7 The increment of the strength (Ao) that is attributed to the shear
modulus difference (Ady), atomic radius difference (Agg,), and lattice distortion
(Aoypp) as a function of the compositional ratio (x).

(TiZrHf),(NbTa),_, HEA thin films within a large composition
range (x = 0.07-0.90). All the samples show a single solid-solution
bee phase with a homogeneous element distribution. The samples
with x = 0.07 and 0.90 show stronger (110) texture than the
samples with x = 0.34, 0.48, and 0.58, while the latter ones reveal
higher surface contrasts than the former ones. As x increases, the
elastic moduli of the films decrease from 153 to 123 GPa,
following the trend of the rule of mixture. For the hardness, as x
increases, the hardness first decreases from 6.5 GPa (x = 0.07) to
4.6 GPa (x = 0.48, the lowest value), and then the hardness
increases to 7.1 GPa (the highest value). Such concave trend of
hardness is mainly attributed to both atomic size and modulus
effects on solid-solution strengthening. The texture and surface
morphologies may also play minor roles.

A few open questions are interesting for future investigation: (i)
the effect of compositions and S, on the texture and surface
morphology of as-deposited (TiZrHf),(NbTa),_, thin films; (ii) the
fundamental understanding and calculation of atomic size and
modulus effects (and probably long- or short-range ordering
effects) on the strengthening of the (TiZrHf) (NbTa),_, system.
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