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A novel refractory CrHfNbTaTi high-entropy alloy, derived by replacement of
Zr by Cr in HfNbTaTiZr, has been prepared by vacuum arc-melting. Its phase
components, microstructure, and compressive properties at room temperature
in as-cast and as-homogenized condition were investigated. The results show
that the phase structure of CrHfNbTaTi changes from the single body-cen-
tered cubic (BCC) phase of HINbTaTiZr alloy to multiple phases, composed of
one face-centered cubic (FCC) and two BCC phases. Additionally, the yield
strength of the alloy significantly increases from 926 MPa to 1258 MPa and
1366 MPa in the as-cast and as-homogenized state, respectively, while
promising ductility of ~ 24.3% elongation is retained in the as-cast state. The
morphology and composition of the network-shaped interdendritic regions are
considered to be closely related to the change of the mechanical properties
induced by elemental substitution and homogenization treatment.

INTRODUCTION pared with  conventional

high-temperature

Refractory high-entropy alloys (RHEAs),'™ as a
member of the HEA family, compared with other
classes of metallic alloys (namely conventional
metal alloys and other HEAs), commonly exhjibit
many exceptional properties, such as high
strength,* excellent resistance to thermal soften-
ing,?> good ductility plasticity,”™® oxidation resis-
tance,” and thermal stability,'®!! togi{ether with
excellent corrosion and wear resistance,’*'* making
them vastly promising potential materials. Among
RHEASs, the HINbTaTiZr alloy system first reported
by Senkov et al.»'? has attracted particular attention
due to its superior mechanical properties (at both
room and high temperature) in compression com-
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alloys.®'* Specifically, hot isostatically pressed
(HIP) alloy exhibited a yield strength of about 929
MPa at room temperature (RT), accompanied by a
distinct ductility that allowed deformation to 50%
compressive strain without any evidence of fracture,
which has been attributed to solid-solution
strengthening.’* Moreover, in the temperature
range of 296 K to 873 K, the strength (for instance,
the compressive yield strength of 929 MPa at 296 K,
790 MPa at 673 K, and 675 MPa at 873 K) and
ductility (¢ = 50%) were retained to a large extent
due to the temperature-independent strain harden-
ing, deformation twinning, and shear band forma-
tion.'* In this regard, to improve its strength, Yeh
et al. first demonstrated the room-temperature
tensile behavior of HINbTaTiZr alloy with different
grain sizes. The reported alloy with the smallest
grain size of 38 um exhibited the highest yield
strength of 958 MPa with 20% elongation.'®
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Against this background, enhancement of
mechanical properties by adjusting the alloy com-
position is gradually attracting attention from
researchers;! For example, Senkov et al.
recently documented that partial substitution of
Hf with Al in the HfNbTaTiZr alloy reduced the
density by 9%, increased the room-temperature
(RT) hardness by 29%, and enhanced the compres-
sive yield strength by 98%.2% Inspired by this, Lin
et al. investigated the impact of Al addition on the
mechanical properties of HfNbTaTiZr alloys. The
yield strength of equiatomic HfNbTaTiZrAl alloy (in
compression) was enhanced to ~ 1500 MPa. 23 In
fact, as well as Al, many other elements can play a
vital role in improving the properties of different
base alloys by substitution or addition. Fazakas
et al. studied the role of Cr in the mechanical
properties of TiZrHfNbCr RHEA, revealing an
enhancement of the strength and hardness caused
by segregation of Cr- contalmn% Laves phases
(Crsz Cerb) during casting.”® Morevoer, the
price of Cr is similar to that of Al, being much
lower than that of Hf, Nb, Ta, Ti, or Zr, Therefore,
the role of Cr in the mechanical properties of
HfNbTaTiZr alloys is of specific interest.

Thus, in the present work, a new refractory
CrHfNbTaTi HEA was designed by complete sub-
stitution of Zr by Cr in the ductile base HINbTaTiZr
alloy system. The microstructure and compressive
properties at room temperature were systematically
investigated. The replacement of Zr with the Laves
phase-forming element Cr was found to consider-
ably increase the yield and fracture strength with
only a slight deterioration of the ductility.

EXPERIMENTAL PROCEDURES

Alloy ingot with nominal composition
CrHfNbTaTi was prepared by arc melting in a
high-purity Ar atmosphere from commercially
obtained raw materials with purity above 99.9
wt.%. The melting of the alloy ingot was conducted
on a water-cooled copper crucible with titanium-
gettered oxygen. Repeated melting for at least four
times with electromagnetic stirring and inversion
after each melting was carried out to improve the
homogeneity of the alloy compositions. The solidi-
fied ingot was approximately 15 mm in diameter
and 8 mm in thickness, with a shiny surface. Ingot
pieces of about 10 g were cut off and abraded to a
fresh surface using an angle grinder. The ingot
pieces were melted by arc melting then sucked into

Table I. Nominal and actual compositions (in at.%)
of alloys studied in this work

Composition Cr Hf Nb Ta Ti

Nominal 20 20 20 20 20
Actural 194 19.9 21.7 18.6 20.3

a room-temperature cylinder-shaped copper mold
with diameter of 4 mm and length of 60 mm. The
analytical alloy composition of the cylindrical spec-
imens is presented in Table I, confirming that the
actual composition of the alloy sample was very
close to nominal. Annealing treatment was carried
out under vacuum condition at 1273 K for 20 h, to
homogenize the microstructure of the as-solidified
samples. The samples were wrapped with 0.1-mm
Ta foil to prevent oxidation.

An x-ray diffractometer (PANalytical X’Pert Pow-
der) was used to identify the crystalline structures
of the as-cast and as-homogenized alloy samples.
Typical radiation conditions were 40 kV, 40 mA, and
Cu K, radiation (wavelength / = 0.15418 nm) with
20 scan in the range from 20° to 120° at speed of 3 °
min~ . The microstructure was analyzed by field
emission scanning electron microscopy (FESEM,
Zeiss sigma 500). Compression tests on cylindrical
specimens with dimensions of ®3.7 mm x 5.6 mm
were conducted at RT using a computer-controlled
Instron (Norwood, MA) mechanical testing machine
equipped with silicon carbide dies. The specimens
were compressed to 50% height reduction or to
fracture with the axis parallel to the external
cylindrical surface, which was in contact with the
copper mold internal surface during suction. A thin
Teflon foil was used between the compression faces
and silicon carbide dies to reduce friction. A con-
stant ramp speed of 5.6 x 1072 mm s~ ! was applied
to the sa fles corresponding to an initial strain
rate of 10~
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Fig. 1. X-ray diffraction patterns of (a, b) as-solidified HfNbTaTiZr
and CrHfNbTiZr alloys from Ref. 7,8 and (c, d) the as-cast and as-
homogenized cylindrical CrHfNbTaTi alloys of this work. The
patterns for HfNbTaTiZr and CrHfNbTiZr are redrawn from Fig. 1
in Ref. 7, which shows the patterns for HfMo,NbTaTiZr (x = 0, 0.25,
0.5. 0.75, and 1), and Fig. 1 in Ref. 8, which shows the patterns for
TiZrNbMo,V, (x = 0, 0.3 0.5 0.7, 1.0, 1.3, 1.5, 1.7 and 2.0),
respectively.
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RESULTS AND DISCUSSION
Phase Analysis

Figure 1 shows the x-ray diffraction (XRD) pat-
terns of the studied cylindrical CrHfNbTaTi alloys
in as-cast and as-homogenized condition and the
values for  as-solidified HfNbTaTiZr and
HfNbCrTiZr alloys extracted from Refs. 7,8. The
equiatomic HfNbTaTiZr alloy consisted of a typical
single body-centered cubic (BCC) phase (Fig. 1a).”
Furthermore, with the replacement of Ta by Cr, in
addition to the peaks corresponding to the BCC
phase, some extra diffraction peaks were observed
and identified as corresponding to Cr-rich face-
centered cubic (FCC) phases (Laves phases of C15
type: CroNb and CroHf) (Fig. 1b).® The formation of
this type of Laves phase was actually documented
by Inoue et al.,?® who suggested that an atomic size
ratio between the largest and smallest elements in a
composition of more than 1.225 favors Laves phase
formation. Thus, spontaneous formation of Cr-rich
Laves phase is anticipated in HfNbCrTiZr due to
the large size differences between the Hf (159.0 pm),
Nb (142.9 pm), and Cr (124.9 pm) atoms. However,
when Zr in the HfNbTaTiZr alloy was substituted
by Cr, more complicated diffraction peaks were
observed, corresponding to three phases, i.e., two
BCC phases (BCC1 and BCC2) and one FCC phase
(Fig. 1c). The much weaker peaks of BCC2 relative
to BCC1 implies that BCC1 is the major constituent
of the BCC phase. In addition, according to the Joint
Committee on Powder Diffraction Standards
(JCPDS) cards, the FCC1 phase is actually consis-
tent with the Cr-rich Laves phase, as well as the
Laves phase in CrHfNbTaTi alloy. Besides, compar-
ing with the XRD patterns of the HfNbTaTiZr and
HfNbCrTiZr alloys, the diffraction peaks of the
BCC1 phase in the as-cast CrHfNbTaTi alloy obvi-
ously shifted towards high angle, indicating that the
lattice parameter of the major BCC phase shrinks.
Consistently, according to the XRD patterns, the
lattice parameter of BCC phase in CrHfNbTaTi,
HfNbTaTiZr, and HfNbCrTiZr was determined to
be a = 334.1 pm, a = 340.4 pm, and a = 342.9 pm,
respectively. Such a change in the lattice parameter
might stem from the small atomic size of Cr (124.9
pm) relative to the substituted element Ta (143 pm)
and Zr (160.3 pm),?* which also accounts for the
smaller lattice parameter of the BCC phase in
HfNbTaTiZr than HINbCrTiZr. Besides, the lattice
constant of the BCC2 and FCC phases was deter-
mined to be a = 311.6 pm and 720.1 pm,
respectively.

After annealing treatment at 1273 K for 20 h, the
diffraction peaks of the samples were slightly
different from those of the above-discussed as-cast
samples, especially in the 2 0 range around 40° and
80° (Fig. 1d). Specifically, the tiny diffraction peaks
corresponding to the aforementioned BCC2 phases
completely disappeared, while more diffraction
peaks associated with the FCC phase appeared.
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According to the JCPDS cards, the XRD pattern
proves that the FCC phase in the as-homogenized
state was still Cr-containing Laves phase (with
lattice parameter of @ = 721.1 pm), which is in very
good agreement with that of FCC in as-cast state.
This combination of a nearly unchanged lattice
parameter and slightly increased diffraction peaks
of CroaM-type FCC Laves phase indicates that the
majority phase, viz. CroM-type FCC Laves phase, in
as-cast condition is relatively stable when undergo-
ing annealing at 1273 K by 20 h. The other
diffraction peaks corresponding to the BCC phase
in the as-homogenized alloy are also consistent with
those of BCC1 phase in the as-cast alloy, and its
lattice parameter was determined to be a = 331.4
pm.

According to the XRD patterns, the volume
fraction of the ith phase, Wy;, can be calculated as
Wyi = (p/ > pi) x 100% (Table II), where p is the
peak intensity of a given phase in the XRD pattern,
i is the number of the phase, and >_ p; is the total
peak intensity of all the phases observed in the XRD
pattern. Combining the XRD patterns (of as-cast
and as-homogenized CrHfNbTaTi alloys, and as-
solidified HfNbTaTiZr and HfNbCrTiZr alloys) and
the phase volume calculations, it can be concluded
that BCC phase is the major phase in HINbTiMN
RHEAs (M, N = Ta, Zr, Cr). When Cr was used to
substitute the alternative principal element from Ta
and Zr, Cr-rich FCC Laves phase will be formed and
exhibit high thermodynamic stability up to at least
1273 K. However, the homogenization treatment
still generally decorates the phase structure, e.g.,
the disappearance of the diffraction peaks of the
BCC2 phase, implying that a certain postprocess
annealing is indispensable to establish the number
and types of phases at equilibrium.® However, it is
unfortunate that up-to-date standard thermal treat-
ment to ensure the achievement of equilibrium is
still lacking, which requires comprehensive investi-
gations in further studies.

Microstructure

The microstructure of the as-cast and as-homog-
enized alloys is shown in Fig. 2a, b and c, d,
respectively. Typical dendritic structure with aver-
age primary arm size of ~ 2 uym was clearly observed
in the as-cast CrHfNbTaTi alloy (Fig. 2a, b).

Table II. Volume fraction (%) of BCC phase in as-
cast HEINbTiMN (M, N = Ta, Zr, Cr) refractory high-
entropy alloys

Composition BCC FCC
HfNbTiTaZr-AC” 100 0

HfNbTiCrZr-AC?* 73.3 26.7
HfNbTiTaCr-AC 87.6 12.4
HfNbTiTaCr-A 68.6 31.4
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Fig. 2. SEM micrographs of microstructure of CrHfNbTaTi high-entropy alloy in as-cast (a, b) and as-homogenized condition (c, d).

Table III. Quantitative chemical analysis of CrHfNbTaTi samples in as-cast and as-homogenized state (at.%)

Region Cr Hf
AC D 5.2+ 0.6 20.8 £ 0.3

D 449 + 54 214+ 0.5
A D 2.6 +0.3 31.2+ 0.3

ID 49.5 + 0.6 219+ 04

Nb Ta Ti
222 +£0.2 253 +£11 26.6 £ 0.3
6.7+ 1.6 158 £ 1.7 11.2 +£ 2.6
26.7 £ 0.5 141+ 0.1 25.6 £ 0.7
7.6 £0.7 12.2 £ 0.8 8.8+ 0.9

Apparently, the dendritic regions (bright regions,
marked as D) are irregularly surrounded by contin-
uous and corridor interdendritic regions (grey part,
marked as ID). In addition, the volume fraction of
the dendritic regions is obviously greater than the
interdendritic regions, implying that the dendritic
regions should correspond to the BCC phase while
the interdendritic regions should be the Cr-rich
FCC Laves phases according to the phase analysis
in “Phase Analysis” section. Besides, the chemical
composition of both regions derived from EDS
analysis is summarized in Table III. These results
indicate that the interdendritic regions are mainly
enriched with Cr and Hf, confirming the deduction
that the interdendritic regions are composed of Cr-
rich FCC Laves phases. The fact that, among all the
principal elements, Cr has the lowest melting
temperature is the reason for the slim and contin-
uous morphology of the interdendritic regions. In
onctrast, for the dendritic regions, the main

enriched elements are Nb, Ta, and Ti. According
to the JCPDS cards, the primary XRD peaks for the
BCC phases approximately correspond to com-
pounds composed of the elements Nb and Ta, which
is consistent with the elemental distribution of the
dendritic regions. This confirms that the dendrite
regions correspond to the BCC phases. To further
determine the overall distribution of each element,
EDS mapping was carried out (Figs. 3 and 4) in the
as-cast and as-homogenized state, respectively.
According to Fig. 3, the EDS mapping analysis
supports the microstructures shown in Fig. 2a and
b. Besides, the overall experimental compositions
are very similar to the nominal compositions as
shown in Table I, confirming the melting reliability
for this composition.

After annealing treatment at 1273 K for 20 h, the
morphology (Fig. 2¢c and d) changed significantly
compared with the original, as-cast state. Notably,
in contrast to the two distinct regions in the as-cast
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3 "‘

Fig. 3. (a) SEM images of as-cast CrHfNbTaTi alloy, and (b—f)
corresponding EDS Cr, Hf, Nb, Ta, and Ti elemental maps.

4

Fig. 4. (a) SEM image of as-homogenized CrHfNbTaTi alloy, and
(b—f) corresponding EDS Cr, Hf, Nb, Ta, and Ti elemental maps.

condition, the microstructure at either low or high
magnification in the homogenized condition was
uniform, albeit slightly uneven (Fig. 2¢ and d).
However, the EDS mapping under this condition
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presents some distinct features (Fig. 4). The reason
for the contradiction between the EDS mapping and
SEM morphology is that some phases in the alloys
possess very similar morphological contrast under
secondary-electron imaging.?® The elemental distri-
bution could thus be artificially divided into two
regions, approximately corresponding to the fluctu-
ations in flat. One region is obviously rich in Cr,
which corresponds to the interdendritic region. The
other regions, mainly enriched with Nb and Ti,
should thus correspond to the dendritic region.
Likewise, combined with the phase analysis of the
XRD patterns (“Phase Analysis” section), the Cr-
rich regions, i.e., the interdendritic regions, are
related to the FCC phase [Cro(Nb,Ta,Hf) Laves
phases], while the dendritic regions should corre-
spond to the remaining BCC phases. In addition, it
is worth noting that the distribution of Hf, Ta, and
Ti changes dramatically after annealing. Specifi-
cally, compared with the almost exclusive distribu-
tion in the as-cast state, Hf and Ta showed
relatively ambiguous distribution features, meaning
that their distribution becomes more homogeneous.
Additionally, in contrast to the uniform distribution
of Ti in the initial, as-cast state, Ti mainly assem-
bled in the dendritic regions after annealing. This
kind of discernible changes in elemental distribu-
tion stems from the increasing atomic diffusion due
to the larger interstice resulting from the substitu-
tion of Zr by Cr due to the much smaller size of Cr
compared with Hf, Nb, Ta, Ti, or Z.%7

Compressive Properties

The engineering stress, eng, Versus engineering
strain, éeng, curves of the as-cast and as-homoge-
nized CrHfNbTaTi alloys obtained during compres-
sion testing at RT are shown in Fig. 5a, along with
that for as-solidified HfNbTaTiZr alloy reported in
Ref. 7. The yield strength, cg 9, is 1258 + 15 MPa for
the as-cast CrHfNbTaTi specimen but increases
slightly to 1366 + 15 MPa after homogenized
annealing, being almost 1.5 times that (926 MPa)
of HfNbTaTiZr. After yielding, the as-cast
CrHfNbTaTi alloy showed an obviously continuous
strengthening stage until the occurrence of fracture
at the maximum value of 2061 MPa, while the as-
homogenized alloy reached just 1775 MPa before
fracture. Meanwhile, it is also worth noting that the
ultimate strain of the studied alloy decreased
greatly from 24.3% in the as-cast state to 12.9% in
the as-homogenized state.

For the studied alloy, the extra FCC phase,
whether in as-cast or as-homogenized state, corre-
sponds to Cr-containing Laves phases. As one kind
of intermetallic phase, the intrinsic nature of Cr-
containing Laves is actually brittle and strong,
which naturally causes the hardness to increase as
a function of its volume fraction,® which is respon-
sible for the slight decrease in plasticity compared
with the considered HfNbTaTiZr material. More
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Fig. 5. (a) Engineering stress versus engineering strain compression curves of as-cast and as-homogenized CrHfNbTaTi alloys and HfNbTaTiZr

alloy in as-cast condition.” (b) Instantaneous strain-hardening index, n* =
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, versus true strain curves of as-cast CrHfNbTaTi and

HfNbTaTiZr alloys. (The compressive engineering stress and strain curve of HfNbTaTiZr is redrawn from Fig. 3 in Ref. 7, which shows
compressive curves for HfMo,NbTaTiZr, where x = 0, 0.25, 0.5. 0.75, and 1).

interestingly, the Cr-rich Laves phases were
extruded into a narrow and continuous interden-
dritic region forming the network framework, due to
which a great amount of dislocations that play a
vital role in deformation must pile up at grain
boundaries, resulting in the significant enhance-
ment of strength. Thus, the higher yield strength of
the as-homogenized CrHfNbTaTi alloy compared
with the as-cast sample can be attributed to the
increment of the volume fraction of Cr-containing
Laves phase during the homogenization annealing
treatment (31.4% and 12.4% for as-homogenized
and as-cast state, respectively). Besides, in contrast
to the interdendritic regions lacking Nb and Ti in
the as-homogenized alloy, the corresponding regions
in the as-cast alloy are not only enriched with Cr but
also contain all the other elements. This implies
that the phase of the interdendritic regions is
relatively more complex, which is possibly associ-
ated with the trivial BCC2 phase identified in the
XRD. This kind of complexity may decrease the
stiffness of the framework, resulting in a lower yield
strength of the as-cast alloys compared with the as-
homogenized state and enhancing the subsequent
strengthening. Moreover, to the best of the authors’
knowledge, the dissolution temperature of Laves
phase in an alloy is much higher, approximately
around 1500 K to 1700 K.?® Thus, we believe that
control of the Laves phase, such as its shape, size,
and distribution, is critical to obtain promising
properties at elevated temperature. Such studied
are recommended in future work.

Besides, with the aim of determining the work
hardening after yielding, the instantaneous work-
hardening exponent of CrHfNbTaTi and HfNbTa-
TiZr in as-cast condition was calculated from their
true stress—strain curves and is displayed in Fig. 5b.
The exponent, n* was derived from Hollomon
analysis and is given as®®

oc=Fk&" (1)

where o is the true stress, ¢ is the true strain, K is a
constant, and n is the work-hardening index. Thus,
the instantaneous work-hardening exponent, n*, is
defined as®°

6= I0(1+ cong) (2)

0 = Ceng - €° (3)
. d(Ino)

" d(ne) )

Apparently, the instantaneous work-hardening
behavior exhibits two distinct stages for both alloys.
Firstly, the instantaneous work hardening
decreased sharply until true strain ¢ = 3.7% (stage
I) for the HfNbTaTiZr alloy, while that of
CrHfNbTaTi displayed a similar tendency but with
a relatively slow rate up to a true strain of ¢ = 13.6%.
Subsequently, the curves for the index almost
overlap with each other until the earlier occurrence
of fracture for the currently studied alloy. The
decrease of the instantaneous work-hardening
index in stage I can primarily be attributed to the
formation, growth, and slip of dislocations in the
sample. In stage II, the index tends to be stable due
to the contribution of dynamic strain aging to the
work hardening, involving suppression of micro-
voids/microcracks and blocking of dislocations in
this stage.

CONCLUSION

After replacement of Zr by Cr, the phase structure
of a new CrHfNbTaTi HEA changed from the single
BCC phase of HfNbTaTiZr alloy to multiple phases,
composed of one FCC phase and two BCC phases.



940

The yield strength increased from 926 MPa
(HfNbTaTiZr) to 1258 MPa and 1366 MPa for as-
cast and as-homogenized CrHfNbTaTi, while a
superior ultimate strain of 24.3% was retained for
the as-cast alloy. In the current work, the FCC
phase corresponds to the interdendritic regions with
the Cr-containing Laves phase structure in the as-
cast and as-homogenized alloys, which might be
responsible for the enhancement of the yield
strength and the deterioration of the ductility via
the movement of dislocations.
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