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Snoek-type damping performance in strong and ductile 
high-entropy alloys
Zhifeng Lei1,2, Yuan Wu1*, Junyang He2, Xiongjun Liu1, Hui Wang1, Suihe Jiang1, Lin Gu3, 
Qinghua Zhang3, Baptiste Gault2,4, Dierk Raabe2, Zhaoping Lu1*

Noise and mechanical vibrations not only cause damage to devices, but also present major public health hazards. 
High-damping alloys that eliminate noise and mechanical vibrations are therefore required. Yet, low operating 
temperatures and insufficient strength/ductility ratios in currently available high-damping alloys limit their ap-
plicability. Using the concept of high-entropy alloy (HEA), we present a class of high-damping materials. The 
design is based on refractory HEAs, solid-solutions doped with either 2.0 atomic % oxygen or nitrogen, 
(Ta0.5Nb0.5HfZrTi)98O2 and (Ta0.5Nb0.5HfZrTi)98N2. Via Snoek relaxation and ordered interstitial complexes me-
diated strain hardening, the damping capacity of these HEAs is as high as 0.030, and the damping peak reaches up 
to 800 K. The model HEAs also exhibit a high tensile yield strength of ~1400 MPa combined with a large ductility 
of ~20%. The high-temperature damping properties, together with superb mechanical properties make these 
HEAs attractive for applications where noise and vibrations must be reduced.

INTRODUCTION
High-damping alloys are an important family of metallic materials 
for applications that require noise/vibration reduction, shock absorp-
tion, and energy conversion, in structures ranging from large-scale 
aircrafts to small-sized electrical devices (1). Traditional alloys used 
to reduce noise and vibrations achieve their mechanical damping 
capacity by primarily manipulating crystalline defects or/and inter-
faces, such as dislocations (2, 3), phase or twin boundaries (4–6), 
and magnetic domain boundaries (7). However, when exposed to 
mechanical vibrations and the associated stresses, both crystal de-
fects and interfaces in these conventional alloys tend to rearrange 
and aggregate. As a result, the whole relaxation process is irreversible 
and the damping capacity gradually deteriorates (1, 8). In addition, 
these irreversible relaxation processes accelerate when the service 
temperature increases. This means that structural stability and the 
high-temperature damping capacity of traditional noise reduction 
alloys are often insufficient for long-term use (8, 9). Moreover, those 
internal structural features that create high damping ability (mobile 
defects) scale inversely with mechanisms that lead to good mechan-
ical strength (immobile defects). Therefore, in traditional high-damping 
alloy design concepts, high damping and high strength/ductility are 
often mutually exclusive (10).

Snoek relaxation, proposed in 1941 (11), is suited for equipping 
materials with damping properties and maintains those over long-
term exposure to vibrations. Several bcc (body-centered cubic) sys-
tems show Snoek-type damping behavior, where the mechanical 
energy loss originates from the stress-induced ordering of intersti-
tials (12, 13). However, these Snoek-type high-damping alloys gen-
erally showed insufficient strength and ductility for mechanically 

highly demanding application scenarios. Recently, a family of 
metallic materials was proposed where multiple principal elements 
are in equimolar or near equimolar ratios to maximize the configu-
rational entropy, hence termed high-entropy alloys (HEAs) (14, 15). 
In HEAs, the difference in atomic sizes and chemistry among the 
multiple constituents lead to large lattice distortion (16) and slug-
gish atomic diffusion (17). The intrinsically highly distorted lattices 
of these materials increase solubility for interstitial atoms, which, 
in turn, can substantially impede dislocation movement (18–20). 
The high configurational entropy in these alloys stabilizes solid- 
solution phases, particularly at elevated temperatures (21). Recent 
experimental investigations have shown that the strength and duc-
tility of typical bcc HEAs could be simultaneously enhanced by the 
addition of interstitial atoms. Ordered interstitial complexes– 
mediated strain hardening contributes to the improved mechani-
cal performance (22).

Here, we report about a previously undiscovered class of high- 
damping alloys that are both mechanically strong and workable at 
high temperatures. The current alloy design concept has been real-
ized in the form of a set of model Ta0.5Nb0.5HfZrTi HEAs blended 
with 2.0 atomic % (at %) oxygen or nitrogen, respectively. These 
high-damping HEAs show a good combination of high-temperature 
damping capacity, i.e., their peak damping capacity is as high as 
~0.030 at a peak temperature of nearly 800 K, along with excellent 
mechanical properties (tensile yield strength, ~1400 MPa; elongation, 
~20%). The findings not only introduce a class of high-damping 
materials for engineering applications but also shed light on under-
standing the mechanisms of mechanical damping in general and 
specifically at elevated temperatures.

RESULTS
Chemical analysis
The bcc HEAs, comprising group IV (Ti, Zr, Hf) and V (V, Nb, Ta) 
refractory elements, exhibit superior mechanical properties (22–26). 
These materials are attractive for optimizing damping response be-
cause their constituents have high solubility of both oxygen and ni-
trogen (˃5.0 at %) (27). Here, we report results on the model HEA 

1Beijing Advanced Innovation Center for Materials Genome Engineering, State Key 
Laboratory for Advanced Metals and Materials, University of Science and Technol-
ogy Beijing, Beijing 100083, China. 2Department of Microstructure Physics and Alloy 
Design, Max-Planck-Institut für Eisenforschung, Düsseldorf, Germany. 3Beijing Na-
tional Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Acad-
emy of Sciences, Beijing 100190, China. 4Department of Materials, Royal School of 
Mines, Imperial College, Prince Consort Road, London SW7 2BP, UK.
*Corresponding author. Email: luzp@ustb.edu.cn (Z.Lu); wuyuan@ustb.edu.cn 
(Y.W.)

Copyright © 2020 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).



Lei et al., Sci. Adv. 2020; 6 : eaba7802     17 June 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 8

Ta0.5Nb0.5HfZrTi (hereafter denoted as the base HEA), an oxygen- 
doped variant (Ta0.5Nb0.5HfZrTi)98O2 (hereafter denoted as O-2 
HEA), and a nitrogen-doped variant (Ta0.5Nb0.5HfZrTi)98N2 (here-
after referred to as N-2 HEA). Table S1 presents the inert gas fusion 
analysis results of oxygen and nitrogen in the as-cast refractory HEAs. 
The actual impurity concentrations are very close to the target, in-
dicating that the addition of TiO2 and TiN as a resource of oxygen 
and nitrogen is reliable in this study. It should be noted that even in 
the base HEA, the level of oxygen is 0.377 at %, resulting from the 
fabrication process.

Damping properties
The damping capacity tan is a measure of the energy dissipation in 
a material and can be calculated as the ratio of the loss modulus E′′ 
to the storage modulus E′ (28). Moreover, the peak capacity of damp-
ing tanmax, determined by using a multifunction internal friction 
instrument, delineates the maximum energy dissipation during 
damping of a material. A higher tanmax indicates larger energy 
dissipation, and high-damping alloys are metallic materials with 
tanmax > 0.01 (28). Figure 1 (A to C) illustrates the temperature- 
dependent variation of damping capacity tan of the three HEAs. 
The current HEAs exhibit good damping features with tanmax > 
0.01. Specifically at 1.0 Hz, the tanmax of the reference HEA 
Ta0.5Nb0.5HfZrTi reaches a high damping value of 0.014. The ad-
dition of oxygen or nitrogen effectively further enhances the damp-
ing capacity, and the tanmax value at 1.0 Hz of the O-2 and N-2 
HEAs increases to 0.020 and 0.027, respectively. The data also re-
veal that the relaxation peaks are thermally activated since the peak 
temperature increases while the peak height (i.e., tanmax) decreases 
with increasing vibration frequency. Such a frequency-dependent 
damping behavior is characteristic of strain relaxation damping, 
i.e., Snoek damping (29). This suggests that the current HEAs are 
Snoek-type high-damping alloys in which the stress-induced posi-
tion switch of interstitial atoms gives rise to the corresponding 
internal friction peaks (11). It should be noted that the Snoek-type 
relaxation is intrinsically amplitude- independent. Yet, the here 
observed damping response seems to lead to a more complex inter-
stitial relaxation response with a higher variety of possible intersti-
tial site switches. This effect leads to a Snoek signal in the current 
HEAs where the relaxation peaks are much broader than a Debye 
peak. This observation shows that the high variety of local atomic 
configurations in these complex solid- solution alloys has a sub-
stantial effect on the variety of the resulting thermally activated site 
switching events. The base HEA used as reference material also 
shows a Snoek-type damping behavior, which might be due to the 
trace oxygen contamination from the fabrication process, as con-
firmed by the data shown in table S1. Moreover, in addition to 
a main damping peak at high temperature, a distinct additional 
damping peak at low temperature (see white arrows in Fig. 1, B 
and C) was observed in the O-2 and N-2 HEAs. The different inter-
nal friction peaks correspond to different mechanisms behind the 
underlying atomic relaxation steps of the interstitials. Thus, the oc-
currence of additional peaks indicates the presence of different types 
of stress-induced reorientation processes (29).

According to the anelastic nature of the Snoek-type strain relax-
ation process (29), the activation energy H is proportional to the 
peak temperature Tp. For interstitial atoms in a host bcc lattice, the 
activation of the corresponding stress-induced reorientation pro-
cess determines the peak temperature Tp. To obtain the activation 

energy H associated with specific stress-induced reorientation 
mechanisms of the interstitial atoms, we conducted an Arrhenius 
analysis (30)

   ln 2f + ln    0   +  (     H ─  k  B     )    T p  −1  = 0   (1)

as shown in Fig. 1D. Here, f is the vibration or excitation frequency, 
0 is the relaxation time at infinite temperature for the strain relax-
ation process, and kB is the Boltzmann constant. The activation en-
ergy H is estimated to be 2.06, 2.40, and 4.06 eV for the reference 
alloy and the interstitially doped O-2 and N-2 HEAs, respectively. 
The activation energy H of the N-2 HEA is much higher than that 
of the base and O-2 HEA, implying that the nitrogen atoms switch 
their positions at higher barriers than oxygen in the Ta0.5Nb0. 
5HfZrTi HEA matrix.

Comparison of the damping properties
To demonstrate the effectiveness of the entropy-stabilization alloy 
design concept, a comparison of the damping properties was con-
ducted. Figure 2A shows the peak temperature Tp and the activation 
energy H of the current HEAs compared with those of conventional 
Snoek-type damping alloys (11, 12, 31–42). Both, Tp and H of the 
current HEAs are much higher than those of interstitially doped 
conventional alloys. In addition to the peak capacity of damping 
tanmax, the width of the damping peak ∆T and the peak tempera-
ture Tp are also important parameters for a material’s damping ca-
pability. ∆T determines the damping operating temperature range, 
and Tp permits the upper temperature limit for damping applica-
tions. According to the Debye expression for a single relaxation 
process, ∆T, which describes the separation of the two temperatures 
corresponding to the half-height of tanmax, can be expressed as  
T = 2.63  k  B    T p  2   / H  (12). Figure 2B reveals a three-dimensional dia-
gram of tanmax-∆T-Tp of the studied HEAs, in comparison with 
traditional Snoek-type damping alloys (11, 12, 31–42). The analysis 
shows that the current high-entropy damping alloys can be used at 
a much higher temperature (737, 747, and 730 K for the base, O-2, 
and N-2 HEAs at 1.0 Hz, respectively.) and wider operating tem-
perature range (60, 53, and 30 K for the base, O-2, and N-2 HEAs at 
1.0 Hz, respectively.) than any other damping material reported so 
far, including Cu-, Mg-, and Fe-based alloys.

Mechanical properties
To enable practical applications, high-damping alloys combined 
with good quasi-static mechanical properties such as strength and 
damage tolerance can provide attractive engineering and economic 
solutions to problems involving seismic, shock, and vibration isola-
tion. Figure 3A shows the true tensile stress-strain curves of the cur-
rent HEAs. The base HEA, used here as reference material, shows a 
yield strength of ~810 MPa at an elongation of ~10.8%, which is 
superior to that of other Ti-Nb alloys reported to date (43). The in-
terstitial doped HEAs have a strong solid-solution strengthening, 
i.e., the yield strength was increased to 1138 and 1362 MPa for the 
O-2 and N-2 HEAs, respectively. Interstitial reinforcement by ni-
trogen is more effective than that conveyed by oxygen doping. The 
addition of either oxygen or nitrogen to the base HEA did not ap-
preciably deteriorate the work hardening behavior. Particularly, 
the ductility of the O-2 HEA was unexpectedly doubled, which has 
been earlier associated with the formation of ordered interstitial 
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complexes that provide high strain hardening (22). In addition, the large 
ductility of the nitrogen-containing N-2 HEA is retained, which is 
attributed to the appearance of ordered nitrogen complexes that 
impede dislocation motion (see below). Compared with the Ti-25Nb-
xO at % Snoek-type high-damping alloys (12), the overall mechan-
ical properties of the interstitially alloyed HEAs are substantially 
enhanced. The interstitial doped HEAs retain the same level of duc-
tility but display 70 to 105% higher yield strength than Ti-25Nb-
1.5O alloy. Although the specific damping index and tensile strength 

of hydrogenated metallic glasses are comparable to those of the cur-
rently developed HEAs, their small dimensions (they are usually pro-
duced in small volumes as they require high quenching rates) and 
low thermal stability make them less suitable for damping applica-
tions for larger structures and at elevated temperatures (44–48).

Microstructures
To understand the origin of the high damping capacity and excel-
lent mechanical properties, Fig. 4 shows the typical microstructure 

Fig. 1. Damping properties of the oxygen- or nitrogen-doped Ta0.5Nb0.5HfZrTi HEAs. Temperature-dependent variation of damping capacity (indexed by tan) of 
the as-cast (A) Ta0.5Nb0.5HfZrTi, (B) (Ta0.5Nb0.5HfZrTi)98O2, and (C) (Ta0.5Nb0.5HfZrTi)98N2 HEAs. The measurements were conducted on a multifunction internal friction 
apparatus by the forced vibration at 0.5, 1.0, 2.0, and 4.0 Hz, respectively. The maximum strain amplitude is 2 ×10−4, and the heating rate is 2 K min−1 in the measured 
temperature range. The three HEAs present a promising high damping property with the peak capacity of damping tanmax > 0.01. The white arrows in (B) and (C) indicate 
the additional low-temperature peak in the (Ta0.5Nb0.5HfZrTi)98O2 and (Ta0.5Nb0.5HfZrTi)98N2 HEAs, respectively. (D) Arrhenius plots of the Snoek damping peak of the 
current HEAs, and the slope of the linear variation of ln(2f) versus 1/ Tp yields the activation energy H of the corresponding stress-induced reorientation process.

Fig. 2. A comparison of the damping properties of the model HEAs with the traditional Snoek-type damping alloys. (A) The damping peak temperature Tp and the 
corresponding activation energy H in the current HEAs and other conventional Snoek-type damping alloys (see squares). The Tp and H of the current HEAs are much 
higher than that of the traditional alloys. (B) Plot of the peak capacity of damping tanmax, the width of the Snoek damping peak ∆T, and the peak temperature Tp. The 
data for the typical Snoek-type damping alloys are plotted for comparison. The current Snoek-type high-damping HEAs exhibit higher Tp and ∆T, which means that the 
designed HEAs can be used at a much higher temperature and a wider operating temperature range.
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of the interstitially alloyed HEAs. X-ray diffraction (XRD) patterns 
demonstrate that both the base and interstitial doped HEAs have 
single-phase bcc structure (Fig. 4A). Electron backscatter diffrac-
tion (EBSD) reveals that the average grain size is similar for the base 
(76.7 m), O-2 (70.0 m), and N-2 (92.3 m) alloys, and all the 
three materials show random crystallographic texture (Fig. 4, B to 
D). The atomic-scale structures of the alloys were characterized by 
aberration-corrected scanning transmission electron microscopy 
(STEM), and Fig. 4 (E to G) depicts typical results for material O-2 
HEA. Figure 4E shows a high-angle annular dark-field (HAADF) 
micrograph with the incident electron beam aligned along the 
[011]bcc zone axis of the grain selected. The Z-contrast image is 
highly sensitive to local variations in the atomic number of the con-
stituent elements in the illuminated atomic column (49), i.e., light 
atoms exhibit dark contrast while heavy atoms display bright con-
trast. The Z-contrast of the STEM-HAADF image reveals the exis-
tence of light-atom–enriched regions, viz., these zones are (Zr, Ti) 
rich, and heavy-atom–enriched regions, i.e., (Ta, Nb, Hf) rich (Fig. 4F). 
This means that compositional clusters of metallic elements in the 
O-2 HEA were formed, similar to what was reported previously 
(22). Similar zones were revealed by STEM imaging of the base and 
N-2 HEAs (see fig. S1), demonstrating that these clusters among the 
metallic matrix elements are intrinsic features in these bcc HEAs. 
The aberration-corrected STEM-ABF (annular bright field) image 
(Fig. 4G) reveals that oxygen occupies the interstitial sites in the bcc 
lattice (see the white arrows in Fig. 4G). Furthermore, statistical 
analysis of the STEM-HAADF and the corresponding ABF images 
(Fig. 4, F and G) confirm that oxygen tends to prefer interstitial 
positions adjacent to lattice sites, which are occupied by light atoms 
(i.e., Zr and/or Ti), accumulating to the so-called ordered oxygen 
complexes (22). Figure 4 (H and I) shows the atom probe tomogra-
phy analysis of the O-2 HEA. In Fig. 4H, a set of cyan-colored iso-
composition surfaces reveals regions containing more than 3.5 at 
% O, showing the presence of O-rich clusters, i.e., ordered oxygen 
complexes (22). Figure 4I presents the elemental partitioning be-
havior across the matrix/ordered oxygen complex interfaces. The 
composition profiles were analyzed as a function of the distance to 
the isocomposition surface. The slight enrichment of Zr and Ti 
atoms and the corresponding depletion of Ta, Nb, and Hf atoms 
were observed within the O-rich clusters. These observations are 
consistent with the ABF images provided by STEM probing of the 

O-2 HEA. This result further demonstrates the formation of ordered 
oxygen complexes. The appearance of an additional low-temperature 
damping peak in the O-2 material (see Fig. 1B) also indicates the 
existence of the ordered oxygen complexes (22). Unexpectedly, we 
also observed ordered nitrogen complexes in the N-2 material (see 
fig. S1), although at a much smaller frequency compared to the oxy-
gen clusters observed in the O-2 alloy.

DISCUSSION
We observed that the relaxation peaks in the current HEAs are 
asymmetrically broadened (see Fig. 1, A to C). This is a feature as-
sociated with the variety of interstitial relaxation processes involved 
in these massive solid solutions (28). Because of the complexity in 
alloy composition and the resulting multitude in local chemical en-
vironments in which the interstitial atoms switch their positions, it 
is difficult to conduct a complete peak deconvolution analysis based 
on all possible individual relaxation processes. However, two main 
configurations of the interstitial atoms can indeed be distinguished 
in the current material, namely, position switches of interstitials in 
ordered interstitial complexes and relaxation of randomly distrib-
uted interstitial atoms (22). These two kinds of configurations both 
contribute to the current Snoek relaxation and can cause at least 
some of the asymmetries observed. Therefore, we conduct a decom-
position of the relaxation structure in terms of the two main classes 
of interstitial configurations (see the Supplementary Materials). 
Figure 5 (A to C) shows the anelastic relaxation spectra (at 1.0 Hz) 
of the base Ta0.5Nb0.5HfZrTi, O-2 (Ta0.5Nb0.5HfZrTi)98O2, and 
N-2 (Ta0.5Nb0.5HfZrTi)98N2 HEAs as the sum of decomposed peaks. 
The fitting curves are in good agreement with the experimental data 
points, with a correlation index above 0.99. For the base HEA, two 
peaks could be resolved at 710 and 798 K, respectively (see green 
and magenta curves in Fig. 5A). As there is no ordered interstitial 
complex in the base HEA, the two decomposed peaks probably 
originate from the jumps of the randomly distributed interstitial 
atoms. These impurities come from the synthesis process and raw 
materials. Because of the complicated occupation of the Ta, Nb, Hf, 
Zr, and Ti elements in the current HEAs, it is difficult to determine 
the actual clusters attributing to these two peaks. The height of the 
two Snoek damping peaks is 0.014 and 0.006, respectively. In the 
material with 2.0 at % oxygen, i.e., in the O-2 HEA, a low-temperature 
peak (red curve in Fig. 5B) appears at 577 K, in addition to the two 
high-temperature peaks (green and magenta curves in Fig. 5B) that 
occur at 748 and 850 K, respectively. The formation of ordered oxygen 
complexes gives rise to the additional low-temperature peak (22), 
and the randomly distributed oxygen atoms produce the two high- 
temperature peaks. The height of the additional peak and of the two 
high-temperature peaks is 0.005, 0.020, and 0.002, respectively. The 
maximum peak height of the O-2 HEA (i.e., 0.020) is higher than 
that of the base HEA (i.e., 0.014). For a specific alloy system, the 
magnitude of the Snoek damping peak height follows a linear rela-
tionship with the solute element concentration (28, 29). Therefore, 
the higher peak height of the O-2 HEA is due to its higher oxygen 
content, compared to the base HEA (see table S1). Moreover, as esti-
mated by the ratio between the peak height of the additional peak 
and the total peak height, ~18.5% of all the oxygen atoms in the O-2 
HEA participate in the formation of ordered oxygen complexes, en-
abling the enhanced ductility of this material (22). For the nitrogen- 
doped N-2 HEA, an additional low-temperature peak (blue curve) 

Fig. 3. Mechanical properties of the oxygen- or nitrogen-doped Ta0.5Nb0. 
5HfZrTi HEAs. Room temperature tensile stress-strain curves for the as-cast Ta0. 
5Nb0.5HfZrTi and its corresponding 2.0 at % oxygen- or nitrogen-dissolved HEAs. Add-
ing interstitials leads to the simultaneous strengthening and ductilizing.
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and two high-temperature peaks (green and magenta curves) were 
also observed (see Fig. 5C). The peak height of the additional low- 
temperature peak is 0.002, and that of the two high- temperature 
peaks is 0.027 and 0.009, respectively. Hence, only ~5.3% of all 
the nitrogen atoms in the N-2 HEA contribute to the formation of 
ordered nitrogen complexes. As most of the nitrogen is interstitially 
randomly distributed, the N-2 HEA shows the strongest damping 
peak among all three HEAs studied here. This analysis shows that 
ordered interstitial complexes contribute to the enhancement of 
ductility while randomly distributed interstitial atoms improve me-
chanical damping.

Figure 5D schematically illustrates the mechanism of developing 
HEAs with high damping capacity and good mechanical properties. 
The base HEA exhibits a relatively low yield strength (~810 MPa) 
and a small damping capacity (~0.014 at 1.0 Hz) due to its low in-
terstitial alloying content (only ~0.377 at %). The addition of 2.0 at 
% oxygen enhances not only the yield strength to ~1138 MPa but 

also the maximum damping ability to ~0.020 at 1.0 Hz. The oxygen 
atoms (~18.5%) induce the formation of ordered interstitial com-
plexes, which greatly benefit the plastic deformation and increase 
the ductility to ~20%. With the addition of 2.0 at % nitrogen, the 
larger atomic size of nitrogen (atomic radius of 0.75 Å) compared to 
that of oxygen (0.65 Å) leads to higher strengthening; thus, the yield 
strength of the N-2 HEA is ~224 MPa higher than that of the O-2 
HEA. Moreover, ~94.7% of the nitrogen atoms are randomly dis-
tributed across the interstitial sites. As a result, the N-2 HEA exhibits 
both improved tensile yield strength (y ~ 1362 MPa) and damping 
properties (tanmax ~ 0.027 at 1.0 Hz). In addition, the ductility of 
the N-2 HEA (~11.9%) was not obviously deteriorated because of 
the formation of the limited ordered nitrogen complexes, in com-
parison to the base HEA.

It is also important to note that the peak temperature of damp-
ing in the current Snoek-type high-damping HEAs is approxi-
mately 100 K higher than that in traditional high-damping alloys 

Fig. 4. Microstructure revolution of the oxygen- or nitrogen-doped Ta0.5Nb0.5HfZrTi HEAs. (A) XRD patterns of the as-cast HEAs and (B to D) the corresponding 
EBSD images. All the as-cast HEAs have single bcc lattice structure. (E to G) STEM-HAADF images for the [011]bcc crystal axis with differently adjusted contrast to reveal the 
existence of compositional clusters in the (Ta0.5Nb0.5HfZrTi)98O2 HEA and the corresponding STEM-ABF image to reveal the ordered oxygen complexes. The white ar-
rows indicate the positions of the oxygen atom columns. (H) Atom probe tomography reconstruction from the analysis of a specimen from the (Ta0.5Nb0.5HfZrTi)98O2 
HEA. The threshold for the isocomposition surface is 3.5 at % O, revealing the presence of ordered oxygen complexes. (I) Proxigram from the interface matrix/ordered 
oxygen complex showing the enrichment of O, Ti, Zr and slightly depletion of Ta, Nb, Hf. a.u., arbitrary units.
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(11, 12, 31–42). Because of the high configuration entropy and se-
verely distorted lattices of HEAs (50), atomic position switches of 
interstitials in these matrices are impeded by the high atomic-scale 
distortion fields (51). This effect gives rise to the high activation 
temperatures and barrier energies for the interstitial reorientation 
steps and the resulting high-temperature damping capability. More-
over, the current alloy design strategy could be used to develop other 
high-damping HEAs as well (see fig. S2).

One has to note that the main structural features responsible for 
the high mechanical damping capacity of some of the established 
high-damping reference materials are highly heterogeneous micro-
structures, thermoelastic martensite, magnetic domains, or easily 
moveable dislocations, which generally show an amplitude depen-
dence of damping (52). However, the high damping capacity of the 
alloy class discussed here is amplitude independent and originates 
instead from the high configurational variety of the underlying in-
terstitial relaxation processes characteristic for compositionally 
complex solid-solution alloys. This mechanism leads to strongly 
broadened Snoek-type peaks. Similar to the hydrogen-containing 
high-damping alloys reported previously (53), the here discussed 
high interstitial refractory HEAs may be regarded as a kind of high- 

damping alloys. Potential applications of these high-damping alloys 
could be found in the automotive and aerospace industries.

In summary, via an entropy stabilization concept, we develop a 
class of Snoek-type high-temperature, high-damping alloys with 
additions of either oxygen or nitrogen atoms. These interstitial atoms 
in the severely distorted matrices with complex chemical short-
range orders result in high strengthening, large ductility, and good 
high-temperature damping properties. The yield strength of the cur-
rent HEAs (1138 and 1362 MPa for the O-2 and N-2 HEAs, respec-
tively.) is much higher than that of the traditional high-damping 
alloys (~200 to 600 MPa) and twice that of the Ti-25Nb-1.5O Snoek- 
type high-damping alloy (~665 MPa). The here designed HEAs also 
have large tensile ductility (~20%). In addition, the peak capacity 
of damping is as high as 0.030 for the N-2 HEA at 0.5 Hz, which 
corresponds to an energy dissipation of about 18.8% in each vi-
brational load cycle. The highest peak temperature (~800 K) at-
tained so far renders the current interstitial-alloyed HEAs suited 
for high- temperature damping applications. The current findings 
have important implications not only for developing advanced 
damping materials but also for broadening the application range 
of HEAs.

Fig. 5. Mechanism analysis of the strong and ductile high-damping HEAs. Temperature dependence of internal friction (at 1.0 Hz) and the fitting results in the 
(A) Ta0.5Nb0.5HfZrTi, (B) (Ta0.5Nb0.5HfZrTi)98O2, and (C) (Ta0.5Nb0.5HfZrTi)98N2 HEAs. The filled black circles are the experimental points, and the cyan curves are the 
sum of the cumulative fitting peaks. The green and magenta curves correspond to the relaxation process, which are due to the stress-induced ordering of the randomly 
distributed interstitial atoms (RDIAs). The red curve in (B) and the blue curve in (C) indicate the reorientation of ordered oxygen complexes (OOCs) and ordered nitrogen 
complexes (ONCs), respectively. The fitting correlation index is more than 0.99. (D) Schematic diagram of designing Snoek-type high-damping HEAs with high damping 
capacities and superb mechanical properties. OICs, ordered interstitial complexes. Interstitial strengthening contributes to the high strength, a sufficient concentration 
of randomly distributed interstitial atoms favors the enhancement of damping capacity, and an abundant OIC serves to improve the ductility.
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MATERIALS AND METHODS
Material preparation
Alloy ingots with a nominal composition of Ta0.5Nb0.5HfZrTi, 
(Ta0.5Nb0.5HfZrTi)98O2, and (Ta0.5Nb0.5HfZrTi)98N2 (at %) 
were prepared by arc-melting a mixture of pure metals (purity, 
>99.9 weight %), TiN (99.9 weight %), and TiO2 (99.9 weight %) in 
a Ti-gettered high-purity argon atmosphere. The ingots were re-
melted at least eight times to ensure chemical homogeneity. Melted 
alloys were eventually drop-cast into a water-cooled copper mold 
with a dimension of 10 mm by 10 mm by 60 mm. Oxygen and ni-
trogen concentration in the samples was measured using a LECO 
Instruments inert gas fusion machine with infrared detection.

Internal-friction measurements
Beam-shaped samples with a dimension of 1 mm by 2 mm by 
55 mm were used for damping-capacity measurement. The mea-
surements were conducted on multifunction internal friction appa-
ratus (MFP-1000) at low frequencies of 0.5, 1.0, 2.0, and 4.0 Hz over 
a temperature range from 300 to 1100 K with continuous heating in 
vacuum. All the testing samples were polished down to a 2000-grit 
SiC paper to eliminate surface scratches. A heating rate of 2 K min−1 
and a forced vibration with the maximum strain amplitude of 2 × 
10−4 were applied for the damping measurements, and experi-
mental data were collected by an automated system (54). The back-
ground was subtracted according to the following equation

    Q b  −1  = A + Bexp (     − C ─  k  B   T   )     

where   Q b  −1   is the energy dissipation coefficient of the background, 
A, B, and C are the parameters to be determined after optimization 
of the 2 function, kB is the Boltzmann constant, and T is the tem-
perature (29).

Mechanical property measurements
Room temperature tensile properties were evaluated using a 
CMT4105 universal electronic tensile testing machine at the strain 
rate of 1 × 10−3 s−1. Dog bone–shaped tensile samples with a section 
of 1.3 mm by 5 mm and a gauge length of 20 mm were cut by an 
electrical discharging machine.

Microstructural characterization
Phase identification of the as-cast alloys was conducted by XRD 
with Cu K radiation (MXP21VAHF). Microstructure was charac-
terized by a Zeiss Supra 55 field emission scanning electron micro-
scope equipped with an AZtecHKL EBSD (electron backscattering 
patterns) system. EBSD specimens were initially polished to 2000-
grit SiC paper and subsequently electrochemically polished for the 
final surface clarification. The polishing was using a 6% perchloric 
acid + 30% n-butyl alcohol + 64% methyl alcohol solution with a 
direct voltage of 30 V at room temperature. An aberration-corrected 
FEI Titan G260-300 kV scanning transmission electron microscope 
was used to analyze the atomic structure of the as-cast samples. The 
TEM specimens were first mechanically ground to 50-m thickness 
and then twin-jet electropolished using 6% perchloric acid + 30% 
n-butyl alcohol + 64% methyl alcohol solution. The specimens for 
the atom probe tomography measurements were prepared by focused 
ion beam milling on a dual-beam Helios 600. The CAMECA inte-
grated visualization and analysis software IVAS 3.8.4 was used for 
data processing and three-dimensional atomic reconstruction.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/25/eaba7802/DC1
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