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Abstract

The development and mechanical characterization of a CoCr-based multiple-principal-element alloy are presented and
discussed. In this work, ab initio synthesis and mechanical characterization of the (CoCr),y,_(TiNbZr), (x=0, 48 60, 78 and
100 % at) alloy family is reported; these include the calculation of thermodynamic parameters such as mixing entropy (AS,;,),
mixing enthalpy (AH;,), valence electron concentration (VEC),  and 6 factors The alloys were melted in a vacuum arc
furnace; rod-shaped ingots were produced by suction casting. Phase characterization was carried out using optical microscopy,
scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and X-ray diffraction. Mechanical
characterization was done via compressive and hardness tests. Calculation of phase diagrams was performed using Thermo-
Calc © software. Yang’s model for phase prediction predicted a BCC solid solution. Multicomponent simulations predicted a
more complex structure, with Laves (C14 and C15), Theta (C16), BCC 1, 2 and 3, Mu, CoTi,, CoZr; and TiZr,. Contrary to
Yang’s model for phase prediction, the experimentally obtained phases agreed reasonability well with those obtained by the
Thermo-Calc simulation. The suction cast process cooling rate suppressed the nucleation and growth of some equilibrium
phases, i.e., Laves (C14) or BCC 3 for the (CoCr), (. (TiNbZr), (x=0, 48 60, 78 and 100 % at) alloys. The hardness test
results were strongly related to the intermetallic phase formation, showing an increase of 331% with the x=78 alloy. The
BCC 1 phase played an important role in the yield strength behavior, as the (CoCr),,(TiNbZr),4 alloy, with a considerable
amount of this phase, showed the highest yield strength value.
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Multiple-principal-element (MPE) alloys are novel materi-
als. They were first described by Ranganathan in 2003, then
by Jien-Wei Yeh and Brian Cantor in 2004. The definitions
of these materials are broad. Nevertheless, MPE alloys are
metallic materials composed of 5 or more elements in equal
or quasi-equal proportions. These materials propose a new
approach to design and an interesting combination of proper-
ties that could lead to specifically designed parts or devices
[1-4].

The TiNbZr alloy presents a good combination of
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mechanical properties. Its elastic behavior has been mainly
studied and could be potentially used in the aerospace or
medical industries or even as a structural material; never-
theless, as far as we are aware, it has not been used in any
practical application due to its poor wear resistance [5-8].
On the other hand, CoCr alloys have been used in dental
implants or orthopedic devices. These alloys have a high
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resistance but are too hard and brittle, making them difficult
to machine. MPE alloy could combine these properties and
give these alloys a more practical use as structural materials
or in medical devices [9-11].

In order to design MPE alloys, Zhang et al. have proposed
a predictive model for phase formation using Boltzmann’s
thermodynamic statistics equations for mixing entropy
(AS,,;iy) and mixing enthalpy (AH ;). This model provides
a way of correlating the obtained values proposing other
parameters called “Q” and the atomic size difference “5”
[4,12,13].

In this model, AS_. can be calculated as [4, 12]:

ASyi =—RY (cinc,) (1

where R represents the gas constant, and c; is the molar
fraction of component i.

Using similar approximations, AH,;, can be calculated
by the following equation [4, 12]:

n

AI_Imix = Zi:u#4AHmix(i,j)cicj (2)

where AH ., is the mixing enthalpy for the binary
equiatomic i—j alloys. It is worth mentioning that there
are several ways of calculating the AH,;,, »; however, in
this work, the Miedema’s model was used. The Miedema’s
model values can be calculated using Eq 3 [14-16]:

2
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V., and V] are the molar volume of the i and j element. P, Q,
R,, aand a.c f are constants determined by Miedema et al.
Reference [14] provides a more accurate description of
all the parameters employed in this model.
On the other hand, ¢ is defined by the following equation
(4,12, 17]:

s=yZe(-3) ©

where r; and r represent the atomic radius for the ith element
and the average radii of the elements that constitute the alloy
(r = Y, c;r), respectively.

The last parameter employed as a predictive model for
MPE alloys is Q; this parameter is defined as:

Q= TMASmix
RN ®

mix

where T, represents the average fusion temperature of
the alloy (T, = Z?:lciTMi) and can be estimated from
the melting temperature of each element. In this equation,
T,,; represents the melting temperature of the ith element.
In general, it has been proposed that the formation of
a stable solid solution in an MPE alloy occurs when
12<AS,;, <17.5)/molK, —20<AH,;, <5 kJ/mol, Q>1.1

and 8<6.6% [4, 12, 13, 18, 19].
Once MPE alloys were described, many of them were
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These values can be obtained by substituting Eqs 4-7
in 3.
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where n, are the electron density at the Wigner—Seitz
cell boundary. ¢; and ¢; represent the electronegativity of
elements i and j. A table of these values for some transition
metals can be obtained in Miedema et al. original work [16].

developed; it has been noted that most of these alloys have
a body-centered cubic (BCC) or face-centered cubic (FCC)
structure. To predict which of these structures will be
adopted by a particular alloy, the valence electron concen-
tration (VEC) model is widely used. Mathematically, VEC
is defined as [4, 20, 21]:

VEC= )" ¢VEC, (10)

It has been noted that when VEC < 6.87, the structure
adopted by the alloy will be BCC; when 6.87 < VEC < 8.0,
a mixture of BCC and FCC structures will be obtained.
Finally, when VEC > 8.0, a pure FCC will be formed [4, 21].

From the above, the objective of this work was to gen-
erate the high-entropy alloys described by the general for-
mulae (CoCr)100-x(TiNbZr)x (x=0, 48, 60, 78 and 100
% at) and study their mechanical properties. The aim was
to obtain an alloy that outclassed the mechanical proper-
ties of TiNbZr alloy, such as the elastic modulus, yield
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strength and ultimate compressive strength, while keeping
its plastic properties.

Experimental Procedure

Calculations of AS,;, and AH, ;, were made using Boltzmann’s
and Miedema’s models for alloys containing Co, Cr, Ti, Nb and
Zr. This process was carried out to predict the formation of a
homogenous solid solution of the selected elements, while Tm
was calculated based on the rule of mixture. Finally, Q and &
factors were also calculated from Zhang et al. proposed model
[13]. From the above, the calculated chemical compositions
for casting the alloy samples were (CoCr),(_(TiNbZr), (x=0,
48 60, 78 and 100 % at). Co, Cr, Ti, Zr, and Nb pellets with
purity higher than 99.5% were used as starting materials for
the alloy samples. The ingots (10 g) were melted five times in
a vacuum arc furnace to ensure a homogenous composition.
After solidification, the obtained ingots were melted and suction
cast into cylindrical rods that complied with ASTM-E9-19
standards. Without any heat treatment, as-cast samples were
employed to keep the rapidly cooled microstructure obtained
through the suction casting process. Phase characterization
was made on transversal cut samples of the suction cast rods.
Samples were grounded using sandpaper with increasingly
small particle sizes and polished with alumina down to 0.04 pm.
The chemical composition of ingots was obtained by energy-
dispersive X-ray spectroscopy (EDS), and images were obtained
with a JEOL-7600 Schottky field emission scanning electron
microscope (SEM). XRD patterns were generated using a
Bruker D8 Advanced with Cu ko radiation. Compressive
tests were performed on rods of 6 mm in diameter by 5 mm in
length, following ASTM-E9-19 standard, using an INSTRON
5500-R universal machine at a strain rate of 4x10* s, and
microhardness tests measurements were done on a Shimadzu
HMV-G machine 100 g with a dwell time of 15 s. It is worth
noting that ten indentations were taken for statistical purposes.
Finally, the phase equilibria simulation calculations were
performed using the Thermo-Calc (2022a) THCEA-3 database
(Thermo-Calc Software, Stockholm, Sweden) to compare
the experimentally obtained phases with the multicomponent
simulations.

Results and Discussion

Thermodynamic Parameters
In order to calculate AH,;, for each alloy, AH,;, ;) must
be calculated. Results for these calculations can be found in
Fig. 1. It is important to note that negative values represent
an exothermic process, while positive ones are endother-

mic. As the value grows, it indicates how much energy must
be spent or liberated in this process, bearing in mind that
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the most exothermal mixing process corresponds to mixing
cobalt and zirconium, with a value of —39.61 kJ/mol. This
means that these two elements have a high affinity for one
another. On the other hand, the most endothermal process is
mixing niobium and zirconium, with a value of 3.95 kj/mol,
forming a solid solution.

The results of the obtained calculations are presented
in Table 1. This table shows that for the first alloy, when
x=0, the values for AS;,, AH,,. and § are lower than
those obtained at x =48, 60 and 78. This is congruent
with binary alloys, which have low AH_;, and similar
atomic radii. Nevertheless, the obtained value for Q at
x=0 was lower than those obtained at x =48, 60 and
78. This is due to the difference between the AS ;, and
AH_;, values and could be related to the smaller energy
required to mix these two elements. A similar analysis
can be performed for the x =100 alloy; in this case, this
alloy classifies as a medium-entropy alloy [4]. For the
compositions where x =48, 60 and 78, it can be noted
that the values for AS_;,, Q and § are very similar;
these results suggest that the produced alloys will form
solid solutions. It is worth noting that AH_;, values are
far from 0; nevertheless, they are still in the range of
forming simple solid solutions. Additionally, an already
observed tendency [17] in AS,;, can be noted; this value
reaches its maximum value when the concentrations of
all atoms are equal. Finally, VEC results predict a BCC
and FCC mixture for the CoCr (x=0) alloy and a BCC
structure for the other alloys.

Jo

[ By |\
4

A-

Cr
129 pm

Fig. 1 Results of AH,,;, ;) - All results are in kj/mol
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Table 1 Results of X,at% Composition AS,. . Jmol*K  AH_.kl/mol T, K @ &% VEC

thermodynamic parameters for

the (CoCr);99_(TiNbZr), family ¢ CoCr 5.76 —4.44 2017.8 132 182 750

alloys 48 (CoCr)s,(TiNbZr),g  13.14 ~20.01 2059.1 135 462 598
60 (CoCr),, (TiNbZr)g,  13.38 —18.69 20866 149 474 560
78 (CoCr)yy(TiNbZr);  12.77 —~12.80 21279 212 470  5.03
100 TiNbZr 9.13 -0.76 21554 396 426 433

Phase Characterization

Figure 2 A to E shows the SEM images for the suction cast
alloys. Figure 2 A corresponds to the CoCr alloy (x=0 at.%);
Figure 2B-D corresponds to the alloys with x=48, 60 and
78 at.%, respectively; finally, Fig. 2E corresponds to the
TiNbZr alloy. Initially, it can be noted that in the first alloy
(x=0), the microstructure comprises two phases, ¢ and eCo
(Fig. 2A). These results are congruent with those previously
reported [22-24]. Similarly, for the TiNbZr (x=100) alloy
(Fig. 2E), a single solid solution phase was observed, being
also previously reported [5, 8, 25].

For the second alloy, when x=48 (Fig. 2B), the addition
of TiNbZr to the CoCr matrix caused the formation of three
zones with similar mean nucleic mass. First, a precipitate
that appears as a light gray area in SEM images, a second
formation appears as a darker gray phase, and finally, a black
dot phase. In general terms, the morphology obtained was
dendritic, despite the fact that thermodynamical calculations
(Boltzmann’s, Miedema’s and Zhang’s models) initially

~ m ; Laves (C15) B§

predicted the formation of a single solid solution, this was
related to the high mixing enthalpy of some of the elemen-
tal couples, particularly Co-Cr and Co-Zr (Fig. 1). As this
value increases in magnitude, it can indicate the formation of
intermetallic phases. A slow cooling rate favors the forma-
tion of additional phases, as will be discussed further ahead.
Hence, the precipitation of phases indicates that higher cool-
ing rates may be required to form a solid solution. Phase
identification was possible via EDS elemental analysis and
X-ray diffraction; these results will be discussed below.
The third alloy (x=60) presented a more complex
morphology. Only three zones were observed in the SEM
image; they can be seen in different gray scales (Fig. 2C).
This concentration of TiNbZr prevented the formation of
the dendrites observed at the previous amount (X=48);
nevertheless, the absence of complete dendrites suggests
that this sample had a better response to the selected cool-
ing rate. The equiatomic structure predicted by thermody-
namic factors was that of a single solid solution; neverthe-
less, it appears that the energy needed to mix the individual

Fig.2 SEM images for synthetized for the (CoCr),,_,(TiNbZr), alloys. (A-E) corresponds to the x=0, 48, 60, 78 and 100 %, respectively
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elements (AH,,;,) is too high to compensate the entropic
factors (AS,,;,). causing the formation of different and more
stable structures.

Finally, for the alloy with x=78, the SEM analysis
showed a dendritic structure, being observed in two gray
scales (Fig. 2D). This alloy showed the biggest dendrites of
them all; it is believed this could be an indicator of phase
stability, and a possible candidate to form a single solid
solution provided a faster cooling rate is applied, as this
alloy had the highest Q factor of the 5 element alloys, which
has been previously reported as a favoring condition to form
solid solutions [4].

In Figure 3, the results of EDS analysis are shown. Fig-
ure 3A—C corresponds to the alloys where X=48, 60 and 78
at.%, respectively. The addition of TiNbZr (x=48) (Fig. 3A)
shows a clear, distinct zone (Fig. 2B) containing mainly Zr
and Nb. It can also be noted that Co and Nb were more
evenly distributed within the sample, being related to the
cooling rate. The equiatomic composition yielded in form-
ing Nb and Cr-rich zones (Fig. 3B), even though the higher
values of mixing enthalpy with Co could have suggested that
these elements would form other phases. All elements could
be found in some proportion in each of the observed phases.

Finally, the (CoCr),,(TiNbZr),4 alloy produced Nb-rich
dendrites with Zr, Ti and Cr (Fig. 3C). Ti could be found
in both zones. This composition was expected to produce a
solid solution; however, dendrite shape morphologies were
observed. Based on this result and the calculated values of
Q and 9, it is suggested that a single solid solution could
be produced just by increasing the cooling rate for this
particular composition. The EDS-obtained compositions for
the observed phases are shown in Table 2. These observed
phases could not be identified solely by this technique and
were characterized when the analysis was complemented
with XRD.

Figure 4A—C presents the diffraction patterns obtained
for the alloys where x=48, 60 and 78 at.%. For the X =48
alloy, four phases were detected (Fig. 4A). Two BCC solid
solution phases were observed. The third and fourth phases
consisted of the intermetallic Laves and Mu phases. This
result is promising for the formation of solid solutions, as
the formation of two BCC phases indicates that alloy ele-
ments are thermodynamically compatible (Fig. 1) to produce
a solid solution. This could be achieved if the fabrication
parameters, i.e., cooling rate, are modified.

The equiatomic alloy showed four phases (Fig. 4B): a
BCC 1 structure composed of Nb, Ti and Zr, a BCC 2 solid
solution phase composed of Ti, Nb, Zr and Co, an FCC
intermetallic phase with Cr and Zr (Fig. 3B) and finally, as
mentioned below when analyzed by XRD, a fourth phase
was detected. This phase corresponded to a phase with the
characteristics of the intermetallic Laves (C15). Similar to
the abovementioned composition, the formation of only
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cubic phases is a promising result, as it can be an indicator
that these chemical elements could lead to the formation
of a single solid solution.

Finally, the alloy where X =78 presented a BCC solid
solution with Nb, Zr, Co and Ti, an intermetallic phase
composed of Ti,Co, and a C15 Laves phase. Furthermore,
a more detailed analysis with XRD showed the presence of
two additional phases primarily composed of Zr with Co
and Ti in intermetallic forms (Fig. 4C). These additional
phases could be in small concentrations or have a similar
atomic weight to the BCC phases, thus making them
difficult to observe by SEM or EDS. In Table 3, the lattice
parameters for the indexed phases are shown. It is worth
mentioning that the phases calculated lattice parameters
are rather similar to those reported in the literature
[26-30]; however, the small differences between the
lattice parameter reported here and those reported could
be attributed to the additional atoms in the cell

As the amount of CoCr increases, the BCC 1 lattice
parameter decreases. This solid solution was found in all
produced alloys. Therefore, this result could imply that
the possibility of nucleating and growing a BCC1 phase is
very likely when using these elements. On the other hand,
as the CoCr ratio increases, the lattice parameter of the
C15 Laves phases shows a slight increase (Table 3). The
decrease in the lattice parameter of the C15 Lave phases
was attributed to the compositional change in both phase
and alloys investigated; this will be theoretically analyzed
in the following section (Fig. 5).

The lattice parameters of Mu, CoZr;, Ti,Co and
TiZr, phases agree reasonably well with those found
in the literature. These intermetallic compounds have
a stoichiometric fixed composition related to their
mixing enthalpy of the pair, making them highly stable.
It is interesting to note that despite AS,;,, VEC, Q and
O factors predicted the formation of a solid solution, a
mixture of phases was obtained, as predicted by AH ;..
This means that the formation of a solid solution in these
alloys is strongly driven by mixing enthalpy. Thus, a heat
treatment or higher cooling rate from the melt could be
necessary to form a single phase. This hypothesis is based
on the fact that the cooling rate of the suction cast rods is
much higher than that of the equilibrium condition.

Phase Diagrams

Figure 5 contains the calculated phase diagrams for the
produced alloys. In these diagrams, it can be noted that a
series of intermetallic phases can be formed. First are the
Laves phases, an intermetallic phase with two arrange-
ments, cubic (C15) or hexagonal (C14). Secondly, the Mu
phase is a Frank—Kasper-type intermetallic phase com-
posed of Co and Nb with an HCP structure. The formation
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Electron Image

Co Ka1 Zr La1 Nb La1

Fig.3 EDS results for the investigated alloys: (A) (CoCr)s,(TiNbZr),g alloy. (B) (CoCr),, (TiNbZr),, and (C) (CoCr),,(TiNbZr),g
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Table 2 Energy-dispersive X-ray spectroscopy

Composition Label Phase Composition, Atomic %
(CoCr)sy(TiNbZr),g 1 Laves (C15)  CoyCrygTi;Nb,Zrs;

2 BCC1 CoygTiy NbgZr,,

3 Mu Co34CrgTiyNbs,

4 BCC2 Cr,Ti ,)Nbg;Zr,
(CoCr)g (TiNbZr)g, 1 BCC 1 Cr,TiysNbgeZrg

2 BCC2 Coy,Tiy;NbgZrys

3 CoZr, CoyeZryy

4 Laves (C15)  Co,Crg,Ti,Nb,Zr5,
(CoCr),y(TiNbZr);g 1 BCC 1 Cr,TiysNbs,Zr 5

2 Laves (C15)  CosCrg;TiyZr3,

3 TiZr,+CoZr; CogTioNb,Zrg

A CoCr,,TiNbZr,,

* BCC1

A BCC2

= Laves(C15)
Mu

B CoCr, TiNbZr,,|

«BCC1
ABCC2
= Laves (C15)
© ColZry

Intensity (a.u.)

V@Nwﬁvmww ,WW
| C CoCr,,TiNbZr,,

< BCC1

s Llaves(C15)
o CoZry
v CoTi,
+ Tizr,
v ot 4.y o
e ° -+ <

30 35 40 45 50 55 60 65 70 75 80 85 90
Angle (2 theta)

Fig.4 X-ray diffraction pattern for (A) (CoCr),,(TiNbZr);s. (B)
(CoCr), (TiNbZr)g, and C) (CoCr)s,(TiNbZr),g alloy

of other binary intermetallic phases was also predicted,
i.e., CoTi,, CoZr; and TiZr,. Finally, three BCC solid solu-
tion phases were also predicted.

Figure 5 A shows that the (CoCr)s,(TiNbZr),s alloy
has six possible phases. At room temperature and in
equilibrium conditions, this alloy presents four phases,
i.e., BCC 1 and 2, a C15 Laves phase and Mu. Despite
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the cooling rate employed, all these phases were also
observed through XRD (Fig. 4 A). This phenomenon can
be attributed to the high mixing enthalpy of the involved
elements, which causes the formation of precipitates
despite the fast-cooling rate. Since a higher amount of
BCC than the Mu phase was found, phase transformations
were believed to be stopped between 350 and 250 °C.

Simulations for (CoCr),, (TiNbZr)¢, can be found in
Fig. 5B. These simulations showed that there are seven
possible phases. In equilibrium conditions and at 20 °C,
the system should have five phases: BCC 1 and 2, a C15
Laves and two intermetallic phases, i.e., CoZr; and CoTi,.
Similar to the previous alloy, the intermetallic phases
are highly expected due to their high AH_; (Fig. I).
Nevertheless, only CoZr; and (C15) Laves were found in
the suction cast samples. In equilibrium conditions, the
CoTi, phase should occupy nearly 20% of the sample;
however, it was not found in the XRD patterns. It is
believed that the absence of this phase is related to the
increased solubility of Co and Zr in the Laves phase at high
temperatures; then, when the sample is cast and rapidly
cooled, the nucleation process is avoided. The hypothesis
that the Laves phase is responsible for the absence of a
Co-Zr precipitate is supported by the observation that the
composition of the BCC phases remains with little to no
change in composition as temperature changes (Fig. 5,
insert); thus, the increase in solubility of Co and Zr in the
Laves phase occurred.

Finally, results for the alloy when x=78 at.% are also
presented (Fig. 5C). This sample should have four phases
in equilibrium conditions and at room temperature: the
C15 Laves phase, the intermetallics TiZr, and CoTi,,
and the BCC 1 solid solution. However, five phases were
detected in the XRD patterns (Fig. 4C). It is believed
that the presence of the CoZr; intermetallic compound
in the microstructure is related to the high cooling rate,
stopping the phase transformations at~ 150 °C and
producing a nonequilibrium phase at room temperature.
The absence of BCC 3 within the final microstructure
supports the abovementioned hypothesis, i.e., the arrest of
the microstructure that could have been produced between
150 and 450 °C. This frozen microstructure was definitely
produced during the high cooling rate casting.

Mechanical Characterization

Hardness Tests

Figure 6 presents the mean obtained results and their stand-
ard deviation from the hardness test. In this figure, it can be

noted that as the amount of CoCr increases, the hardness
of the alloy also increases. This could be attributed to the
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Table 3 Calculated and reported lattice parameters for the found phases in the family of alloys (CoCr), . (TiNbZr), with (x=0, 48 60, 78 and

100 at.%)
(CoCr)s,(TiNbZr) g (CoCr), (TiNbZr)g, (CoCr),,(TiNbZr),¢
Phase Measured Lattice Phase Measured Lattice Phase Measured Lattice Reported
parameter, A parameter, A parameter, A lattice .
parameter, A
C15 Laves a7.2257 C15 Laves a7.0618 C 15 Laves a7.0619 a7.0210
[26]
BCC 1 a3.3062 BCC 1 a3.3620 BCC 1 a3.3698 Not available
BCC2 a3.2538 BCC2 a3.3125 Not available
Mu (Coy¢Nbs,) a4.9970 a4.9040
¢ 26.1604 ¢ 26.1860
hexagonal [27]
CoZr; a3.2746 CoZr; a3.2679 a3.277
b 10.4466 b 10.4747 b 10.904
¢ 8.9345 ¢ 8.9461 c8.99
(28]
Ti,Co (Tig;Cos3) a 11.2900 a 11.2881
[29]
TiZr, (TizeZrgy,) a3.1502 a3.148
b 5.0451 b 5.054
[30]

formation of intermetallic phases into the original solid solu-
tion microstructure. The obtained values range from 264 HV
for x=0 to a maximum of 876 HV for x=78, representing
an increment of 331% in hardness. The obtained hardness
values suggest that intermediate concentrations of CoCr in
the alloy matrix, i.e., between 40 and 60%, produced alloys
with the highest hardness value. For the alloy without CoCr,
a softer BCC solid solution microstructure was obtained;
however, harder Laves and Mu phases were formed for the
alloy with 52 at.% of CoCr, which generated the increase
mentioned above in hardness. This hardness could be com-
parable to hot work tool steels (480-740 HV) [33]

Compression Tests

In Figure 6, the results of the compression tests are shown.
From this figure, the high mechanical properties of both
TiNbZr and CoCr can be noted. For the CoCr, the yield
strength was 1300 MPa, showing brittle behavior and frac-
turing before any plastic deformation occurred. Regard-
ing the TiNbZr alloy, the yield strength was 784 MPa,
but the plastic deformation behavior was considerably
higher. It can be noted that there was a significant decrease
in yield strength for two of the tested compositions, i.e.,
(CoCr)5,(TiNbZr) 4 and (CoCr),,(TiNbZr)e,, reached 84.4
and 107.7 MPa, respectively. It is believed that this decre-
ment in mechanical properties could be related to the BCC1
phase; as the amount of this phase increases, so does the

yield strength. This can be supported by the results presented
in Fig. 2 (white zones), 3 (XRD peaks) and 5 (CALPHAD),
where the BCC1 phase grew as the amount of TiNbZr
increased. Finally, it is thought that the brittle behavior could
be attributed to the nucleation and growth of the intermetal-
lic phases in the alloys with CoCr additions since the TiNbZr
alloy just showed the ductile BCC1 phase (Fig. 7).

Conclusions

The family of MPE alloys described by (CoCr), . (TiNbZr),
with x=0, 48 60, 78 and 100 at.% were produced. The ini-
tial thermodynamical calculations based on Boltzmann’s
and Miedema’s models predicted that these alloys would be
constituted primarily by a BCC solid solution. On the other
hand, the multicomponent simulations predicted a more
complex structure, with Laves (C14 and C15), Theta (C16),
BCC 1, 2 and 3, Mu, CoTi,, CoZr; and TiZr,. The experi-
mentally obtained phases agreed reasonability well with
those obtained by the Thermo-Calc simulation, contrary to
that of the Boltzmann’s and Miedema’s models, where the
magnitude of AS, ., VEC, Q and § factors predicted the for-
mation of a solid solution; nevertheless, a mixture of phases
was obtained, as predicted by AH, ;.. It is though those
small differences observed by SEM and XRD but reported
by THERMO-CALC, it could be explained in terms of the
resulting cooling rate of the suction casting process. From
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Fig.5 Calculated phase diagrams for the synthetized alloys. (A) (CoCr)s,(TiNbZr),4 alloy. (B) (CoCr),, (TiNbZr), and (C) (CoCr),,(TiNbZr),5
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Fig.6 Hardness test results for tested alloys as a function of CoCr
concentration
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Fig. 7 Compression test results for tested alloys

the mechanical point of view, the hardness test results were
strongly related to the intermetallic phase formation with
the CoCr additions, showing a maximum of 876 HV for
X="78. Meanwhile, the yield strength was dominated by the
amount of BCC 1.
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