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Abstract: Due to its outstanding ductility over a large temperature range, equiatomic HfNbTaTiZr
is well-suited for investigating the influence of temperature and plastic strain on deformation
mechanisms in concentrated, body centered cubic solid solutions. For this purpose, compression tests
in a temperature range from 77 up to 1073 K were performed and terminated at varying plastic strains
for comparison of plastic deformation behavior. The microstructure and chemical homogeneity of a
homogenized HfNbTaTiZr ingot were evaluated on different length scales. The compression tests
reveal that test temperature significantly influences yield strength as well as work hardening behavior.
Electron backscatter diffraction aids in shedding light on the acting deformation mechanisms at
various temperatures and strains. It is revealed that kink band formation contributes to plastic
deformation only in a certain temperature range. Additionally, the kink band misorientation angle
distribution significantly differs at varying plastic strains.
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1. Introduction
Metals and alloys usually deform plastically by (uniform) dislocation slip or by
deformation twinning if diffusion-based processes (at elevated temperatures) are excluded.
In body centered cubic (bcc) metals and alloys, pencil glide occurs in {011}, {132} and
{121} 21 h111i slip systems, whereas twinning is found in a {112} 16 h111i-type system [1,2].
Additionally, localized deformation mechanisms can be active in metals and alloys, such as
the formation of kink bands. Kink band formation was firstly described by Orowan [3] as a
mechanism that can be neither assigned to uniform dislocation slip nor to deformation
twinning. Kink bands form by highly localized dislocation-mediated rotation of one
crystal/crystallite segment by a certain misorientation angle with respect to the non-kinked
segment. The misorientation angle of the kinked region does not necessarily possess
an obvious crystallographic relationship to the undeformed crystal [3]. This property
unambiguously distinguishes kink bands from deformation twins [3]. The rotation axes
depend on the crystal structure of the metals and alloys. In general, a certain rotation axis
is located within the slip plane in operation and is perpendicular to the corresponding
slip direction [4]. For bcc metals and alloys with h111i slip directions and potential {011},
{132} and {121} slip planes, rotation axes are therefore expected to be of h211i-, h514i- and
h101i-type, respectively [5].
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Localized plastic deformation by kink band formation has experimentally been revealed and investigated in bcc metals and alloys. For example, room temperature (RT)
compression tests on Nb single crystals show that kink bands only form if the rotation
results in a progressively increasing Schmid factor [4]. RT compression tests on oxygen
containing β-Ti alloys reveal kink band formation being accompanied by deformation twinning and pencil glide all are possible mechanisms for plastic deformation [6,7]. Recently,
kink bands have been found in a HfNbTaTiZr multi-principal element alloy after coldrolling at RT [8]. This high entropy alloy (HEA) has attracted great interest as a candidate
for novel structural applications [9] due to its outstanding combination of strength and ductility over a wide range of temperatures [10,11]. HEAs are expected to form single-phase
solid solutions [12]. However, HfNbTaTiZr exhibits a tendency for segregation and even
precipitation at intermediate temperatures [13]. In equiatomic HfNbTaTiZr, it is shown that
the misorientation angle seems to vary along the kink band boundary and that the kink
band misorientation apparently increases with increasing plastic strain [8].
Although the presence of kink bands after RT deformation has been proven in singlephase bcc HfNbTaTiZr, the temperature influence on active deformation mechanisms and,
particularly, kink band properties has to be clarified. As already stated, the formation of
kink bands is based on the rotation of crystal segments. The rotation occurs by localized
dislocation slip within slip planes, which become kink band boundaries [4]. However,
dislocation slip of bcc metals and alloys is strongly temperature-dependent [14]. In the
low-temperature range (defined as temperature range “I” in this work), the comparably
high Peierls barrier for screw dislocations governs dislocation motion leading to increased
yield strength [15]. Work hardening is mainly governed by the multiplication of screw dislocations and their interaction causing jog formation [16]. In an intermediate temperature
range (temperature regime “II”), above the characteristic knee temperature [17], screw dislocations are able to easily cross-slip and, thereby, generate dislocation sources [16]. In this
temperature regime, strength is temperature- and strain rate-independent. At homologous
temperatures Thom ≥ 0.5 [18] (temperature regime “III”), diffusion-based climb of edge
dislocations can influence the work hardening behavior [18]. The characteristic temperature regimes I, II and III were experimentally proven in high entropy alloys from the
Nb-Mo-Cr-Ti-Al system [19].
In this work, plastic deformation behavior with a focus on kink band formation
under various temperature and strain conditions was investigated in terms of terminated
compression tests in a temperature range from 77 up to 1073 K and a plastic strain range
between 1.9% and 16.3%. The appearance and properties of kink bands are investigated in
terms of electron backscatter diffraction (EBSD).
2. Materials and Methods
Equiatomic HfNbTaTiZr was synthesized by arc melting in an AM/0.5 device (Edmund
Bühler GmbH, Bodelshausen, Germany) from elemental granules of Hf, Nb, Ta, Ti, and Zr with
purities higher than 99.8% in all cases. The melting process was performed in Ar atmosphere
using a water-cooled Cu crucible. The HfNbTaTiZr ingot was re-melted five times to ensure
uniform element distribution. Prior to each melting step, the disc-shaped specimen was
flipped, and a Zr lump was melted to getter residual O within the process chamber. The alloy
composition, estimated by means of inductively coupled plasma optical emission spectrometry
(ICP-OES), is presented in Table 1. In order to obtain a chemically homogeneous microstructure,
the ingot was homogenized in a tube furnace (Carbolite Gero GmbH and Co. KG, Neuhausen,
Germany) at a temperature of 1473 K for 24 h under flowing Ar gas and subsequently furnacecooled. The mean value and standard deviation of O concentration in the homogenized state
was determined by means of hot gas carrier extraction, averaging three measurements.
For crystal structure and phase analysis, a Bruker D8 Discover X-ray diffraction (XRD)
device equipped with a LynxEye XE line detector was used in a 2Θ range of 10 up to 140◦
and a step size of 0.03◦ while rotating the sample at a speed of 0.5 s−1 . The Bragg-Brentano
experiment was performed using a Cu Kα radiation source at 40 kV and 40 mA and 2.5◦
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Soller slits on both, beam and detector side. Further microstructural investigations in terms
of electron channeling contrast imaging (ECC) and energy-dispersive X-ray spectroscopy
(EDX) were performed using an Apreo scanning electron microscope (SEM; Thermo Fisher
Scientific Inc., Waltham, USA). For attaining ECC, the SEM was operated at an acceleration
voltage of 15 kV, a beam current of 3.2 nA, and an aperture size of 32 µm. For EDX mapping,
an Octane Elite system by EDAX (AMETEK Inc., Berwyn, USA) was used at an acceleration
voltage of 25 kV, a step size of 3 µm, a dwell time of 100 µs, and a total number of 20 frames.
A Strata dual beam device (Thermo Fisher Scientific Inc., Waltham, USA) was used to
prepare tip-shaped specimens for atom probe tomography (APT). A LEAP 4000X HR atom
probe (Cameca SAS, Gennevilliers, France) was used in pulsed laser mode for the analysis.
Laser pulses had a repetition rate of 125 kHz with a pulse energy of 50 pJ. The detection rate
was set to 0.3% fraction of pulses, leading to ion detection. The reconstruction and analysis
of the APT experiment were conducted with the IVAS 3.6.14 software of Cameca SAS.
Table 1. Composition of a HfNbTaTiZr alloy determined by inductively coupled plasma optical
emission spectrometry (ICP-OES). The standard deviation of the element concentration xi was below
0.2 at.%, respectively.
i

Hf

Nb

Ta

Ti

Zr

xi /at.%

19.3

20.3

20.6

20.1

19.7

Terminated, displacement-controlled compression tests were conducted in a temperature range of 77 up to 298 K as well as in a range of 873 up to 1073 K on a MTS25
testing device equipped with a CryoVac He gas continuous flow cryostat and a Zwick Z100
universal testing device equipped with a Maytec resistance furnace, respectively. The term
“terminated” means that the compressions tests were purposely stopped at desired plastic
strains. The strain was measured using extensometers to avoid discrepancies by finite machine compliance. The cuboidal samples with (3 · 3 · 4.5) mm3 in dimensions were loaded
with an initial strain rate of 10−3 s−1 . In order to avoid barreling during compression
tests, the samples were lubricated using BN spray films. Plastic deformation behavior was
investigated by evaluating engineering stress; load with respect to the initial cross-section
area of the compression sample, with respect to engineering strain; the difference in height
with respect to initial sample height in stress-strain curves to ensure immediate comparison
to literature data [9,11].
For the investigation of deformation mechanisms, EBSD on longitudinal sections of
deformed samples was performed using a Auriga 60 dual beam microscope (Carl Zeiss
AG; Oberkochen, Germany) equipped with an EDAX DigiView (AMETEK Inc., Berwyn,
USA) EBSD system. Data were acquired on an area of (2100 · 2100) µm2 in size at a step
size of 5 µm for an overview, whereas regions of interests (ROI) were scanned at a step size
of 0.8 µm. EBSD data of the bcc phase was handled with the Matlab tool MTex [20].
3. Results and Discussion
3.1. Microstructural and Chemical Analysis
The chemical homogeneity of homogenized HfNbTaTiZr was evaluated by XRD,
ECC imaging, EDX mapping, and APT on different length scales. The XRD pattern
(Figure 1a) indicates a single-phase bcc crystal structure (W-prototype, diamond-shaped
symbols). No secondary phases were found. The oxygen concentration was determined to
be (5300 ± 200) at.ppm; however, additional diffraction peaks by oxide phases were not
detected. Hence, it is concluded that oxygen is interstitially solved within the bcc solid
solution. The contrast of the ECC micrograph (Figure 1b) can be completely assigned to the
grain orientation of the bcc phase, supporting the XRD results that only one single phase
is present in the homogenized state. Porosity with a volume fraction of approximately
1 vol.% due to materials synthesis is observed. The micrograph does not indicate any
secondary phases of oxides, either. The corresponding elemental EDX maps that were
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Table 2. Autocorrelation factor µ for all elements determined from the entire sample volume,
as shown in Figure 2a.

µ/10−2

Hf

Nb

Ta

Ti

Zr

5.1

10.2

24.7

14.1

14.0

3.2. Plastic Deformation Behavior
In order to investigate plastic deformation behavior and active deformation mechanisms of homogenized HfNbTaTiZr, compression tests in a temperature range of T = 77
up to 1073 K were terminated at varying plastic strains ε pl,stop . The stress measured at test
termination is defined as σstop . The corresponding stress-strain curves and characteristic
values are presented in Figure 3 and Table 3, respectively. The RT yield strength was determined from three compression tests (Figure 3 left) and was σ0.2 = (1150 ± 40) MPa which
is significantly higher than that observed by Senkov et al. [9]. It is likely, the interstitially
dissolved O contributes to the additional strengthening of the bcc solid solution. Additionally, the processing routes from the work of [9] and from this work differ from each other.
The hereby arising variations of microstructure and grain size might influence strength, too.
In a temperature range of 77 up to 298 K, σ0.2 significantly decreased with increasing test
temperature (Figure 3 center). This behavior of σ0.2 is typical for the temperature regime I
in bcc metals and alloys [26]. This means that screw dislocation motion governing yield
strength is thermally activated at these test temperatures [13]. Hence, the knee temperature
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of as-homogenized HfNbTaTiZr was obviously higher than 298 K. The stress-strain curves
of tests at 77, 150, and 298 K all exhibited a similar work hardening rate during plastic
deformation. Consequently, one may assume that the dominant, active deformation mechanisms do not change. It additionally confirms that all three test temperatures are located
in temperature regime I. At 873 and 1073 K, yield strength is similar (being σ0.2 = 481 and
461 MPa, respectively; see Figure 3 right) which might be explained by athermal strength
at temperature regime II. However, at least the test temperature of 1073 K was located
in temperature regime III due to following reasons: (i) At 873 K, the stress-strain curve
continuously increases during plastic deformation; however, it flattens with increasing
strain, whereas at 1073 K, even a strain-softening behavior was observed after reaching a
stress maximum at a plastic strain ε pl = 1.6%. Taking a solidus temperature of 2155 K [27]
873 = 0.41 and
for HbNbTaTiZr, the homologous temperatures Thom of each of tests was Thom
1073
Thom = 0.50, respectively. At these temperatures, apart from thermally activated cross-slip
of screw dislocations, climb of edge dislocations can contribute to dynamic recovery during
plastic deformation which would indicate these two tests to be located in temperature
regime III [28]. At high temperatures, microstructural changes as well as damage of the
sample can lead to a stress decrease, too. However, microstructural analysis of the deformed sample did not indicate any of these causes (not shown here). (ii) Senkov et al. [11]
revealed a significant strain rate dependence of yield strength at 1073 K, proving that at
this test temperature, the region of temperature and strain rate-independent strength has
Crystals 2021, 11, x FOR PEER REVIEW
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The RT deformation mechanisms of HfNbTaTiZr after compression to ε pl,stop = 9.8%
were investigated by analyzing the corresponding EBSD results. The inverse pole figure
(IPF) map of the deformed microstructure, with respect to compression direction (CD),
of the deformed microstructure qualitatively exhibited an above average number of grains
in red and blue colors (for color code, please see IPF in the inset of Figure 4a). Uniform
plastic deformation could be observed by continuously changing orientations within
the individual grains and grain flattening perpendicular to the loading axis. Within
some grains, abrupt orientation changes were observed in terms of needle-shaped and
lenticular features. These features are known to be kink bands, as already revealed by
Zherebtsov et al. [8]. A significant number of kink bands were found at angles close to 45◦
with respect to load direction. It is reasonable that maximum shear stress under uniaxial
nominal loading conditions caused severe localization of dislocation slip necessary to form
kink bands. Hence, some slip systems are preferentially activated and become kink bands.
The appearance and properties of kink bands will be discussed in the subsequent section.
To further analyze the present deformation mechanism, the orientation distribution of the
IPF map with respect to CD is presented as a color map within an IPF in Figure 4b. The IPF
revealed the presence of [001]- and [111]-fiber texture components. The [111]-texture
component was not as pronounced as the [001]-component. A [001]-[111]-fiber texture is
typical of pencil glide with 12 h111i Burgers vectors in bcc metals and solid solutions [29].
Crystals 2021, 11, x FOR PEER REVIEW
8 of 14 HEA,
The same fiber texture after plastic deformation was also found for another refractory
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3.3. Appearance and Properties of Kink Bands
The kink bands which form during plastic deformation at RT (298 K), Figure 4a,
were analyzed in detail as follows. Firstly, a ROI that contained kink bands was chosen
from the overview map, highlighted by the red rectangle in Figure 4a. The orientation
map of this ROI is presented in Figure 5a (top). Needle-shaped kink bands that adjoin
a grain boundary as well as lenticular bands within the adjacent grain were observed.
Note that the presented orientation map only revealed a two-dimensional section of the
deformed sample. Hence, the observed kink bands could possess varying morphologies
if other sections or sample orientations of the deformed sample were analyzed. The local
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misorientation within the ROI can be visualized by the kernel average misfit (KAM)
as depicted in Figure 5a (bottom). The KAM map reveals a significant misorientation at the
kink band boundaries only. Hence, the crystallographic orientation within the kink bands
themselves does not change significantly. These results support the misorientation line
profiles across kink bands determined for the quaternary derivative HfNb0.7 TiZr, provided
by Wang et al. [5]. Additionally, the misorientation angles for different kink bands as well
as the misorientation angle along the boundary of an individual kink varied, revealed by
the varying shades of red color in the KAM map. For visualization and quantification of the
misorientation angle at the boundary along with each individual kink band, the kink band
with the highest KAM was selected for further analysis (red polygonal frame in Figure 5a,
bottom). The color-coded misorientation angle along the kink band boundary (Figure 5b)
revealed misorientation angles between 3 and 25◦ . The relative frequency distribution
of these angles (bin size of 2◦ ) of this kink band is plotted in Figure 5c. It exhibited a
frequency maximum at 22.2◦ and a full width at half maximum (FWHM) of 4.6◦ when fitting
the misorientation angles by a Bi-Gaussian fit function. Since the misorientation angle
distribution is asymmetrical, a Bi-Gaussian function that allows two different values for
half widths at half maximum (HWHM) was chosen. The quality of the Bi-Gaussian fit can
be expressed by the adjusted R-squared R2adj = 0.83. The deviation from the maximum value
of unity was explained by the non-steady increase of frequency in the low misorientation
angle range. The fit quality also depends significantly on the selected bin size. As an
example, R2adj increases to 0.96 for a bin size of 3◦ instead of 2◦ . However, for comparability
of misorientation data with other deformation conditions, bin size was kept constant at 2◦ .
The orientation distribution (Figure 5d) of rotation axes within the ROI as depicted in the
IPF map of Figure 5b reveals a maximum in the [211]-direction. It was, therefore, found that
a single slip for kink band formation occurred on the resulting {011} slip plane. This result
expands experimental findings from [5,31] where h101i rotation axes were experimentally
observed for kink band formation on HfNbTaTiZr and HfNb0.7 TiZr.
For comparing kink band properties at various deformation conditions, the following
steps were carried out: first, the KAM overview map of a section with (2100 · 2100) µm2 of
a deformed sample was plotted to reveal kink bands with the highest misorientation angles
by systematically adjusting the threshold and upper limit of KAM. Second, a ROI was
selected that comprised the kink band with the highest misorientation angles (all selected
ROIs are presented in the Supplementary Materials). Third, the relative frequency distribution of misorientation angles was plotted in order to determine the frequency maximum by
fitting the data by a Bi-Gaussian function. The misorientation angle at frequency maximum
and the FWHM, which is the sum of both HWHM, were used as characteristic values
for kink band properties. It should be emphasized that the present evaluation routine
is not regarded as a standardized method. Kink band properties can vary when other
sections of the deformed sample are investigated. Additionally, different characteristic
values might be defined to evaluate kink band properties. The characteristic values of kink
band misorientation angle distribution are presented in Table 4.
Table 4. Characteristic values of kink band misorientation angles determined by Bi-Gaussian fit function to characterize
kink band properties at varying deformation conditions. FWHM: full width at half maximum.
T/K

εpl,stop /%

Misorientation Angle at Frequency Maximum/◦

FWHM/◦

R2adj

298
298
298
77
150

1.9
9.8
14.3
10.4
10.0

7.9
22.2
35.7
25.8
24.4

5.0
4.6
5.1
4.7
7.0

0.99
0.83
0.92
0.83
0.93

(a)

(b)

Figure 4. Microstructural analysis of compression deformed HfNbTaTiZr (𝑇 = 298 K, 𝜀 ,
= 9.8%): (a) Color-coded
orientation map on a longitudinal section shows grains of the bcc solid solution phase; compression direction (CD) is
Crystals 2021, vertical,
11, 81 and the color code corresponds to the inverse pole figure (IPF) in the inset. Black arrows highlight kink bands.
Microstructural details within the red rectangle are analyzed in an enlarged view in Figure 5. (b) Color-coded orientation distribution of the CD in an IPF determined from the orientations as shown in the map of (a).
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When taking the angle range of FWHM into account, all three misorientation distributions
overlapped in a range of at least 3◦ . Hence, it is proposed that the observed deviations of
kink band misorientations are not significant. Recently, Wang et al. [31] experimentally
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hand, the aspect ratio of the grains in the sample deformed at 1073 K (Figure 7b) was 0.97.
Diffusion-based grain boundary sliding might contribute to plastic deformation, as already
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