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Abstract. The paper summarizes the research on the control of Cantor CoCrFeMnNi high-entropy alloy (HEA) mechanical properties. We studied
the effects of alloying with aluminum, vanadium, manganese, titanium, silicon, carbon, and copper on the hardening of HEAs made by vacuum
arc melting, laser melting, arc melting, drip casting, mechanical alloying with subsequent plasma sintering, gas sputtering followed by the shock
wave and static compaction. It was shown that the addition of 2.5 % TiC and 5 % WC significantly improves the tensile strength, but reduces the
elongation to failure. In the 4.4 — 155 pm grain size range, the tensile strength increases as the grain size decreases. The strength and yield limits
for any grain size increase as the temperature decreases. Intensive plastic deformation forming nanoscale (~50 nm) grains significantly increases
the tensile strength (up to 1,950 MPa) and hardness (up to 520 HV). The strength and ductility can be adjusted with subsequent isochronous
and isothermal annealing. The formation of nanostructure phase states with shock compression, mechanical alloying, and subsequent spark
plasma sintering significantly increase the tensile strength at room temperature while maintaining excellent plasticity (relative elongation ~28 %).
We proposed electron-beam processing (EBP) to control the HEA mechanical properties. We analyzed the deformation curves for the HEA made
by wire arc additive manufacturing after EBP at 10 — 30 J/cm? electron beam energy density and made some assumptions about the reasons for the
strength and ductility decrease. We also compared the mechanical properties of Cantor alloys made by various processes and found the reasons for
the spread of the strength and ductility values.
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AnnHomayus. BoinonHeH kpaTkuii aHanu3 paboT HO HM3MEHEHHIO MEXaHHYECKUX CBOMCTB BbICOKOAHTpomuiiHoro cmiasa (BOC) Cantor
CoCrFeMnNi paznuuseiMH crioco0amu. PaccMOTpeHO BiMsSHME JIErMPOBAaHMs aJIIOMHHUEM, BaHAJWEM, MapraHueM, THTAaHOM, KPEMHHEM,
yIIepoioM, Melbpio Ha yrnpouHeHne BOC, mMonyuyeHHOro MeETOHaMH BaKyyMHO-IYrOBOH IUIaBKH, JIa3€pHOM IUIaBKH, IYrOBOW IUIaBKH
U KamneJbHOTO JIUThS, MEXaHUYECKOro JETHPOBAHHUs C MOCICAYIOIIUM IIa3MEHHBIM CIEKaHHMEM, Ta30BOTO PACHBUICHHSA C IOCICAYIOIIM
YIapHO-BOJIHOBBIM M CTAaTHUECKUM yIuloTHeHHeM. [Tokazano, uro nobasku 2,5 % TiC u 5 % WC 3HaunTeNbHO YIy4IIaloT Ipe/es NPOoYHOCTH,
HO CHIDKAIOT OTHOCHTEIBHOE YUIMHEHHE JI0 paspylieHus. BiausHue pa3smepa 3epHa B Auamaszone 4,4 — 155 MM 3akimiodaeTcs B yBEIHUCHUH
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npejena MpoYHOCTH ¢ YMEHbIIEHHEM pa3Mepa 3epHa. [IoHMKeHne TeMeparypbl YBEJIIMUUBACT MPEIEIIbl IPOUHOCTH M TEKYyUEeCTH Ul 3epeH
Bcex pasmepoB. MHTeHcHBHas miactuyeckas aedopmanus, Gpopmupyionias HaHopasMmepHble (~50 HM) 3epHa, 3HAYUTEIBHO YBEIHMYHBACT
npeaen npounoctu 10 1950 MIla u tBeprocts 10 520 HV. [locnenyromue n30XpoHHbIE U H30TEPMUUECKUE OTIKUTH TO3BOJISIOT BAPbUPOBATH
MPOYHOCTh U MacTudHOoCTh BOC. dopMupoBaHrHe HaHOCTPYKTYPHO-(A30BbIX COCTOSHUH MPU yIApHOM KOMIIOCTUPOBAHHH, MEXaHUYECKOM
JIErMPOBAHUM M MOCIEAYIOIEM UCKPOBOM IUIA3MEHHOM CIIEKAHUM 3HAUUTENIbHO MOBBIMIACT MPEAEN IPOUYHOCTU IPU KOMHATHOH TemIeparype,
COXpaHssl OTIMYHYIO IUIACTUYHOCTH (OTHOCHTENIbHOE YUIMHEeHHe mpuMepHo 28 %). B kauecTBe OAHOro M3 METONOB MOAM(MHLUPOBAHMS
MexaHH4YeckHux cBoiicTB BOC aBTopaMu npeasiokeHa aJ1eKTpoHHo-1Ty4uKkoBast o0padotka (OI10). Beinonnen ananus neopMannoHHbIX KPUBBIX
B3C, nony4ueHHOro 1o TeXHOJIOTUHU IPOBOJIOYHO-YTOBOT0 a/INTUBHOTO MPOU3BOACTBA, rocie 110 ¢ mI0THOCTHIO YHEPTUH ITyUKa dIEKTPOHOB
10 — 30 JIx/cM?, BbICKA3aHbl M 000CHOBAHbI IPEAIIOJI0KEHHS O IPMYUHAX CHUKEHUS IIPOYHOCTHBIX U IUIACTHYECKUX XapaKTepucTuK. IIposenen
CpaBHUTEIbHBIN aHAIH3 MexaHndeckux cBoicTB BOC Cantor, MoJyueHHBIX Pa3iMuHBIMM METOJIAMH, U OTMEUECHBI MPUYUHBI PACXOIKICHHS

3HAYCHU I IIPOYHOCTHBIX U INIACTHYCCKUX ITapaMETpPOB.
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[ INTRODUCTION

In recent times, materials science researchers have
paid much attention to new high-entropy alloys (HEA)
offering a range of unique properties [1 — 3]. The atoms
of all elements in high-entropy alloys are considered
dissolved matter atoms. They distort the lattice and
improve the thermodynamic stability of the proper-
ties associated with the differences in atomic radii of
the components. This leads to a high-entropy system
suitable for making a material with unique properties
which cannot be obtained through conventional micro-
alloying.

The original HEA results are discussed in detail in
reviews and monographs [4 — 7] presenting the HEA
microstructure, properties, thermodynamics, structural
simulation, and new multicomponent alloy manufactu-
ring processes. The HEAs show that they may contain
nanoscale structures and even amorphous phases due to
the significant lattice distortions caused by the differen-
ces in the atomic radii of the substitution elements.

High-entropy FeCoCrNiMn alloy (Cantor) was one
of the first to be studied. Its distinctive feature is that
the lattice type (face-centered cubic) is not changed un-
der a range of heat treatment modes. Furthermore, it has
enhanced mechanical properties [8]. Mechanical tests
of the alloy at cryogenic (77 K) and room temperatures
indicated that its plastic deformation pattern is caused
by the predominant twinning [9]. A disadvantage of
CoCrFeMnNi alloys is their low yield strength at room
temperature. It can be increased by microalloying, ultra-
sound treatment [10], nitriding [11], and boriding [12].
Such processes are challenging for industrial use since
the elemental composition and the process variables
needs to be continuously monitored.
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High-current electron-beam processing is one of the
promising metal surface treatment processes. The ultra-
fast heating and cooling of the surface significantly imp-
rove the mechanical properties by optimizing the sur-
face layer structure [13]. The mechanical properties of
metal parts after such treatment can be increased up to
20x. It is much higher than the fir the conventional treat-
ments [14, 15]. Low-energy, high-current electron beams
also cause plastic deformation of the surface. This cont-
ributes to the formation of high-density dislocations and
significantly improves the physical and mechanical pro-
perties [16, 17].

There are very few works studying the effects of
low-energy high-current electron beam processing on
high-entropy alloys. Lyu P. et al. [18] noted that the
wear resistance, microhardness, nanohardness, and cor-
rosion resistance of the CoCrFeNiMo,, alloy are sig-
nificantly increased after electron-beam processing. It
was shown that electron-beam processing homogenizes
the chemical composition of the CoCrFeAINi high-ent-
ropy alloy [19].

This study analyzes various methods for contro-
lling the mechanical properties of Cantor high-entropy
CoCrFeMnN:i alloy.

[ RESULTS AND DISCUSSION

Alloying Effects

He J.Y. et al. [20] characterized and estimated the
microstructure and tensile properties in several high-
entropy alloys (FeCoNiCrMn), . Al (x =0+ 20 at%)
made with arc melting. Using the microstructural obser-
vations the phase diagram for the aluminum-containing
alloys can be divided into three areas: a single HCC
area, aluminum concentration below 8 % (area 7); dup-
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lex HCC + OCC phases, 8 to 16 % aluminum concent-
ration (area /7); an OCC solid solution area, over 16%
aluminum concentration (area //7). In area I (Al <8 %),
the alloys behave as solid solutions with aluminum atoms
added as the primary strengthening element. The alloy’s
tensile strength is ~500 MPa, yield strength is ~220 MPa,
and the relative elongation is 61.7 % to 47.2 %. In area I/
(8 % <Al <16 %), the CCC phases can be found while the
tensile strength and yield strength increase sharply, while
ductility drops. The alloys in this area behave like a com-
posite. For instance, 11 % aluminum HEA has a compo-
site structure containing 25.4 % CCC. It features the max
achievable tensile strength (1,174 MPa), and 7.7 % duc-
tility. However, the alloys containing more than 11 % of
aluminum have poor ductility. In area //] (Al > 16 %), the
alloys consist of disordered A2 segregations embedded
in the ordered B2 matrix. The microstructural characteri-
zation suggests that the two OCC phases are a result of
spinodal decomposition. The alloys in this area are ex-
tremely brittle.

Stepanov N.D. et al. [21] studied the microstructure
and mechanical properties of high entropy CoCrFeMnNiV
alloys (x = 0; 0.25; 0.5; 0.75; 1.0) produced by arc mel-
ting after their solidification and annealing at 1,000 °C
for 24 h. A CoCrFeMnNi alloy is a single-phase HCC
solid solution. The addition of vanadium leads to the for-
mation of an intermetallic sigma phase in alloys where
x > 0.25. The sigma phase was found in CoCrFeMnNiV .,
CoCrFeMnNiV .., and CoCrFeMnNiV alloys after so-
lidification and annealing. Annealing increases the sigma
phase volume fraction in alloys with x = 0.5, 0.75, and 1.0,
and also in the CoCrFeMnNiV  ,. alloy. The volume frac-
tion of the sigma phase increases with vanadium content:
from ~2 % atx = 0.25 to 67 to 72 % at x = 1.0. The micro-
hardness and yield strength measurements showed that
adding vanadium above x = 0.5 increases the above values
while reducing the ductility of the initially soft and duc-
tile CoCrFeMnNi alloy. For example, the microhardness,
yield strength, and ductility of the CoCrFeMnNi alloy are
135 HV, 230 MPa, and above 75 %, respectively. For the
CoCrFeMnNiV alloy, they are 636 HV, 1,660 MPa, and
0.5 %, respectively.

Chen P. et al [22] proposed an unconventional alloy-
ing of HEA with manganese powder: by means of laser
melting of the powder bed. In addition to its homoge-
neous dissolution in the HEA matrix, manganese also
forms oxide particles (the oxygen comes both from the
powder feedstock and the atmosphere). It produces in
a HEA hardened with dispersed oxides. The result of this
process is a HEA containing CoCrFeMnNi HCC matrix
with ~7 % volume fraction of manganese oxide particles.

High tensile strength (630/730 MPa yield strength/frac-
ture strength) and moderate tensile ductility (~12 %)
were achieved by hardening with dispersed manganese
oxide. The new HEA also retains high compressive duc-
tility. HEA strength compared to CoCrFeMnNi made
with a pre-alloyed powder is predominantly enhanced
by the Orowan strengthening. The submicron oxide par-
ticles prevent plastic deformation of the matrix as they
create voids along the sliding directions and to some ex-
tent reduce the tensile ductility.

Yamanaka S. et al. [23] studied the effects of tita-
nium and silicon additions on the phase equilibrium and
mechanical properties of the equiatomic, high-entropy
CoCrFeMnNi alloy. It was found that the addition of both
titanium and silicon improves tensile strength. The harde-
ning capacity of the titanium addition is higher than that
of silicon. The addition of titanium produces an alloy with
lower ductility than the Cantor alloy. The difference in
ductility is caused by strain hardening in the high strain
range.

Xian X. et al. [24] studied the effects of adding cop-
per at the phase transition and mechanical properties of
the high-entropy CrMnFeCoNiCu, alloy. Copper-depleted
dendrites and copper- and manganese-rich interdendrites
are observed in alloys with large copper content, due to
the positive enthalpy of the copper mixing with other ele-
ments. The yield strength and microhardness increase
with the copper content: from 188.04 to 350.63 MPa; and
from 165.35 to 215.84 HV, respectively. The reason for
the high strength of the CrMnFeCoNiCu alloy is the pre-
sence of nanoscale copper-rich particles uniformly disper-
sed across the matrix. They prevent the movement of
dislocations as the alloy is deformed. Compression tests
show that CrMnFeCoNiCu, alloys with the addition of
copper have an excellent strain hardening ability. Lu Y.
et al. [25] processed high entropy Cantor-type alloys with
carbon additions (0; 0.5 %; 2.0 at% ) by twisting (0.5;
1; 3 turns) at 6.5 GPa and room temperature. For all the
alloys studied, high plastic deformation leads to a sharp
grain size refinement to the nanoscale and a significant
increase in dislocation density. The hardness of the samp-
les containing 0; 0.5; 2.0 at% of carbon approaches the
max values of 490; 550; 640 HV, respectively. The rela-
tive elongation of the samples for all three alloys studied
exceeds 30 %. The yield strength of the samples reaches
1.7; 1.9; 2.4 GPa at 0; 0.5; 2.0 at% carbon content, respec-
tively but with a sharp ductility decrease. We analyzed the
factors contributing to the hardening and identified that
the conventional dislocation movement approach signifi-
cantly overestimates the yield strength compared to the
experimental values. It was assumed that the discrepancy
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between the theoretical estimates and the experimental re-
sults is due to grain boundary sliding.

CoCrFeMnNi WEC composites [26] containing
2.5 wt% TiC and 5 wt% WC were obtained with laser
melt deposition. The samples had a non-porous, compac-
ted, two-phase microstructure of the HCC matrix and
precipitates. Spherical precipitates of titanium carbide
(TiC) ranging from 200 nm to more than 1 pm were
observed in the samples with added TiC. Samples were
found with added WC, 50 — 100 nm cubic Me,,C, pre-
cipitates. The HEA tensile strength was significantly im-
proved by adding particles due to the combined effect of
grain refinement and higher contribution of the precipi-
tates. The ultimate tensile strength increased from 550
to 610 MPa, while ductility reduced from 52 to 47 % as
2.5 wt% of TiC was added. The mechanical properties of
the samples with 5 wt% of WC added were as follows:
776 MPa ultimate tensile strength, and 37 % relative
elongation. Zhang X. et al. [26] showed the potential
of nanoscale TiC precipitations for controlling the HEA
mechanical properties.

Ji W. et al. [27] used mechanical alloying and subse-
quent spark plasma sintering at 800 °C and 50 MPa to
make an equiatomic HEA. Mechanical alloying forms
a solid solution with a 10 nm fine microstructure consis-
ting of HCC and OCC phases. After consolidation, only
the HCC phase with high (1,987 MPa) compressive
strength was found in the HEA. Spark plasma sintering
induces an interesting magnetic transition associated with
coarsening and phase transformation.

The nanostructure phase state was also achieved in the
HEA alloy made by gas sputtering and subsequent powder
hot pressing at 1,100 °C for 2 h [28]. Sintered equiato-
mic HEA is a homogeneous single-phase solid solution
with the HCC structure and equiaxed grains (average size:
~16 pm). Transmission electron microscopy (TEM) stu-
dies showed that metastable structures ranging from 55
to 160 nm are created in the sintered metal. These struc-
tures are “inherited” from the gas-sputtered CoCrFeMnNi
powder with nanoscale crystallites formed during rapid
solidification. The yield strength at room temperature
and the tensile strength of the sintered HEA reached 358
and 778 MPa, respectively, while the alloy retained ex-
cellent (about 28 %) ductility. EBSD studies of the sub-
structures at certain strain levels showed that the sintered
CoCrFeMnNi HEA retains a single-phase HCC structure,
while the primary deformation pattern is dislocation sli-
ding. The hardening is caused by a combined effect of
grain refinement and the presence of nanoscale metastable
structures.
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Temperature and Microstructure Effects

The HEA mechanical properties depend on the test
temperature and microstructure. Otto F. et al. [29] made
an equiatomic high-entropy alloy by arc melting, injection
molding, and rolling. Then the alloy was recrystallized to
produce a single-phase HCC structure with three grain
sizes: 4.4; 50; 155 pm. We studied the yield and tensile
strength vs. temperature and grain size relationships in the
77— 1,073 K temperature range.

Up to 873 K, the yield strength increased as the grain
size decreased. The greatest increase occurred when
the grain size decreased from 155 to 4.4 um. The ten-
sile strength also increased as the grain size decreased,
although to a lesser extent than the yield strength. The
elongation at break is comparable for samples with grain
sizes of 50 and 155 um and lower for finer-grained mate-
rial. In the case of samples with grains of all three sizes
(4.4, 50, and 155 pum), the alloy shows a strong increase
in yield strength and ultimate tensile strength with de-
creasing temperature. Relative elongation at break also
increased monotonically as the temperature decreased for
the samples with 50 and 155 um grain sizes. An interme-
diate temperature minimum of around 673 K for the fine-
grained material was found.

In the 77 — 873 K temperature range, the initial plastic-
ity up to the ~2 % tensile strain is caused exclusively by
planar 1/2 110 dislocation glide along the {111} slip plane.
As the test temperature decreased from room temperature
to 77 K, nanoscale twinning was observed as an additional
mode of deformation. It probably contributes to the obser-
ved increase in ductility at low temperatures. In pure HCC
metals, the yield strength increase with the temperature
decrease found for this highly entropic HEA is rarely ob-
served. Such yield strength increase in binary HCC solid
solutions varies depending on the dissolved matter con-
centration. So far, TEM studies have not explained the
temperature dependence of the yield strength. Note that
the terms “dissolved matter” and “solvent” lose their usual
meanings [29] when applied to thermally activated micro-
structural processes affecting the fluidity of equiatomic
high-entropy alloys.

Severe Plastic Deformation

and Impact Loading

The CoCrFeMnNi equiatomic high-entropy alloy
produced by arc melting and drop casting was subjected
to severe plastic deformation (SPD): high-pressure tor-
sion [30]. It caused significant grain refinement to 50 nm
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in the coarse casting part. The strength and the hardness
were significantly increased: to 1,950 MPa and ~520 HV,
respectively. After SPD, the alloy is still a single-phase
solid solution down to the atomic scale. We performed
isochronal (1 h) and isothermal heat treatment followed by
microhardness and tensile tests. The isochronous annea-
ling resulted in a significant hardness increase to 630 HV
at 450 °C. Further temperature increase led to a decrease
in hardness. The isothermal annealing at 450 °C caused
an extra hardness increase to 910 HV after 100 h. In or-
der to explain the unexpected response to annealing, we
used a comprehensive microstructural analysis with TEM
and 3D atom probe tomography. The formation of new
nanophases in the initially single-phase HEA was detec-
ted. After very short anneals (5 min at 450 °C), the NiMn
and chromium-rich phases were formed. As the annealing
time increased, their volume fraction also increased, and
a third FeCo phase was formed. The excess grain boun-
daries in a nanocrystalline HEA create multiple paths for
rapid diffusion and nucleation sites to facilitate this phase
decomposition. The increase in hardness, especially with
longer annealing, may be explained by the presence of na-
noscale phases within the HEA matrix.

Our results provide some valuable new insights into
the phase stability of single-phase high-entropy alloys and
the mechanical property control options.

Yim D. et al. [31] pressed mechanically alloyed pow-
ders of a high entropy alloy by static and shock-wave
compaction followed by sintering without any pressure
applied. It was shown that the alloy consists of the HCC
phase with a small amount of ZrO, oxide after refinement
and sintering. The presence of ZrO, oxide is associated
with grinding contamination which led to the composite
microstructure formation. Static compaction of alloyed
powders increases the compaction density (~85 — 88 %)
as the pressure increases (1 — 3 GPa), while shock wave
compaction leads to a high (~95 %) relative density with
fine, isolated pores. After sintering, the samples compac-
ted by shock waves featured virtually complete (99.5 %)
compaction with smaller grain size and better mechani-
cal properties when compared to the sintering of statical-
ly compacted samples. A sintered sample compacted by
a shock wave showed a high (630 MPa) yield strength and
uniform strain distribution.

Electron-Beam Processing

The CoCrFeMnNi non-equiatomic high-entropy alloy
was produced by means of wire-arc additive manufactur-
ing (WAAM) [7]. We plotted and analyzed the HEA ten-
sile strain curves in their initial state and after electron-

beam processing. The process variables were as follows:
electron beam energy density £ =10—30 J/cm? 50 ps
duration; 3 pulses; and 0.3 s™! pulse rate.

Our mechanical tests of the HEA in its initial and
electron-beam processed states (uniaxial tension of flat
proportional samples) showed that in its initial state (be-
fore processing), the alloy has high ductility (the rela-
tive elongation exceeds 70 %) and strength (the ultimate
strength reaches 500 MPa) (see Fig., curve /). Process-
ing with a pulsed electron beam (high-speed melting and
subsequent high-speed crystallization) of the surface layer
reduces the strength and ductility (see Fig., curve 2).

The HEA electron-beam processing reduces the
microhardness of the processed layer by 1.6x (from 3.1
to 1.85 GPa at E =30 J/cm?). Significant strength and
plastic property changes are caused by the changes in the
alloy’s defective substructure initiated by the thermal im-
pact of the electron beam.

We applied a pulsed electron beam with various energy
densities to the HEA surface, in order to study the evo-
lution of the defect substructure formed through high-
speed heating and cooling. Electron-beam processing at
E =10 J/cm? is accompanied by primary recrystallization
of the surface layer.

At higher electron beam energy density (15 — 30 J/cm?)
collective recrystallization occurs in the surface layer,
and the grain size grows. The average grain size increases
from 35 to 120 um as the electron beam energy density
rises from 15 to 30 J/cm?.

100
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Deformation curves for the HEA tension
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The scanning and transmission electron microscopy
analysis of the processed surface and thin surface layer
showed that the high-speed thermal impact forms a cellu-
lar crystallization structure in the surface layer. The ave-
rage size of the crystallization cells depends on the elect-
ron beam energy density. It increases from 310 nm at
E =15 J/cm? to 800 nm at £ = 30 J/cm?.

Analysis of the uniaxial tension fracture surface showed
that the cellular structure surface layer thickness is ap-
proximately 5 um. The cells are nearly equiaxed in shape
and form a columnar structure. It should be noted that the
high-speed crystallization structure results in the forma-
tion of a micropore layer along the interface between the
modified layer and the metal volume. We detected micro-
cracks in the modified layer and the adjacent volume. The
formation of such a defective substructure may be one of
the reasons for the decrease in HEA strength and plastic
properties after electron-beam processing.

See the table for a comparative analysis of the
CoCrFeMnNi mechanical properties.

The significant differences detected may be explained
by the shape and size of the samples, their manufacturing
process, and test conditions.

[ ConcLusions

The Cantor CoCrFeMnNi HCC HEA developed in
2004 offers a good combination of strength and ducti-
lity in a wide temperature range. It also has relatively
low yield strength at room temperature. We reviewed
the studies on changing the mechanical properties of the
CoCrFeMnNi (equiatomic and non-equiatomic) HEAs
by changing the manufacturing process. We also studied
the effect of aluminum, vanadium, manganese, titanium,
silicon, carbon, and copper alloying on the deformation
hardening and other properties. We observed the ef-
fects of the 4.4 — 155 wm grain size and microstructure
on the ultimate tensile strength and yield strength in a
wide temperature range (77 — 1073 K). It was found that
adding TiC and WC (2.5 wt% and 5.0 wt%) significantly
increases the ultimate strength but reduces the relative

Comparative analysis of the mechanical properties
for the CoCrFeMnNi alloys obtained by various processes

CpaBHMTe/IbHBIH aHAJU3 MeXaHUYECKHUX CBOIICTB BLICOKOIHTPONMITHOIO CIJIaBa
cucrembl CoCrFeMnNi, nosry4eHHOro pa3JH4HbIMH METOAAMHU

568

. Qs izl Uil Relative | Microhardness,
Manufacturing process Test type strength, strength, .
strain, % HV
MPa MPa
) Compression 279 1689 54
This study ) 153
Tensile load 279 499 63
Casting [20] Compression 208 - 75 144
Casting [21] Tensile load 230 - 62 176
Selective laser melting [22] Tensile load 624 747 12.3 -
Laser metal deposition [26] Tensile load 245 550 52 -
Arc melting, cold rolling + annealing .
at 800 °C [29] Tensile load 350 670 - -
Arc melting, cold rolling + annealing .
at 1000 °C [29] Tensile load 180 580 - -
Arc melting, cold rolling + annealing .
at 1150 °C [29] Tensile load 160 530 - -
Severe plastic .
deformation [30] Tensile load 1900 1950 - —
Mechanlca.l allgylng and plasma Tensile load 1760 1950 B B
sintering [27]
Mechanical alloying .
and shock sintering (1 h) [31] Tensile load 630 800 - a
Powder gas sputtering Tensile load 358 778 - -
hot pressinge [28]
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elongation at break. Severe plastic deformation increases
the tensile strength to 1,950 MPa and hardness to 520 HV
by forming a nanoscale (~50 nm) grain structure. The
mechanical properties can be changed by subsequent
isochoric and isothermal annealing. The nanostructure
phase states created by impact compacting, mechanical
alloying and subsequent plasma sintering significantly
increase the ultimate strength, while maintaining high
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