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Effect of Copper Content on the Microstructure and
Mechanical Properties of As-Cast Refractory

MoNDbTi Multiprincipal Element Alloys

Eder Lopes Ortiz, Jodo Felipe Queiroz Rodrigues, Renato Baldan, Erik Poloni,
Giovana da Silva Padilha, Wislei Riuper Osdrio, and Ausdinir Danilo Bortolozo*

Multiprincipal element alloys (MPEAs) exhibit a wide range of microstructures and
mechanical properties, depending on composition and processing. In this study,
the impact of Cu addition on the microstructure and mechanical performance of
MoNbTi MPEAs is investigated. Cu plays a dual role, promoting the formation of
strengthening intermetallic phases while, at higher concentrations, potentially
increasing brittleness. It also influences diffusion kinetics and phase transfor-
mation, leading to dendritic refinement and the formation of Cu-Ti intermetallics.
Phase diagram simulations predict the behavior of Cu,MoNbTi alloys with varying
Cu content (x= 0, 0.25, 0.5, 1.0, and 2.0). The alloys are synthesized by arc casting
and analyzed using X-ray diffraction, scanning electron microscopy, and energy
dispersive spectroscopy. Mechanical properties are evaluated through Vickers
hardness and compressive testing. The results show that Cu enhances densifi-
cation and refines the dendritic structure, increasing hardness and strength.
However, excessive Cu content leads to an increased fraction of Cu-rich inter-
metallics. Hardness ranges from 515 + 54 HV to 614 + 47 HV, while UTS peaks at
~2000 + 80 MPa for Cuo sMoNbTi, nearly doubling that of MoNbTi. The well-
distributed precipitate network in CuysMoNbTi enables effective plastic defor-
mation by reducing stress concentrations and delaying crack formation. Cu tailors
MPEA microstructures, optimizing properties for applications.

gained significant interest due to their
potential to outperform traditional alloys
in versatility and performance. Their com-
positional flexibility enables a wide spec-
trum of microstructures and properties,
making them promising for high-
performance applications.”?! However,
synthesizing single-phase alloys high
entropy as initially envisaged remains chal-
lenging.!! While the increase in configu-
rational entropy indicates the potential
formation of solid solutions comprising
many primary elements, experimental
observations often reveal the presence of
multiple phases rather than a single
homogenous one.”) This complexity is
attributed to intricate atomic interactions
and the need for precise control over synthe-
sis and processing conditions.®! Despite
these challenges, research on MPEAs
remains highly productive, continuously
expanding the possibilities for designing
materials with novel physical and mechani-
cal properties.*+]

Within the field of MPEAs, combinations
of molybdenum (Mo), niobium (Nb), and

1. Introduction

Enhancing the mechanical, thermal, and chemical properties
of materials is crucial to advancing modern engineering and
technology.!  Multiprincipal element alloys (MPEAs) have

titanium (Ti) have gained attention for their remarkable proper-
ties.”! Mo provides a high melting point, thermal conductivity,
and resistance to wear and corrosion."” Nb enhances toughness
and superconductivity, while Ti is valued for its low density, high
strength-to-weight ratio, and biocompatibility."'! Combination of
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these elements can yield alloys with an optimal balance of
strength, ductility, thermal stability, and corrosion resis-
tance.”"'>13 Chen and Lil*"l demonstrated that selective laser melt-
ing of Nb, Mo, and Ti powders produces NbMoTi alloys with a
dual-phase structure (BCC and face-centered cubic [FCC]), signifi-
cantly improving hardness compared to pure metals."* Almeida
etal. found that Ti-12Mo-13Nb and Ti-10Mo-20ND alloys exhibit
enhanced corrosion resistance and hardness-to-elasticity modulus
ratios, particularly for biomedical implants, due to higher Nb con-
tent and reduced a-phase volume.!'” Kalali et al. showed that the
addition of Ti refines grain size and increases hardness through
solid solution hardening, making MoNDbTj alloys suitable for appli-
cations requiring high specific strength.!"” Cieslak et al. studied
high entropy alloys (HEAs) belonging to the Al-Ti-Mo-Nb-V
system and identified a composition that exhibits strong
ductility at low temperatures and corrosion resistance at high
temperatures.'® In these alloys, aluminum (Al) was essential
for stabilizing the B2 phase and generating both the Mo-rich
A15 phase and the Ti-rich secondary B2 phase.'®

The incorporation of copper (Cu) into MPEA has been shown
to improve mechanical properties and corrosion resistance.['’~>?]
Recent work indicates that the inclusion of Cu can promote
the development of FCC phases, improving ductility and tough-
ness in the alloys.!"”! Cu also contributes to grain refinement and
the formation of Cu-rich precipitates. These precipitates act
as solid lubricants, increasing wear resistance at elevated
temperatures.l"”'®! Additionally, Cu plays a crucial role in form-
ing compact, durable protective layers, such as chromium oxide
(Cr,03), which greatly enhances corrosion resistance in harsh
environments such as sodium chloride (NaCl) solutions.®
Passive films protect the alloys from localized corrosion and
pitting, particularly in interdendritic zones where Cu segrega-
tion may occur. Cu has also been found to reduce the rate of
corrosion and repel marine organisms, preventing their
attachment."® The inclusion of Cu not only enhances the struc-
tural integrity and malleability of HEAs but also extends their
longevity and resistance to corrosion, thereby justifying its use
in demanding industrial environments and corrosive surround-
ings.[?® Despite these advantages, the addition of Cu to NbMoTi-
based MPEAs remains unexplored, presenting a gap for further
research.

The aim of this study is to investigate how Cu addition affects
phase formation, microstructure, and mechanical properties in
NbMoTi MPEAs. Specifically, we focus on the stabilization of
selected phases and the development of precipitates. This work
also explores how microstructural changes influence the hard-
ness, yield strength, and ductility of the alloys.

2. Results and Discussions

2.1. Phase Diagram Simulations

Figure 1 illustrates the equilibrium phase diagrams obtained for
the Cu,MoNDbTi alloys (x=0.25, 0.5, 1.0, and 2.0), showing
phase fractions as the system cools. Across all compositions, the
solidification begins with the formation of a body-centered
cubic (BCC) (B2) phase at 2200-2400 °C and proceeds through
a sequence of phase transformations involving Cu-Ti
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intermetallics as the temperature decreases. The temperature
ranges and the resulting phase fractions vary with copper
content.

For the Cug,5MoNDbTi and CuysMoNDTi alloys (Figure 1a,b),
solidification starts with the BCC (B2) phase, followed by the for-
mation of Cu,Ti; (x=0.25) or CusTi, (x=0.5) at 950°C and
870°C, respectively. At temperatures below 750 °C, the y-CuTi
(B11) phase forms at different volume fractions, and by 200 °C,
the BCC (B2) phase coexists with the MoSi, (C11b) pro-
totype phase in both alloys. As copper content further increases
(x=1.0 and 2.0, Figure 1c,d), the solidification temperature of
the BCC (B2) phase decreases (2170 °C for x = 2.0), and the resid-
ual liquid phase persists over a broader range. The Cu-Ti inter-
metallics transition from Cu,Ti and CusTi, to Cu,Ti; and
y-CuTi (B11) at lower temperatures during cooling. Below 200 °C,
y-CuTi (B11) remains in equilibrium with BCC (B2), with frac-
tions of 0.47 and 0.53, respectively, for x =1.0. For Cu,MoNbTj,
the increased Cu content reduces the total number of intermetal-
lics formed but increases the fraction of Cu-rich phases, such as
CuyTi, which stabilizes at a higher fraction.

These findings reveal that increasing the Cu content lowers
the solidification temperature of the BCC (B2) phase, decreases
the number and increases the fraction of Cu-rich intermetallics
formed, and shifts the equilibrium phase fractions toward Cu-Ti
phases.

To better understand the solidification pathways of the
Cu,MoNDTi alloys, thermodynamic simulations were conducted
using the Scheil model (Figure 2). For the Cug,sMoNbTi alloy,
solidification initiates with the primary formation of a BCC (B2)
phase, followed by minor formation of Cu-Ti intermetallics
(CuyTi;, CuyTi, Cu,Ti) only in the final stages. The extended
solidification range and limited segregation suggest that this
composition favors a more homogeneous microstructure with
low risk of embrittlement. In the CuysMoNbTi alloy, BCC (B2)
remains the primary phase, but intermetallic compounds such as
Cu,Ti and CuyTi; begin to form at higher volume fractions and
earlier stages in the solidification sequence. Despite this, the bal-
ance between matrix and secondary phases remains favorable,
allowing for the coexistence of strengthening mechanisms and
acceptable ductility. As Cu content increases, the simulations
indicate a marked shift toward the early and abundant formation
of Cu-rich intermetallics. In the Cu, (MoNDbTi composition, the
solidification interval narrows significantly, and the residual
liquid becomes highly enriched in Cu, resulting in extensive seg-
regation and the predominance of brittle phases. Under equi-
librium conditions, solidification occurs with the sequential
formation of BCC (B2), Cu4Ti;, Cu,Ti, and CuTi phases at tem-
peratures relatively close to continuous solidification. In contrast,
under the Scheil model, early separation of Cu- and Ti-rich
phases occurs at very low solid fractions, intensifying the ten-
dency for interdendritic segregation. This divergence confirms
the expectation that Cu is rapidly rejected from the dendrite core,
accumulating in interdendritic regions and forming intermetal-
lics phases than predicted under equilibrium conditions.

Figure 3a presents the X-ray diffraction (XRD) patterns of the
as-cast alloys, showcasing the evolution of phases with varying
copper content. Across all compositions, the primary phase is
BCC, with lattice parameters shifting systematically as Cu is
introduced. In MoNbTi, the BCC phase exhibits a lattice
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Figure 1. Phase diagram simulations for Cu,MoNbTi alloys: a) x=0.25,

parameter of 3.23 A. Titanium enhances the thermodynamic sta-
bility of the MoNDbTi alloy by refining the grain structure and
increasing lattice distortion, which strengthens the solid solution
and stabilizes the BCC phase at high temperatures."*) As Cu is
added to the alloys, subtle lattice distortions are observed in the
solid solution phase, evidenced by the gradual reduction in lattice
parameter shown in Figure 3b. Values of 3.230, 3.215, 3.210,
3.208, and 3.205A were found for the lattice parameter of
Cu,MoNDbTi alloys with x =0, 0.25, 0.5, 1.0, and 2.0, respectively.
These distortions correlate with the selective interaction between
Cu and Ti, promoting the formation of Cu-Ti intermetallic
compounds.

Simulations and expanded baseline analysis of the diffracto-
grams suggest the emergence of a Cu;Ti, intermetallic phase
even at low Cu content. At higher Cu contents, the formation
of the Cu-Ti intermetallic phases Cu,Ti and Cu,Ti; becomes
pronounced. The relatively weak diffraction signal from these
phases suggests that they likely segregate into interdendritic
regions. The increasing prevalence of intermetallic compounds
with higher Cu content is accompanied by further shifts in the
BCC lattice planes, indicating Ti depletion from the solid solu-
tion. This trend reflects the strong chemical affinity between Cu
and Ti, in contrast to the Ti-Mo and Ti-NDb systems, which do not
form intermetallics despite their miscibility.
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b) x=0.5, ¢) x=1.0, and d) x=2.0.

2.2. Microstructural Characterization

Figure 4 shows SEM images of the Cu,MoNDTi alloys taken with
a backscattered electron detector. The images, combined with
EDS point analysis, reveal significant morphological changes
caused by Cu addition, which can be attributed to solidification
mechanisms and fluid dynamics governing microstructural
formation in metallic systems. During solidification, dendrite
formation arises from the interplay between thermal gradients,
solute redistribution, and crystallographic growth. Segregation
not only promotes the formation of dendrites but also of inter-
metallic phases, influencing the overall microstructure. In the
Cu,MoNbTi alloys, the high partition coefficient of Cu leads
to its segregation, enhancing concentration gradients in the
liquid phase and driving the development of intricate dendritic
structures.”*** Similarly, regions of Ti segregation are found to
be surrounded by intermetallic compounds, reflecting the com-
plex interactions among elements during solidification.

The trends observed in these alloys highlight the dual role
of Cu. On the one hand, Cu promotes the formation of interme-
tallic phases, which act as barriers to dislocation motion. This
precipitation hardening effect increases hardness and strength.
On the other hand, excessive intermetallic formation reduces the
system’s mixing entropy, potentially compromising thermal
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Figure 2. Scheil-Gulliver solidification simulations of Cu,MoNDbTi alloys showing the evolution of phase formation as a function of solid fraction under
nonequilibrium conditions: a) x=0.25, b) x= 0.5, ¢) x= 1.0, and d) x = 2.0. [Correction added on 4 September 2025, after first online publication: Figure 2
has been updated in this version.]
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Figure 3. a) X-ray diffractograms of the Cu,MoNbTi alloys evidencing the presence of intermetallic compounds. b) Lattice parameter of the solid solution
phase. Cu,MoNbTi alloys with x=0, 0.25, 0.5, 1.0, and 2.0 correspond to Cu contents of 0, 7.7, 14.3, 25, and 40 at%, respectively.

stability and increasing brittleness. Achieving an ideal As described by Li et al.”® and Aguilar et al.,!*”! the positive
intermetallic fraction is crucial for balancing mechanical perfor-  mixing enthalpy between Cu and Nb, as well as between Cu and
mance and entropy-driven stability, a key consideration for Mo, indicates a low chemical affinity between these element
MPEAs. pairs. This significantly contributes to the interdendritic

Adv. Eng. Mater. 2025, 27, 2500866 2500866 (4 of 12) © 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

85UB017 SUOWILIOD 3A1I1D) 3|ed|ddle 8Ly Ag pausenob a1 saofe O ‘8sn JO S3InJ 10} ARIgIT 3UIIUO AB]IM UO (SUOHPUOD-PUR-SUB)WO A8 | Im AR g1 U1 |UO//SENY) SUORIPUOD PUe SWB L 83U} 89S *[9202/70/2] Uo AreigiTauljuo 1M ‘elsiimed [enpexss apepseAuN Aq 998005202 LWePe/z00T 0T/I0p/LI00 A8 | M Afeiq 1 pul|uo psoueApe//SAnY WOy papeo|umod ‘Tz ‘SZ0g ‘879z2.2ST


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
ENGINEERING
MATERIALS

www.advancedsciencenews.com

MoNDbTi CuO_ZSMoNbTi

Cuo‘sMoNbTi

www.aem-journal.com

CumMoNbTi Cuz‘OMoNbTi

o

8 ¥ [

LY
s b .

el

100 pm

MONbTi, ,

Figure 4. Scanning electron micrographs of the Cu,MoNbTi alloys at different magnifications.

segregation of Cu during solidification, especially under rapid
cooling conditions, as observed in arc-melted alloys. This behav-
ior was documented, for instance, by Xian et al.,*" who reported
significant Cu segregation in CrMnFeCoNiCuy alloys, forming
Cu- and Mn-enriched interdendritic regions. In the present work,
this segregation was confirmed by SEM and EDS and is consistent
with thermodynamic data suggesting low solid solubility of Cu in
BCC matrices rich in Mo and Nb. This segregation creates a local
environment favorable to the formation of secondary phases.
The strong affinity between Cu and Ti, reflected in the negative
formation enthalpies of compounds such as Cu-Ti, results in
the spontaneous precipitation of intermetallics in Cu- and Ti-rich
regions. Studies such as Liu et al.”® also show that Cu-enriched
zones can promote preferential dissolution and thus influence
both corrosion resistance and mechanical strength in those
regions. This combination of segregation driven by positive mix-
ing enthalpy and precipitation driven by local negative formation
enthalpy constitutes an effective mechanism for strengthening via
intermetallic phases but can also lead to a transition from ductile
to brittle behavior, especially when such intermetallics are distrib-
uted in a discontinuous or uncoordinated manner.

In arc-melted alloys, the combination of high thermal gra-
dients and rapid cooling rates leads to nonequilibrium solidifica-
tion, enhancing solute segregation phenomena. The positive

Adv. Eng. Mater. 2025, 27, 2500866 2500866 (5 of 12)

mixing enthalpy between Cu and refractory elements such as
Mo and Nb limits Cu solubility in the solid BCC phase, promot-
ing its rejection into the liquid during solidification. As solidifi-
cation progresses, this partitioning effect concentrates Cu in the
interdendritic liquid, amplifying constitutional undercooling
ahead of the solidification front. This enhanced undercooling,
combined with the reduced local melting point in Cu-enriched
regions, increases the nucleation rate of secondary phases and
restricts the growth of dendrites. As a result, finer dendritic struc-
tures are formed, particularly in alloys with moderate Cu content.
Moreover, the strong chemical affinity between Cu and Ti, asso-
ciated with negative formation enthalpies, further promotes the
precipitation of intermetallic compounds, which may nucleate
within interdendritic channels or near the dendrite arms, modi-
fying the local solidification front and accelerating morphological
refinement.

Figure 5 presents the EDS elemental mapping of the
CuxMoNDTi alloys, revealing elemental segregation, particularly
of Cu, within interdendritic regions. This observation aligns with
the thermodynamic predictions and supports the formation of
compositionally distinct microstructural domains, despite the
general phase identification by XRD shown in Figure 3.

Segregation, a common phenomenon during alloy solidifica-
tion, occurs due to differences in element solubility between the
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Figure 5. Elemental distribution of the as-cast Cu,MoNDbTi alloys. The first row displays backscattered electron images, providing compositional contrast.
The subsequent rows display the spatial distribution of elements through EDS elemental maps for Ti, Nb, Mo, and Cu. Scale bars: 80 pm.

solid and liquid phases, leading to partitioning. Elements with low
partition coefficients (k < 1) are pushed into the liquid phase, caus-
ing microsegregation within dendritic arms and macrosegregation
throughout the casting.***?! Understanding this process requires
insight into nucleation and growth mechanisms during cooling,
which dictate the distribution of alloying elements.*** EDS point
analysis (Figure 4) and elemental mapping (Figure 5) were used to
identify the phases formed upon solidification and verify their dis-
tribution within the as-cast alloys. Table 1 compares the phases
predicted by thermodynamic simulations with those identified
using EDS in the CuyMoNDbTi samples.

The overall elemental composition of the MoNbTi alloy closely
matches its nominal proportions, and its homogeneous micro-
structure indicates effective solidification during casting. The
solid solution matrix (MoNDTi) features equiaxed grains domi-
nated by Mo and Nb. A slight tendency toward dendritic forma-
tion is observed, with Tirich regions segregated within
interdendritic zones, resulting in a dendritic spacing of ~42.3
(£1.5) pm. This aligns with the MoNb phase diagram, which
indicates complete miscibility.*%

As Cuis added to the alloys, significant microstructural changes
occur. The Cug,sMoNbTi alloy exhibits a reduction in secondary

Adv. Eng. Mater. 2025, 27, 2500866 2500866 (6 of 12)

dendrite arm spacing (4,) from ~42.3 (£1.5) pm to ~19.0 (+2.0)
pm. EDS confirms the presence of CuTi and CuTi,, but Cu,Ti;
was not detected. In CuysMoNDbTi, EDS reveals the presence of
CuyTi3, Cu;Tiy, CuyTi, and Cu,Ti. The 4, decreases further to
~15.4 (£1.5) pm, with tertiary arm spacings (4;) of ~3.4 (+0.4)
pm. Cu; oMoNbTi contains CuyTis, CusTi,, CusTi, and CuTi,,
with intermetallics forming in larger interdendritic regions as Cu
content increases. In Cu, )MoNDbTi, 4, remains constant at 12.5
(£2) pm, with 15 slightly decreasing to 3.0 (£0.5) pm. CusTi,

Table 1. Comparison of the phases predicted by thermodynamic simula-
tions (Figure 1) with those identified using energy dispersive spectroscopy
(EDS, Figure 3) in the Cu,MoNbTi samples (x=0, 0.25, 0.5, 1.0, and 2.0).

Cu content Predicted Detected by EDS

[at%]

7.7 CuTi, Cu,Tis, CuTi, (MoSi, prototype) CuTi, CuTi,

143 CuTi, CuyTiz, CusTiy, CuyTi, CuTi, CuyTis, CusTiy, CuuTi,
(MoSi, prototype) Cu,Ti, CuTi,

25 CuTi, Cu,Tis, CusTiy, Cu,Ti, CugTi CuyTiz, CusTiy, CusTi, CuTi,

40 Cuj3Tip, CuyTi CusTiy, CuyTi
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and Cu,Ti form a rosette-like morphology in interdendritic regions.
Similar features are observed in Cu; g)MoNDbTi and CugysMoNDTi,
but they are less pronounced due to lower Cu content.

Overall, the microstructural evolution shows progressive den-
dritic refinement and the formation of Cu-Ti intermetallics with
increasing Cu content, in agreement with thermodynamic simu-
lations (Table 1). However, some discrepancies exist between sim-
ulated and experimentally detected phases. While Cu,Ti; was
predicted for Cug,sMoNDTi, it was not observed, and Cu,Ti
was found in CuysMoNDTi instead of CuTi. Additionally, some
phases predicted at 200 °C, such as CuTi for Cug,5sMoNDbTi, were
absent in the as-cast microstructure, likely due to phase evolution
during cooling. In contrast, most phases expected to persist
at lower temperatures (CuTi, for both Cug,sMoNbTi and
Cuy sMoNbTi, and Cu;Ti, and Cu,Ti for Cu, (MoNDTi) showed
good agreement with EDS. The discrepancies observed between
the phase predictions and the experimental results can be attrib-
uted to multiple interrelated factors. The prediction tools used in

(a) MoNbTi Cu

0.25

MoNbTi

Dt

www.aem-journal.com

this work rely on thermodynamic equilibrium conditions. Because
solidification occurs under significant thermal gradients and high
cooling rates, a nonequilibrium microstructure is formed, contain-
ing metastable or incompletely transformed phases that are not
reflected in equilibrium predictions. The XRD analysis in Bragg—
Brentano mode is limited in detecting low volume fraction phases,
especially those segregated in interdendritic regions. Moreover,
peak overlapping between intermetallics and the BCC matrix hin-
ders the precise resolution of complex phases such as CuyTi3 and
CuTi,. EDS analysis, in turn, provides only localized composi-
tional resolution and is limited in distinguishing phases with sim-
ilar compositions.

2.3. Mechanical Behavior and its Correlation with
Microstructure

The morphology and porosity of the Cu,MoNDTi alloys as a func-
tion of their Cu content are shown in Figure 6a,b, respectively.

(b) (c)
1.5 ] 50F
= — ™ W sccondary dendrites (2,) 600 .
12+ = i 40+ O terciary dendrites (%,) 0 i B i
. = ~s00- " i s L]
= - £ 30} S
S 09+ 2 =
< 0 & = 400
2 n [} Z 20+ @ 2
£ 06 g ) L] _ . £ 300}
£ u 2 10} L . = R
E 71 ) =~ 200
03} g 3t ° % %
2 s 100
0k . . 0k, ) 0 A .
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Cu content (at%) Cu content (at%) Cu content (at%)
(e) (f) (9)
2000 + 2500 F = 3000 ]
; @ this work
s & Cu, MoNbTi R
g 2000 - a % 60 (e) QO literature
,;1500 3 3 = - 5 2000 Cu, ,,MONbTi o
s 21500 & "z o o, Cuz MoNbTi
2 o MoNbTi g 1500 L] 5 :
= " — & = 8 6) [e)
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& 2 £1000 - o o
500 o Cu, MoNbTi s o S o le)
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o £ o) 0 1
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0 . : 5 . 0, ) 5 ok ) ) )
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Compressive strain (%) Cu content (at%) Density (g/cm’)

Figure 6. a) Morphology, b) porosity, c) secondary and tertiary dendrite arm spacings (1, 43), and d) microhardness as a function of the Cu content in
as-cast CuyMoNDbTi alloys. e) Experimental stress—strain curves. f) Ultimate compressive strength and yield strength as a function of Cu content obtained
from (e). g) Ultimate compressive strength and density of Cu,MoNbTi alloys compared to other MPEAs.['8313%¢] Cy MoNbTi alloys with x =0, 0.25, 0.5,
1.0, and 2.0 correspond to Cu contents of 0, 7.7, 14.3, 25, and 40 at%, respectively. Detailed Mechanical Data see Table S1, Supporting Information.
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The lowest porosity value of 0.95 & 0.05% was obtained for the
CuosMoNDbTi samples, while samples of different compositions
displayed porosity values up to three times higher.

Figure 6c summarizes the variation in secondary (4,) and ter-
tiary (43) arm spacings with Cu content based on the SEM images
in Figure 4. The addition of Cu leads to a substantial refinement
of the microstructure, resulting in a more homogeneous distri-
bution of CuTi-rich intermetallic phases. This refinement can be
attributed to solute rejection and segregation during solidifica-
tion. Although vacuum arc melting typically induces rapid cool-
ing, which aids in microstructural refinement, the comparable
cooling rates across the examined alloys suggest that Cu content
is the primary factor driving these changes. As Cu segregates
during solidification, it promotes the formation of dendritic
structures associated with CuTi-rich intermetallic phases, partic-
ularly influencing their precipitation and distribution while
reducing the fraction of the MoNb-rich phase (Figure 3).

Microhardness results, shown in Figure 6d, reveal that the
addition of Cu increases hardness, peaking at 614 =48 HV
for the CugsMoNDTi alloy. This improvement is attributed to
solid solution hardening and the formation of hard intermetallic
phases, both of which are influenced by Cu’s effect on the crys-
talline structure and phase distribution. However, further Cu
addition reduces hardness to 515 + 25 HV for the Cu,MoNDbTi
alloy, likely due to excessive formation of ductile Cu-rich phases,
which changes the distribution of strengthening phases.

Compressive tests were conducted to characterize the
Cu,MoNDTi alloys. The stress-strain curves in Figure 6e confirm
the superior mechanical properties of the CuysMoNbTi compo-
sition. Overall, the Cu-containing compositions exhibit ultimate
compressive strength (UCS) values at least 1,5x higher than that
of the MoNDbTj alloy. The Cuy sMoNDT1 alloy achieves the highest

www.aem-journal.com

UCS, increasing by ~2x (2000 £ 80 MPa) compared to MoNbTi
(=950 & 50 MPa). The UCS and yield strength (YS) of the as-cast
alloys are summarized in Figure 6f. Initially, the UCS and YS
increase with Cu addition, peaking at CuosMoNDTi, before
declining at higher Cu contents.

Compressive strain (g.) also reaches its maximum for the
Cug sMoNbTi alloy, with a value of ~#14%, representing a twofold
increase compared to the reference alloy. This enhanced plastic-
ity in compression is attributed to a uniform distribution of pre-
cipitates, which minimizes stress concentration and delays crack
initiation. In contrast, alloys with less homogeneous precipitate
distribution or higher fractions of brittle intermetallics exhibit
limit plastic deformation, maintaining an unchanged ..

The room-temperature UCS and density of CuyMoNDTj alloys
were compared to those of other MPEAs in Figure 6g. While direct
comparisons are challenging due to compositional differences,
our Cu-containing alloys exhibit UCS values comparable to those
of MPEAs containing structural and refractory metals, despite Cu
being inherently softer and more ductile.">*'~*’! The mechanical
properties of CuysMoNbTi can be attributed to the combined ef-
fects of reduced density, solid solution strengthening, and second-
phase strengthening. Solidification conditions, influenced by alloy
composition, cooling rates, and thermal gradients, play a crucial
role in determining the dendritic microstructure and, conse-
quently, the resulting mechanical performance.”® Upon un-
changed solidification conditions, our results indicate that Cu
content is critical in tailoring the microstructure of Cu,MoNbTi
alloys. In the optimal alloy, CuysMoNDTi, a balance is achieved
between the CuTi-rich phases, notably Cu,Tis, and the MoNb-rich
phase, which together create a fine and homogeneous dendritic
structure (1, =15.41 pm) with well-anchored tertiary branches
(Figure 3). This microstructure enhances hardness and

Table 2. Summary of the porosity, ultimate compressive strength (UCS), and morphology obtained for Cu,MoNbTi alloys (x=0, 0.25, 0.5, 1.0, and 2.0).

Cu content [at%] Porosity [%)] UCS [MPa] Morphology Schematic representation
0 3 (£0.15) 950 (£50) Equiaxed grains
7.7 2.1 (£0.17) 1605 (+70) Coarse dendritic arms
14.3 0.95 (40.05) 2000 (+80) Fine secondary and tertiary dendritic arms
25 2.5 (+0.13) 1510 (£75) Fine secondary and tertiary dendritic arms
* X
40 3.1 (£0.15) 1570 (£80) Fine secondary and tertiary dendritic arms + Rosette-like 2 y
CuTi-rich intermetallics g : } }
g !
x
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mechanical performance by distributing Cu-Ti phases effectively
in the interdendritic regions, which reinforces the more ductile
MoNb matrix and inhibits crack propagation. Conversely, the
Cu,MoNbTi alloy, despite having the finest dendritic spacing
(A2 =11.95 pm), contains an excessive volume of Cu-rich interme-
tallics, such as Cu,Ti enveloped by CuyTis;, which compromises
mechanical performance. The MoNDTi alloy (x = 0), by contrast,
shows a coarser dendritic structure with poorly segregated par-
ticles and a higher volume fraction of the MoNb phase, leading
to reduced mechanical performance. The differences in porosity,
UCS, and morphology of Cu,MoNDbTi alloys are summarized in
Table 2 as a function of Cu content.

Several recent studies support these trends by highlighting the
complex role of copper in HEAs and MPEAs. Verma et al.*? and
Zhang et al.* reported that Cu addition promotes interdendritic
segregation and the formation of Cu-rich phases, which reduce
toughness and increase brittleness in cast alloys. This is consis-
tent with our observation of Cu-Ti intermetallics (e.g., Cu,Ti;,
CuTi,) forming in interdendritic regions at higher Cu contents.
Chen et al**! and Babu et al.*®! showed that increasing Cu

MoNbTi

Cu,,.MoNbDTi

0.25

Cu, ;MONbTi

www.aem-journal.com

initially improves strength through phase stabilization but
leads to softening when coarse FCC Cu-enriched phases form.
Our results also reflect this behavior: CugsMoNbTi exhibits
the best strength—ductility balance, while higher Cu contents
result in performance loss. Hassan et al*” found that small
Cu additions can enhance compressive strength if intermetallic
distribution is fine and homogeneous, which helps explain the
intermediate performance of Cug,sMoNDTi in our dataset.
Xian et al.”!! and Yu et al.™® emphasized that arc melting
enhances Cu segregation in BCC matrices due to poor mutual
solubility, as confirmed by our Scheil-based simulations.
Yuan et al.*® added that Cu can reduce dislocation density
and recrystallize grains, contributing to lower yield strength at
higher contents. Finally, Mosinoiu et al.*?! and Bablilas
et al.’% noted that Cu segregation can degrade mechanical integ-
rity despite potential tribological or antibacterial benefits. These
comparisons reinforce that Cu plays a dual role: improving
microstructural refinement and strength at moderate contents
but causing segregation-induced softening and brittleness at
higher levels.

Cu, ,MONbTi

Figure 7. Fractographic SEM images of the Cu,MoNbTi alloys after compression testing at different magnifications. The base MoNbTi alloy exhibits
predominantly transgranular fracture with cleavage steps, while the Cug ,sMoNbTi and Cug sMoNbTi samples exhibit mixed-mode fracture surfaces with
ductile dimples and evidence of intermetallic phase decohesion. Cu; ¢MoNbTi and Cu, oMoNbTi display increased porosity, brittle fracture features, and
crack propagation along Cu-rich interdendritic regions, confirming the embrittling effect of excessive copper segregation.
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Fractographic analysis (Figure 7) shows that fracture mecha-
nisms vary within the Cu,MoNDbTi alloy series, in correlation
with Cu content and mechanical performance. The Cu-free alloy
(MoNDTi) exhibits a predominantly brittle fracture surface, char-
acterized by cleavage planes and faceted features, indicating lim-
ited plastic deformation during crack propagation. With the
progressive addition of Cu, a transition in fracture behavior
occurs. Cug,sMoNDTi alloy shows mixed mode features, with
cleavage steps and emerging dimples indicating some stress
relaxation. CugsMoNDTi alloy exhibits well-defined dimples
indicative of void nucleation, growth, and coalescence, signaling
a transition to ductile fracture. This composition also exhibited
uniform distribution of Cu without interfacial decohesion, con-
tributing to improved strength and toughness. Conversely, alloys
with higher Cu contents (Cu; ¢MoNbTi and Cu, ¢MoNDTi) dis-
play increased porosity and signs of interfacial debonding, along
with brittle fracture features. Excessive segregation of Cu-rich
phases and reduced matrix coherence in these samples likely
undermine their mechanical integrity.

The results show that an intermediate Cu content
(CuosMoNDTi) provides an optimal balance between plasticity
and structural cohesion, enhancing both strength and fracture
resistance. Xian et al.*" noted that Cu’s positive mixing enthalpy
with elements such as Fe, Cr, Ni, Ti, and Co drives segregation
during solidification. This Cu segregation forms weak interfaces
that facilitate ductility loss and embrittlement, as also observed
by Verma et al.*? and Yu et al.®!. Da Silva et al.’" directly linked
Cu segregation at grain boundaries to embrittlement and crack
initiation.

Meng et al.’% also reported that Cu-rich phases can reduce
hardness and lower strength by increasing the fraction of ductile
Cu-rich (FCC2) phases. Deformation mechanisms are also
affected by increasing Cu levels. In the FeMnCoCr system stud-
ied by Yuan et al.,*® higher Cu content stabilizes the austenite
phase and raises the stacking fault energy. The dominant defor-
mation mechanism shifts from martensitic transformation to
a combination of transformation and mechanical twinning.
Regarding fracture behavior, Miao et al.*® indicated that increas-
ing Cu content may enhance toughness, as evidenced by the
growth of toughness-enhancing regions. However, the presence
of Cu segregation may still facilitate crack nucleation and propa-
gation along these interfaces.

Overall, high Cu content promotes segregation to weak inter-
dendritic and interfacial zones, which compromises ductility and
increases susceptibility to brittle fracture. By optimizing Cu con-
tent and refining the microstructure, a balance between hard-
ness, strength, and plasticity in compression can be achieved,
making these alloys promising candidates for applications re-
quiring exceptional wear resistance and mechanical performance
in extreme environments. These results highlight the signifi-
cance of optimizing Cu content and controlling solidification
parameters to achieve the desired phase balance and maximize
mechanical properties.

3. Conclusion
This work investigates the effects of Cu content on the micro-

structural and mechanical properties of refractory Cu,MoNbTi
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alloys. The results demonstrate that Cu plays a crucial role in tai-
loring dendritic morphology, phase evolution, and mechanical
performance. 1) Microstructural Evolution: Phase diagram sim-
ulations and experimental characterization confirm that increas-
ing Cu content refines the dendritic microstructure and
promotes the formation of Cu-Ti intermetallic phases, including
CuyTi;, CusTi,, and CuTi. Higher Cu content shifts the phase
equilibrium toward Cu-rich intermetallics while reducing the
fraction of the MoNb-rich solid solution. The refinement of sec-
ondary (1,) and tertiary (43) dendrite arm spacings increases with
Cu content, resulting in a uniformly distributed interdendritic
network. However, excessive intermetallic formation reduces
the system’s mixing entropy, potentially compromising thermal
stability and increasing brittleness. This refinement can be attrib-
uted to solute rejection and segregation during solidification.
2) Densification and Porosity: The alloys exhibit high densifica-
tion levels, ranging from 96% to 99%, with CusMoNbTi achiev-
ing the lowest porosity (0.95+ 0.05%). In contrast, excessive
Cu addition leads to increased porosity, indicating a limit to
its beneficial effects on microstructural refinement. 3) Hardness
and Strength: Hardness increases with Cu addition, peaking
at 614+48 HV for CuosMoNDbTi, before decreasing for
Cu,MoNDbTi due to excessive formation of ductile Cu-rich
phases. Similarly, ultimate compressive strength (UCS) peaks
at ~2000 + 80 MPa for Cu,sMoNDbTi, ~2x increase compared
to MoNbTi. The subsequent decline at higher Cu concentrations
correlates with a shift in phase balance favoring softer Cu-rich
intermetallics. This trend highlights Cu’s dual role: precipitation
hardening enhances strength at moderate concentrations, but
excessive intermetallic formation reduces mechanical stability.
4) Plasticity in Compression: CugsMoNDbT1i exhibits the highest
compressive strain (g, ~ 14%), ~1,7x that of MoNDbTi. The forma-
tion of Cu-Ti intermetallics with Cu addition enhances plastic
deformation by reducing stress concentrations and delaying
crack initiation. However, alloys with excessive Cu content
show reduced ¢, due to an increased fraction of brittle interme-
tallics. 5) Comparisons to Other MPEAs: The Cu,MoNDbTi alloys
exhibit UCS values comparable to those of MPEAs composed of
structural and refractory metals, with CuosMoNDbTi reaching
~2000 MPa. The interplay between solid solution strengthening,
second-phase strengthening, and density reduction contributes
to their mechanical properties.

Precise control of Cu content is essential to achieving an
optimal combination of strength, hardness, and plasticity in
compression. CugsMoNDbTi emerges as the most promising
composition, offering a refined microstructure that enhances
mechanical performance. This study contributes to the broader
understanding of phase evolution and mechanical optimization
in MPEAs, supporting their potential for structural applications
requiring high strength, wear resistance, and performance in
extreme environments.

4. Experimental Section

Cu,MoNbTi (x=0, 0.25, 0.5, 1.0, and 2.0) MPEA ingots were manufac-
tured by arc melting in an inert gas atmosphere. High-purity elemental
Mo (99.9%, Sigma-Aldrich), Nb (99.8%, Sigma-Aldrich), Ti (99.7%,
Sigma-Aldrich), and Cu (99.99%, Sigma—Aldrich) were used as starting
materials for the alloy preparation. The samples were turned over and
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remelted at least six times to achieve improved homogeneity. The crystal
structures of the primary phases were examined using a Panalytical X' Pert
powder diffractometer (Panalytical diffractometer, X'Pert model, Malvern,
UK) using the Bragg-Brentano geometry at room temperature. The analy-
sis was conducted with a Ni filter and Cu-Ka radiation, which had a wave-
length of 0.15406 nm. The diffractometer was operated at a voltage of
45 kV and a current of 40 mA. The observed 20 angle range spanned from
10° to 90°, with a step time of 10s and an angular step of 0.008°. The
patterns used for phase identification were acquired from the Pearson’s
Crystal Data program database.*

The microstructure of the MPEA ingots was characterized using scan-
ning electron microscopy (SEM) (VEGA3, TESCAN, Brno, Czech Republic)
and EDS, (XFlash 630M, Bruker, Billerica, USA). The SEM was operated
with a tungsten filament at 20 kV and equipped with a four-quadrant back-
scattered electron detector (Type 400, Cambridge Scientific, Cambridge,
USA). The backscattered electron detector used a 15kV electron beam
with a current of 2.82 nA, and a probe current of 1500 nA. The EDS detec-
tor, which had a resolution of 129 eV over a 30 mm? area, was operated
with a 20 keV electron beam, a 15 mm focal length, and a current of
116 mA, resulting in a pulse throughput of 60 kcps.

Vickers microhardness measurements (Buehler, Wilson VH1102, Lake
Bluff, USA) were performed in accordance with the ASTM T1 standard.
The polished surfaces of the samples were probed at least 10 times each
with an external force of 2.9 N exerted for 15 s. Compressive tests of the
alloys were conducted using a universal electro-hydraulic servo machine at
room temperature with a loading speed of 25 mm min~"' and a strain rate
of 2 x 107*s™". To ensure reproducibility, average values were calculated
from triplicate tests. For these measurements, cylindrical specimens with
a diameter of 6 (£0.08) mm and a height of 12 (£0.05) mm were used.
The yield strength was calculated by considering a strain shift of 0.2% from
the elastic zone.

The equilibrium phase diagrams were calculated with specialized soft-
ware (Thermo-Calc, version 2023b, Rasundavigen 18 SE-169 67 Solna
SWEDEN, Sweden) and the TCHEA6 (HEAs version 6.1) database.”!
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