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Abstract: The classic Cantor (FeCoCrMnNi) isoatomic high entropy alloy was modified by separate
additions of Mo and Nb in an effort to optimize its mechanical properties and sliding wear response.
It was found that the introduction of Mo and Nb modified the single phase FCC solid solution
structure of the original alloy and led to the formation of new phases such as the BCC solid solution,
o-phase, and Laves, along with the possible existence of intermetallic phases. The overall phase
formation sequence was approached by parametric model assessment and solidification considera-
tions. Nanoindentation-based mechanical property evaluation showed that due to the introduction
of Mo and Nb; the modulus of elasticity and microhardness were increased. Creep nanoindentation
assessment revealed the beneficial action of Mo and Nb in increasing the creep resistance based
on the stress sensitivity exponent, strain rate sensitivity, and critical volume for the dislocation
nucleation considerations. The power law and power law breakdown were identified as the main
creep deformation mechanisms. Finally, the sliding wear response was increased by the addition of
Mo and Nb with this behavior obeying Archard’s law. A correlation between microstructure, wear
track morphologies, and debris characteristics was also attempted.

Keywords: high entropy alloys; microstructure; alloying; nanoindentation; creep; tribology

1. Introduction

Traditional alloy design routes focus on the mixture of one or two principal elements
and the addition of minority elements in lower atomic ratios to form a final system pos-
sessing the optimum performance criteria. Up to now, following this route has led to the
well-known families of steels, aluminum, titanium, and nickel alloys, which have offered a
vast research area of exploration. Nonetheless, there still remains a space for the develop-
ment of new alloys, characterized by improved properties in targeted application fields.

A novel approach to alloy design strategies was first established in 2004 by the pioneer-
ing work of Cantor et al. [1] and Yeh et al. [2], who simultaneously proposed the concept
of high entropy alloys (HEAs). These systems were originally introduced as concentrated
solid solutions of multiple principal elements in equal or near-equal concentrations of
5-35 at.%. Although HEAs were initially designed to benefit from single-phase stabiliza-
tion [3], single-phase HEAs turned out to be not that common or easy to produce, and
of those that do exist, only a few display an effective combination of high strength, duc-
tility, and toughness [4]. The entropic factor is therefore inadequate by itself to maintain
the initial phases of HEAs, so other thermodynamic and geometric parameters seem to
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additionally influence the diverse phase structures of these systems [5]. Thus, an option
of investigating systems consisting of two or more phases has opened up an unexplored
region in the center of the compositional-phase space, giving birth to a wider improvement
in the properties [6-8].

Among the many HEAs studied thus far, the first proposed alloy was the equiatomic
FeCoCrMnNi system, also known as the Cantor alloy [1], which was defined as one of the
first HEA systems with a FCC single-phase structure. Several properties of this system have
been studied in recent years including the alloy’s mechanical behavior in terms of the hard-
ness [9-11], the compression properties [12,13], the tensile properties [14,15], the fracture
toughness [16,17], and the nanoindentation behavior [18-33] at different temperatures.

The exceptional characteristics of the Cantor alloy have promoted this system as a
strong candidate over other HEAs, however, engineering applications of the alloy are
still severely constrained by its low strength values [34]. To overcome this drawback, the
addition of extra elements to the phase structure of the Cantor alloy has been suggested as
a way out to alter both its microstructure and properties.

There have been many studies on the composition regulation of the Cantor alloy. For
instance, the addition of Al can affect the phase formation and microstructural evolution by
a transition from the FCC phase to (Al, Ni, Fe)-rich B2 phase precipitates in the matrix when
increasing the Al content [35]. Mo is beneficial to the formation of a sigma phase in the
Cantor alloy [36], while the addition of Ti affects the grain size of the matrix, the precipitated
phase, and its volume fraction [37]. Nb promotes the formation of the ordered Laves
phase [38], while when Si is added to the alloy, the nanoscale structure is precipitated [39].

The effect of alloying on the mechanical properties has also been widely analyzed by
highlighting different strengthening effects such as solid-solution strengthening, second-
phase strengthening, and fine-grain strengthening when adding Al, Ti, or other elements
such as Sn, Zr, or Cu to the FeCoCrMnNi core [40-42]. In particular, the addition of Al
sharply increases the strength of the Cantor alloy, but its ductility is decreased [35]. Mo
increases the compression resistance yield strength [36], while similarly, the compressive
yield strength and Vickers hardness also increase when adding Nb [38]. Ti significantly
improves the ductility and strength of the FeCoCrMnNi HEA [37] while with the addition
of Zr and Cr, the yield strength of the Cantor alloy continues to increase, but its ductility
tends to decrease [43]. Furthermore, to date, only a few studies have been conducted to com-
prehensively identify the creep mechanism of the Cantor alloy [44], but nanoindentation
results on modified Cantor systems are hard to find in the literature.

Due to the high hardness and apparent thermal stability of the mechanical properties,
the Cantor alloy possesses one of the interesting potential applications for HEAs, that of
the wear resistance [45]. Nevertheless, there has been limited work on the wear behavior of
this system over typical operating temperatures [46] and a complete lack of experimental
studies on the modified Cantor alloy compositions.

Therefore, the basic motivation of this work is to fill in the literature gaps regarding
Cantor modified alloys by studying the role of the addition of Mo and Nb at relatively
small percentages (targeted 8 at.%) and a parallel slight increase in the Cr content (targeted
24 at.%). The deliberate control of primary and secondary hard phase (BCC, o-phases,
Laves) formation and its correlation with the mechanical (modulus of elasticity, hardness,
creep resistance) and wear properties was also pursued.

The second technical novelty in the present effort deals with the way that the nanoin-
dentation creep tests were performed on the modified Cantor compositions. The usual
adopted approach is to alter the applied indentation load and the preset load to mea-
sure for different time intervals of the indentation creep. This approach gives different
indentation depths for different materials (i.e., different material volume underneath the
indenter that is affected and responds during the creep stage) [22]. In the present effort,
the pre-creep depth was set constant (1000 nm), which practically means that all the tested
alloys started on the same basis of pre-deformed status and as such, their creep response
was directly comparable.
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2. Materials and Methods

The examined systems were produced by mixing the constituent elements, which were
in the form of powders with more than 99.5% purity. The mixtures (around 8 g in total) were
formed in the shape of cylindrical pellets (14 mm diameter) using a hydraulic press (200 bar
applied pressure, University of loannina, Ioannina, Greece), and the pellets were melted
in a non-consumable electrode arc melting furnace (University of Ioannina, Ioannina,
Greece), under a W non-consumable electrode and 120 A current, which established a
temperature at the core of the arc around 2500 °C. Ti getter was used, and an argon
atmosphere was established in order to prevent the oxidation phenomena. The melting
process was performed on a water-cooled copper mold. The samples were flipped and
re-melted five times, under the same conditions, to ensure homogeneity in the elements’
distribution. This re-melting process is a common practice adopted in many research
efforts dealing with HEAs. The samples produced after the melting process were in the
form of meniscus with a diameter of around 10 mm at the base. These samples were
subjected to mounting followed by the standard metallographic preparation procedure.
This form of mounted samples was used in all the characterization procedures adopted in
the present effort.

The microstructural features were assessed by the use of a scanning electron micro-
scope (SEM) (JEOL 6510 LV, JEOL Ltd., Akishima, Tokyo, Japan) equipped with backscat-
tered electron (BSE) and energy dispersive spectroscopy (EDS, Oxford Instruments Ltd.
Abingdon, Oxfordshire, UK) detectors along with X-ray diffraction analysis (XRD) using
an X-ray diffractometer (Bruker, D8 Advance, Bruker Ltd., Billerica, MA, USA) with Cu K«
radiation, ranging from 26 = 10-120° and a scanning rate of 0.01°/s.

The dynamic indentation tests were performed using a Shimadzu DUH-211S nanoin-
denter (Shimadzu Ltd., Kyoto, Japan) with a standard Berkovich diamond tip at room
temperature. Initial machine calibration was conducted on a fused silica standard to ensure
the validity of the testing data. To remove the thermal effect, thermal drift was maintained
at 0.05 nm s~ ! during each test. The load holding time was settled at 20 s, during the creep
stage. The indentation depth was set to 1000 nm and the loading speed was 13.324 mN/s.
Average values and standard deviation were calculated based on at least 10 trials for
each specimen.

Wear analysis was performed using a ball-on-disk tribometer (CSM Instruments,
Peseux, Switzerland). The tests were performed under 2 N of applied load and 10 cm/s
linear speed. A 100Cr6 steel ball with a 6 mm diameter was used as the counter-body.
The overall sliding distance was set to 2000 m. Specimens were acetone cleaned and
weighted before testing. Test runs were interrupted every 200 m and the specimens were
re-weighted. Debris was collected after every 200 m interval. All corrections were mixed
and the final mixture was examined by SEM-EDS. At least three runs were performed for
each alloy system.

3. Results and Discussion
3.1. Microstructure Assessment
3.1.1. XRD Analysis

Figure 1 presents the XRD analysis examined in the present effort. As far as the plain
Cantor alloy is concerned, it can be observed that it practically consisted of a single-phase
solid solution of the FCC crystal structure. This microstructural observation is in agreement
with both the other experimental efforts and the initial effort of Cantor [1,2] to design a
single-phase multiple element (high entropy) alloy.
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Figure 1. XRD diffractograms of the produced systems including the plain Cantor alloy showing
a single FCC phase, the Mo modified system showing the presence of the FCC, BCC, and o-sigma
phases, and the Nb modified alloy showing a major FCC phase, possibly BCC, C14, and C15 Laves
and possible cubic/hexagonal Co-based phases.

Regarding the XRD findings of the Mo modified alloy, it can be observed that the alloy
mainly consisted of an FCC phase, followed by the formation of a BCC solid solution. The
sigma, 0, phase was also identified. Some small intensity peaks were difficult to define
by XRD, however, those located at the left part of the diagram can be associated with the
presence of oxide phases formed during the manufacturing stage, whereas the other small
peaks can be associated with the presence of other intermetallic phases such as the p phase.
In general, the analysis is in agreement with the work of Shun et al. [47], with the presence
of BCC phase, however, not being reported in their effort. It should be noticed, nevertheless,
that in their work, the amount of Cr was significantly lower compared to the one adopted
in the present effort.

In the XRD analysis of the Nb modified system, the phase identification was somehow
more complicated. It can be observed that apart from the major FCC phase, a possible BCC
phase, Laves, and other possible intermetallic phases can also be present. He et al. [48] also
reported the presence of Laves in their effort, along with a major FCC solid solution.

These experimental findings independently cannot support a solidification sequence
for the different systems, yet in conjunction with the microstructural analysis described in
the following paragraph, will assist in the formulation of a solidification mechanism.

3.1.2. Microstructural Analysis and Parametric Model Assessment

Figure 2a—c presents the microstructure of the produced systems after SEM exam-
ination and Figure 3a—c depicts the elemental EDS mapping analysis by showing the
panoramic element distribution in each case along with the overall actual system com-
positions. The Cantor alloy (Figures 2a and 3a), as expected, consisted of a single phase
with practically no phase segregation, a uniform elemental distribution, and an actual
composition not differing significantly from the targeted one.
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Figure 2. SEM images of the different system microstructures. (a) The plain Cantor alloy showing
one phase and no segregation. Some porosity is present; (b) the Mo modified system showing the
existence of two segregated phases: primary light and secondary dark; and (c) the Nb modified
system showing the presence of primary light, grey, and dark phases. The eutectic microconstituent
is evident.
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Figure 3. EDS mapping of the produced alloys. (a) The Cantor alloy showing uniform element
distribution; (b) the Mo modified alloy showing also uniform element distribution; and (c) the Nb
modified system showing preferential segregation of Nb within the primary light phase.

The microstructure of the Mo modified system is presented in Figures 2b and 3b,
respectively. It can be observed that it consists of two phases: a primary white/bright
phase and a dark phase. The elemental mapping (Figure 3b) analysis did not show a clear
elemental preferential distribution and, thus, a point analysis was necessary (Figure 4a).
The actual composition of the system resulting from the mapping analysis also did not
differ from the one initially designed. The EDS point analysis (Figure 4a) showed that the
primary phase was enriched in Mo and Cr with significant amounts of the other elements
being dissolved within it, whereas the dark phase was enriched in the other, but the Mo
and Cr elements, in general. Karantzalis and co-workers [49-51] extensively reported on
the combination of Mo and Cr to form BCC phases in other systems where Mo and Cr were
present, and this is a strong reason why in the present effort, the authors claim that the
primary phase is a BCC phase rather than a o-sigma phase, as proposed by Shun et al. [47].

Figures 2c and 3c show the microstructural characteristics of the Nb modified system.
Clearly, the morphological features were more complicated in this case. It can be observed
that the system consists of (a) a primary light/bright phase; (b) a eutectic microconstituent
consisting of a dark and a grey phase; (c) a dark phase both present in the eutectic area and
surrounding the primary light phase; and (d) a gray phase that seems to be initiated within
the eutectic region and gradually coarsened toward the last areas of solidification.
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Figure 4. EDS point analysis. (a) The Mo modified alloy with the primary light phase being enriched
in Mo and (b) the Nb modified alloy showing the primary light phase being rich in Nb and the dark
phase almost depleted in Nb.

EDS point analysis was also conducted (Figure 4b) to verify the compositions of
these phases. The EDS mapping (Figure 4b) clearly showed a segregation of Nb within
the primary light phase, while the actual composition was very close to the one initially
targeted. The point analysis of the involved phases revealed that: (a) The primary phase
was rich in Nb and it is worth mentioning that the relative ratio of Nb-Cr was almost 2
to 1; (b) the grey phase showed an almost equiatomic composition with Cr being slightly
increased; and (c) the main feature of the dark phase was that it is depleted in Nb.

The observations and the analysis by SEM-EDS and the data obtained by XRD will
assist in the formulation of a potential solidification sequence. Nevertheless, prior to that,
it was interesting to examine the contribution of the parametric models in predicting the
possible phase segregation phenomena. Table 1 summarizes the overall compositions
(nominal and actual), the composition of each individual phase, and the values of the basic
parametric model parameters for both the overall and each individual phase composition.
Table 2 also presents an enthalpy matrix of the calculated enthalpies of formation for the
lowest energy structures of the binary compounds present in the three alloys.

In the case of the monolithic Cantor alloy, it could be observed that the Zhang et al.
models [52] (namely atomic size difference (J), enthalpy of mixing (AH,,;,), and entropy of
mixing (AS,,;)) were fulfilled, with the involved parameters obtaining values that predicted
a single solid solution phase for both the nominal and actual compositions (—22 < AH,y,;;
<7kJ/mol, & <8.5,and 11 < AS,,;;; < 19.5]/(K-mol)). Toward this direction, the model of
Wang et al. [53] with the geometric factor v, which takes into consideration the atomic size
contribution and determines the solubility of multicomponent alloys, was also fulfilled and
therefore a single phase was predicted.
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Table 1. Nominal composition, actual overall composition, elemental compositions of the different
phases, and the parametric prediction model values.

Composition at.%

Phase Alloy Cantor Cantor + Mo Cantor + Nb
Cr Mn Fe Co Ni Cr Mn Fe Co Ni Mo Cr Mn Fe Co Ni Nb
Nominal 200 200 200 200 200 248 168 168 168 168 8.0 248 168 168 168  16.8 8
Actual 20.1 19.2 20.5 20.8 19.4 24.7 15.3 17.5 17.8 16.8 7.9 24.6 15.7 17.0 16.4 16.4 9.1
Matrix 251 141 190 183 174 6.1
P;ﬂg:?’ 293 129 160 165 118 135
Light phase 20.4 59 123 131 8.4 40
Gray phase 212 149 151 179 151 158
Dark phase 262 168 186 179 171  3.38
Parametric Models
Alloy Cantor Cantor + Mo Cantor + Nb
Model Phase Nominal Actual Nominal Actual Matrix Primary Nominal Actual Light Phase I(’;l::ze Dark Phase
8 3.27 3.22 3.65 3.58 340 3.79 4.58 4.69 6.60 5.40 3.83
[J/Astnt'xiZl] 13.38 1338 1452 14.51 14.33 14.44 14.52 14.58 13.20 14.82 14.03
[113]71531] —416 —409 —3.96 ~3.99 —4.01 —351 —8.06 —856 ~16.44 ~1143 580
AG —31.76 —31.73 —35.59 —35.62 —35.05 —35.15 —39.52 —40.33 —49.33 —4453  —35.65
VEC 8 8 7.68 7.71 7.76 7.41 7.60 7.58 6.63 7.43 7.73
Q 5.76 586  6.99 6.94 6.76 8.19 3.41 3.25 1.78 2.54 4.49
Y 1.096 1.09  1.107 1.107 1.107 1.107 1.167 1.167 1.164 1.166 1.168
Tm [K] 1790 1793 1905 1908 1892 1994 1893 1906 2218 1960 1854
AHpv/AH iy 1.66 1.65 235 2.29 2.13 2.75 2.75 2.83 3.60 2.99 2.36
kg 3.30 334  3.80 3.78 3.71 4.28 236 2.29 1.71 2.02 2.79
Table 2. Enthalpy matrix. Calculated enthalpies of formation of the binary compounds present in the
three examined alloys.
Element Element Cr Mn Fe Co Ni Mo Nb
Cr
Mn
Fe
Co
Ni
Mo —136
Nb —47 —153 —316 0
Encrgy kale (meV/atom)
[ | I 1 I j— |
—500 =300 =30 =200 —100 =10 10 100 200 300

The valance electron concentration (VEC) criterion proposed by Guo et al. [54] also
predicted the formation of a single FCC phase, which was indeed the case in the present
effort. The Q) (Y = T,y AS,ix/| AH,yi 1) and 6 parameters also possessed values that fulfilled
the Yang and Zhang [55] model for the formation of a single solid solution phase, while a
similar situation was found for the model of Senkov et al. [56], where the k;“" parameter
was higher than the AHp1/AH,,;, ratio, thus predicting a single solid solution. Finally, the
Troparevsky model [57] was also fulfilled for the Cantor composition, since all calculated
enthalpies of formation (AHjy) for the binary components escalated inside the recommended
boundaries (color legend of the energy scale is underneath the enthalpy matrix) for the
formation of a simple phase solid solution (137 < AHy < 37 meV/mol) regarding a 5-
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component alloy. It can be said thus, that in the case of the Cantor alloy, all the parametric
models successfully predicted the formation of one single phase alloy.

In the case of the Mo modified alloy, especially as far as the nominal and the actual
compositions are concerned, it can be observed that all the parametric models were fulfilled
with the exemption of the models proposed by Troparevsky et al. [57] and Guo et al. [54].
According to Troparevksy’s model [57] it seems that the combination of Mo and Fe could
provide phases with extremely low AHy values (red color scale), which lay outside the
proposed range for the formation of a simple phase solid solution. The VEC values in the
case of Guo’s model [54], although very close for the stability of a single FCC phase, were
less than the proposed limit of 8. As such, concerns about a possible segregation were
established, which were eventually verified by the actually obtained microstructure.

Similar to the previous case, observations could be made in the case of the Nb modi-
fied alloy. In this system, for both the nominal and the actual compositions, three models
were not fulfilled. According to Troparevsky’s model [57], Nb and Fe may form phases
of very low AH; values outside the stability range (red color scale). The VEC values
were also less than 8, according to Guo’s predictions [54], and finally, the model pro-
posed by Senkov et al. [56] was also not fulfilled, since the k;" values for the nominal and
the actual compositions were less than their relative AHp/AH,,;, ratios. The aforemen-
tioned divergences suggest possible phase segregation, as was the case observed in the
actual microstructure.

The parametric model examination shows that, although not sufficient to predict
which actual phases could be formed, it is indeed a useful tool, especially in the initial
designing stages of new systems.

3.1.3. Possible Solidification Sequence

In the case of the monolithic Cantor alloy, simply upon cooling, a single phase FCC
solid solution phase was formed.
For the Mo modified system, the following remarks can be made:

e At the initial stages of solidification, upon cooling, Mo is the element with the highest
melting point and as such, drives the solidification process. By combining it with
Cr, it forms the primary BCC solid solution phase, which also contains considerable
amounts of the other elements being dissolved within it.
Once the primary phase is formed, the last to solidify the liquid forms the FCC phase.
Caution should be taken as potential o-sigma phase formation may also take place,
which is, however, difficult to be ascertained through SEM-EDS analysis.

In the case of the Nb modified alloy, the following points can be mentioned:

e Nb and Cr seem to control the initial stages of solidification. The primary light phase,
according to the EDS analysis, is rich in Nb and Cr with their relative ratio of almost 2:1.
Nevertheless, the overall actual composition of the alloy (Table 1) indicates Nb and Cr
at a ratio of almost 1:2. It is thus obscure to expect the formation of a Nb rich phase in
a system where Cr dominates. Nevertheless, the Cr-Nb phase diagram (Figure 5) [58]
may enlighten this grey zone and assist in the solidification of the primary phase.
According to the phase diagram, for the relative overall composition of the system
where the ratio of Nb to Cr is 1:2, the Laves phase C14 of a cubic crystal structure and
with a stoichiometry of Cr,Nb can be formed. It was also interesting to note that from
both sides of the Laves phases, a gap in the BCC structure also existed, the presence
of which is very crucial. Based on these observations, it can be proposed that the
solidification of the primary phase commences with the formation of C14 Laves. Once
the C14 phase is formed, it locally depletes the remaining melt form Cr, and as such, it
may shift the composition to the right area of the Laves region and upon temperature
decrease, the system can be located within the BCC phase area where a BCC phase
rich in Nb can be formed. This scenario of the formation of C14 and BCC phases is in
agreement with the data presented in the XRD analysis.
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e  Once the primary phase is formed, the remaining melt seems to follow the postulates of
He et al. [48] and behaves as a eutectic system with FCC and C15 Laves as the involved
phases. As the temperature decreased, the established undercooling conditions led to
the formation of the first eutectic structure, which was fine. As the development of the
eutectic structure proceeded due to recalesence and the related heat release, the kinetics
of the eutectic development became slower and as such, the eutectic gradually obtained
a coarser structure. At the very last stages of the eutectic solidification, the kinetics
were significantly retarded and the characteristic lamellae morphology vanished,
giving space to more independent decoupling growth of the involved phases. Similar
observations can be found in other works by Karantzalis and co-workers [49-51].

Cr-xNb P=1.01325bar
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initial melt
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Figure 5. Modified Cr-Nb phase diagram after [58]. The red line shows the relative ratio of the Cr:Nb
in the actual composition of the Nb modified alloy. The presence of the compositional gap (yellowish
area) explains the presence of the BCC and Laves phases.

3.2. Nanoindentation Based Mechanical Property Assessment
Basic Mechanical Property Calculation

Table 3 summarizes the values obtained by the nano-indentation testing for the stan-
dard mechanical properties, namely E;; (indentation modulus of elasticity), n;; (absorbed
energy in the elastic region/overall absorbed energy), and HV (hardness). The values were
obtained at the preset depth of 1000 nm and for a single load—unload cycle (no holding
time) at a preset loading speed of 13.324 mN/s. Ten repetitions were conducted for each
alloy system. It has been mentioned that the calculation of these properties are based on
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the approach of Oliver—Pharr for non-indentation testing [20] and are provided directly
from the nano-indenter software.

Table 3. Values of the basic mechanical properties measured by nanoindentation.

System E;; (GPa) HV n; (%)
Cantor 200 £7 271 £10 11.7 £2
Mo modified 213 £10 468 + 30 18.6 £4
Nb modified 230 £+ 10 490 + 35 220+7

)

@)

Based on the values of Table 3, the following points can be addressed:

Modulus of elasticity (Ej): It can be seen that there was a slight increase in Ej; after the
modification of the basic Cantor alloy by Mo and Nb. More specifically, the E;; values
were 200 £ 7, 213 £ 10, and 230 £ 10 for the plain Cantor alloy, the Mo modified
system, and the Nb modified system, respectively. A possible explanation for this
even slight increase can be associated with the microstructure and the involved phases
in each case. By recalling the observations in the microstructure session, the plain
Cantor alloy is a single-phase FCC solid solution with a lattice distortion ¢ value of
3.26, as calculated by the various parametric models. Lattice distortion mirrors the
stress field experienced within the lattice and as such, can be associated with the
modulus of elasticity measured in each case. The modification of the basic alloy by
the addition of Mo led to phase segregation and the presence of two main phases.
As shown in Table 3, the phases that were formed in this system had J values of
3.80 (primary phase) and 3.40 (secondary phase or matrix). The nano-indentation
tests were randomly performed on the specimen surface and as such, the calculated
values were the average of the contribution of both segregated phases. Both the ¢
values of these phases were slightly higher than that of the plain Cantor alloy and as
such, their overall contribution provided a J value higher than the monolithic alloy,
resulting in a slightly higher E;; value (213 GPa). The same approach also stands for
the Nb modified alloy. The situation was even more intensive as the microstructure
consisted of various segregated phases with their 6 values ranging from 3.83 up to
6.60. These values were even higher and as such, their overall contribution resulted
in an even higher average § value, which was finally depicted by an even higher
E;; value (230 GPa). Similar observations can also be found in other experimental
efforts [29,59,60].

Hardness HV: Table 3 clearly shows that the modification of the monolithic Cantor
alloy by Mo and Nb led to a significant alteration in the initial hardness HV. More
specifically, the HV values were found to be 271 + 10, 468 £ 30, and 490 & 35. It
can also be observed that the hardness alterations were by far more significant than
the modulus Ej;. Since hardness is considered to be the resistance of the system
to plastic deformation, this means that the modification by Mo and Nb caused a
significant negative effect on the dislocation mobility and plastic deformation, leading
to a significant increase in the hardness values. The reasons for such an increase can be
as follows: (a) Lattice distortion: The higher the lattice distortion, the higher the stress
field within the lattice, and the more restricted the dislocation movement. (b) Multiple
phases of different crystal structure: The Cantor alloy is an FCC alloy whereas the
Mo modified system, according to both the XRD and the SEM analyses, apart from
FCC, also contained the BCC and o phases, which by nature exhibit low dislocation
mobility and lower plastic deformation. This trend becomes more severe in the case
of the Nb modified system, where additionally to the previous, intermetallic phases
may also being present. (c) Increase of phase and grain boundaries: By recalling the
microstructures of the examined system, it was observed that from the simple one
phase grains of the monolithic Cantor alloy, at least two segregated phases where
observed in the case of the Mo modified alloy, whereas in the case of the Nb addition,
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the microstructure became even more complicated with the presence of primary
phases and eutectic morphologies. Thus, a sequence of the progressive development
of more complicated microstructures associated with a progressive formation of
more phase and grain boundaries was observed. This extensive boundary network
also constitutes significant obstacles to the dislocation movement, and therefore to
plastic deformation. All of these remarks are also in agreement with other research
works [23,24].

(8) nj ratio: The ny; ratio, by definition, follows the trend of the hardness values. Since
the hardness is increased by the addition of Mo and Nb (i.e., the resistance in plastic
deformation is accordingly increased), the energy absorbed in the elastic region is
increased (i.e., the n; ratio is altered in the same manner as the hardness).

3.3. Creep Assessment
3.3.1. Calculation Frame

For the necessary calculations to be conducted, the approaches of Karantzalis et al. [61,62],
Zhang et al. [27], Ma et al. [24], and Wang et al. [63] were adopted, with some necessary modi-
fications for simplicity reasons.

During a standard nanoindentation test with a Berkovitch indenter, the strain rate and
hardness can be given by the following equations as functions of the indentation depth:

. 1dh _h
Shdr T h M

and
P

H= i

where ¢ is the strain rate; H is the hardness; P is the applied load as the function of time;
and & is the indentation depth as a function of time.

In the present effort, the creep stage started when the preset depth of roughly 1000 nm
was reached. Once this preset depth was reached, the holding stage for 20 s at the reached
load (Pjax) took place. The net (pure) indentation depth due to creep can be calculated
using the calculation methods of the already mentioned works [24,27,30,61,62] and is

@

h(t)creep = atV + kt (3)

where ¢ is the holding duration; and 4, p, and k are the fitting parameters.
The overall indentation depth thus, will be:

h(total) = ho + at? + kt 4)

where hj is the indentation depth at the onset of the creep stage and is close to 1000 nm,
which is the selected indentation depth.

According to Lin et al. [26] and Yu et al. [64], the indentation creep follows an empirical
power law of the form

e=Ac"exp (——=) 5)
where A is a constant; 7 is the creep stress exponent; ¢ is the applied stress; and Q is
the activation energy. Since all of the tests in the present effort were conducted at room

temperature, the exponential factor of Equation (5) was considered to be constant and as
such, Equation (5) can be rewritten as

¢= Ac". (6)
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Net creep indentation depth (nm)

By applying the logarithmic function on both sides of Equation (6), it becomes clear that
In(e) = In(A) + nln(cr) (7)

Additionally, by applying the logarithmic function on both sides of Equation (1),

we obtain Ldh
In(e) = ln(hdt) 8)

Since Zhang et al. [27] and Wang et al. [63] proposed that
c=kH )

with k being a material constant, by plotting In(¢) (i.e., In (% %) with In(H)), it is possible
to calculate the stress exponent n and from this, the strain rate sensitivity m, as simply
m=1/n.

Figure 6a shows a typical example of the fitting curve along with the relevant fitting

parameters and Figure 6b presents an example of the In (% %) vs. In(H) curve along with

the linear fitting to calculate the stress exponent n (indicative creep curve for the plain

Cantor alloy).
(a) Power law fitting on the actual creep depth — time curve (b) Linear fitting on the steady state creep area and stress
-3 exponent n (slope) calculation
354 E quation y=a+b'x
4 Weight No Weighting N
Residual S 0.00613
304 -4 o:;q::resum ™
Pearson's r 0.99986 ']
25 4 Adj. R-Square 0.99972
— Value Standard Error|
1 % -5 8 Intercept | 599.10431 084142
20 4 = B Slope 49.27376 0.06848
o
15 z
7 Equation a'x'p+k’x § 6l
] Reduced 012664 =
10 < Chi-Sqr £
Adj. R-Square 0.99748 _7
5] Value Standard Error 7
B a 1125106 0.02906
1 B P 0.54277 0.00531
04 B k -1.23849 0.04923 -84
-5 T T T T . T ¥ T ¥ T Ld Ll L T L] T ¥ T L4
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Holding (creep) time (s) In (H)

Figure 6. (a) Typical example of the fitting curve on the creep depth-time values along with the
relevant fitting parameters and (b) an example of the In (% %) vs. In(H) curve along with the linear

fitting to calculate the stress exponent n.

Once the stress exponent n and the strain rate sensitivity m are calculated, the critical
volume for dislocation nucleation, V,,, can also be calculated. According to Ma et al. [24]
and Wang et al. [63],

(10)

where k is the Boltzmann constant; T is the temperature in Kelvin degrees (298 K in the
present effort); m is the strain rate sensitivity; and T,y is the maximum shear stress applied
during the creep stage. Following the approach of Wang et al. [63],

H
Tnax = 43:”/? (11)
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Accordingly,
P max

245K

max (12)

Hyay is calculated using Equation (12) since the maximum load is experienced once
the indenter has reached the preset for the creep indentation depth (1000 nm) and hj is
always close to this value (~1000 nm).

3.3.2. Creep Results

Prior to any assessment of the actual creep stage during a nano-indentation test, it is
important to examine the pre-creep loading stage. This pre-creep loading stage has been
reported to be of high importance, since it is possible that creep phenomena and creep
deformation could occur during this stage, which are drained out the net creep stage and do
not allow for the system to express its net creep behavior during the actual creep stage [27].

Figure 7a shows the representative curves of the loading—prior to creep—stage for
the examined systems in the present effort, where it can be observed that there was a
lack of the characteristic “serration” morphology, which is usually an indication of creep
phenomena during the loading stage [27]. This practically means that in the examined
alloys, the initially present (from the production stage) dislocations and/or the dislocations
generated during the loading stage did not show any marginal mobility upon a steady load
that could account for even small creep deformation. Marginal creep deformation upon
loading is usually experienced at low loading speeds [27], since the time for possible stress
relaxation due to creep deformation is high. In the present effort, the adopted loading
speed of 13.324 mN/s was high enough to prevent such phenomena from occurring.

(b) Loading stage: Loading speed 13.324 mN/s
160

120 Ccantor

Mo modified

100 Nb modified

Load (mN)
8

— ol
0.6 0.8 1 12 0 0.2 04 0.6 08 1 12
Depth of Indentation (um)

Figure 7. (a) Representative curves of the loading—prior to creep—stage for the examined systems.
No significant evidence of “serrations” could be observed and (b) representative curves for the
loading—creep stage—unload cycle of the examined systems. In order for the preset depth to be
reached, the applied load increased from the plain monolithic Cantor alloy to the Mo modified and
the Nb modified alloys.

Caution should be taken, however, in the case of the Nb modified system, where
some more intensive, compared to the other systems, load—-indentation depth fluctuations
could be observed. By recalling the microstructure of this system, an extensive network of
phase/grain boundaries was established due to the presence of multiple phases, especially
the extent of the eutectic micro-constituent. Ma et al. [24] and Hu et al. [65] reported
possible creep phenomena due to grain boundary sliding and migration, and even though
this was not entirely the same case in the present effort, the authors do recognize that
further experimentation is required in this direction.
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(a) Net creep indentation depth as a function of holding time

Figure 7b shows the representative curves for the loading—creep stage—unload cycle
of the examined systems. What is evident from these curves is that in order for the preset
depth to be reached, the applied load increased as we moved from the plain monolithic
Cantor alloy to the Mo modified and the Nb modified alloys. This trend was practically the
same as the hardness of the systems and depicts the resistance each alloy showed toward
plastic deformation.

Figure 8a presents the characteristics curves of the net creep indentation depth as a
function of time for the different alloy systems. Clearly, the net Cantor alloy exhibited the
higher creep depth values, followed by the Mo modified alloy, and the Nb alloy showed
the lowest creep indentation depth. This is the first evidence that the Nb modified alloy
showed a lower creep deformation (i.e., the higher creep resistance compared to the other

two systems). This behavior is also supported by the data presented in Table 4. Figure 8b
shows the characteristic In (% %) vs. In(H) curves of the systems, in order to calculate the
n and m parameters.

(b) In (strain rate) as a function of In (Hardness)

-128 -127 -126 -125 -124 -123 -122 -121 -12

{ -6

In [(1/h)*(dh/dt)]

8 10 12 14 16 18 20 In(H)

Holding (creep stage) time (s)

Figure 8. (a) Characteristic curves of the net creep indentation depth as a function of time for the
different alloy systems. The net Cantor alloy exhibited higher creep depth values, followed by the Mo
modified alloy, and the Nb alloy showed the lowest creep indentation depth. (b) The characteristic
In (% %) vs. In(H) curves of the systems used to calculate the n and m parameters.

Table 4. Stress exponent n actual and extrapolated, strain sensitivity m actual and extrapolated,
critical volume for dislocation nucleation, Vcr actual and extrapolated, depth of creep indentation

hcreep, maximum shear stress Ty

System n Extra n Actual m Extra m Actual VE;E:?; a chrﬁ;gl;al 7;’;;‘;’; Tmax (GPa)
Cantor 32+8 34+9 0.031 £ 0.008 0.029 + 0.009 0.196 £ 0.05 0.208 + 0.06 38+8 0.674 £ 0.05
Mo modified 53+9 63 £ 10 0.019 £ 0.007 0.018 £ 0.007 0.227 + 0.06 0.269 + 0.07 33+ 10 0.960 + 0.07
Nb modified 107 £ 12 109 + 12 0.0133 + 0.009 0.0115 £ 0.09 0.62 + 0.08 0.414 + 0.07 235+8 1.071 £ 0.09

Based on the data in Table 4, the first point to be mentioned is that, especially from
the values of the stress exponent, the creep deformation is mainly dislocation driven, with
the power law and power law break down modes to prevail: according to these modes,
dislocation slide combined occasionally with dislocation climb are the responsible dislocation
movement mechanisms to provide the observed creep deformation [24,26,27,30,61-64]. From
the microstructures observed in the previous paragraphs, at least from a statistical point of
view, and for the plain Cantor and the Mo modified alloy, the grain boundary sliding and
migration phenomena did not contribute to the overall creep deformation [24,26,27,61-65] as
the formed grains were very coarse compared to the extent of the indentation depth and trace.
This, however, may not be the case in the Nb modified system, as the eutectic microconstituent
was of particularly very fine morphology.
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It can be observed from the values in Table 4 that the Cantor alloy had the lowest stress
exponent values, the highest strain rate sensitivity values, and on the other hand, the Nb
modified alloy had the highest stress exponent value, n, and the lower strain rate sensitivity
value, m. It has been reported in the literature that high stress exponent values and low
strain rate sensitivities correspond to restricted dislocation mobility during creep, lower
creep deformation, and higher creep resistance [24,26,27,61-64]. Moreover, in addition
to the dislocation mobility, the number of dislocations available for deformation is also
very crucial. The critical dislocation nucleation volume is a parameter that depicts this
important effect. Clearly, as can be seen in Table 4, the Nb modified system had a higher
Vet this practically means that for the given preset depth, the volume to be activated so
that dislocations that will carry potential creep deformation was higher than the other
systems (i.e., less dislocations will be generated, less creep deformation is experienced,
and higher creep resistance is encountered). These observations are in agreement with
similar experimental and research works [24,26,27,61-64]. Moreover, based on the work of
Wang et al. [63], it can be seen that the m values obtained in the present effort were quite
low, lower than the Al, Mg, and Ti alloys, and even lower than BMGs, a fact that confirmed
a high creep resistance. V, values were also high, indicating a high creep resistance.

3.4. Sliding Wear Response

Figure 9 shows a panoramic view of the alloys’ wear track morphologies, produced
in the present effort. The monolithic Cantor alloy (Figure 9a) showed the characteristic
“hill-valley” morphology, often found in ductile metallic systems [66,67]. This characteristic
morphological feature is, very briefly, the result of the extensive plastic deformation of the
soft material occurring at the initial stages of the sliding action, which leads to an intensive
material movement in front of the steel ball counter— eventually building a “hub” that was
characterized as the “hill” area. The process is repeated to the next available area in front
of the firstly formed “hill” and eventually the characteristic “hills” separated by “valleys”
landscape is formed. For more details of this morphological feature, the reader should
address the other works available in the literature [66,67].

©  (c) Nb modified

(b) Mo modified

Figure 9. Panoramic view of the alloys’ wear track morphologies, produced in the present effort. The
characteristic “hill-valley” morphology of the Cantor alloy (a) vanished in the other systems (b,c).

The modification of the basic Cantor alloy through the introduction of Mo and Nb
had a significant effect on the final wear track morphology. Both in the case of the Mo
and Nb addition (Figure 9b,c), it could be observed that the “hill-valley” morphology
vanished. This elimination suggests the inhibition of extensive plastic deformation and
excess material movement, bringing to the front more uniform—throughout the wear
tracks—wear mechanisms. Even in the case of Nb, where the wear track size was not
severely changed, only a slight reduction in the track width could be observed—the
“hill-valley” landscape is vanished. More details on these morphological alterations are
presented in the following paragraphs.
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Figure 10 shows a comparative indicative diagram of the mass loss as a function of
the sliding distance for the three different systems examined in the present effort, which is
representative of their behavior during the sliding test experiments. In all cases, an initial
stage of extensive mass loss (roughly up to 600 m sliding distance), followed by an almost
steady wear mode, was observed. As reported in the literature, this relatively increased
mass loss at the initial stage is due to the necessary incubation time required for the elimi-
nation/removal of the initial surface asperities [68,69]. After this incubation period, the net
wear characteristics can be established (surface oxidation, debris generation, tribolayer for-
mation, etc.) and as such, the steady wear behavior is expressed. From the average values of
the slopes for each system after a 600 m sliding distance and the externally applied load (2N
in the present effort), the average wear rate for each alloy (wear rate = slope/external load)
was calculated which was found to be 4.0 x 107¢,2.25 x 107°, and 3.0 x 10~ g/N.m for
the plain Cantor, the modified Mo, and the modified Nb alloys, respectively.

Mass loss vs Sliding distance
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Figure 10. Comparative indicative diagram of mass loss as a function of the sliding distance for the
three different systems examined in the present effort.

This tendency is in agreement with both the morphology of the wear tracks presented
in Figure 9—the lower the wear rate, the narrower the wear track—and the hardness values
presented in the previous paragraphs (i.e., the higher the hardness, the lower the wear rate).
This last observation is evidence that the systems obey the classic Archard’s law, governing
the correlation between hardness and wear rate [70].

Figure 11a—c presents the wear tracks of the different alloys at higher magnification,
and the EDS point analysis on the selective areas has also been included for each case. It can
be noted that the presence of the oxide phase was evident in their formation to contribute to
the overall wear mechanism. What was also observed in Figure 11 is the presence of crack
flaws, especially located at the areas of extensive oxidation, which also play an important
role in the material loss sequence. Further evidence on the formation of oxide phases can
also be found by the EDS analysis on selective areas of the produced upon sliding wear
debris. Clearly, as shown in Figure 12a—c, oxide phases were present in all of the different
debris formed from the examined systems.
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The observations of both the wear tracks and the debris revealed the presence of
oxides and flaws/cracks, which directly suggest an oxidative/material detachment wear
mode. More specifically, the sequence of deterioration steps can be as follows: (a) Upon the
sliding action of the counter-body on the material surface, the temperature due to friction
is raised and as the material is exposed to an ambient environment (no specific protective
atmosphere was used), surface oxidation takes place, which as the sliding distance increases,
becomes more extensive. (b) Within the oxide phase where no plastic deformation can be
encountered, the shear action of the counted-body eventually leads to an overcoming of
the oxide shear strength and flaws/cracks are formed. Flaw /crack generation can also be
supported by potential thermal fatigue phenomena that can be expressed: (a) As the sliding
wear test is interrupted every 200 m for specimen weighing, the sample is subjected to a
thermal cycle during which the oxide phases cannot (due to lack of plastic deformation)
absorb the residual stresses being developed and as such, the formation of crack/flaws can
be further enhanced; (b) as the sliding action continues, the cracks/flaws are propagated,
enlarged, and finally lead to material removal, revealing a new unexposed material surface,
and the circle is repeated. These points suggest an oxidative-detachment wear mechanism.
The presence of grooves parallel to the direction of sliding also suggests a partial abrasive
wear mode, which was caused by the formation of debris. Similar wear behavior and
mechanisms have also been reported in other experimental efforts [50,51,67].

Spectrum 1

cracks/flaws

multiple cracks/flaws
cracks/flaws

Figure 11. EDS point analysis on selective areas of the wear tracks of (a) the plain Cantor al-
loy; (b) the Mo modified system, and (c) the Nb modified system. The presence of oxidized areas
is evident.
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Figure 12. EDS point analysis of the debris for (a) the plain Cantor alloy; (b) the Mo modified system,
and (c) the Nb modified system. The presence of oxidized areas is evident.

It is also interesting to correlate the wear track morphology, especially that of the Mo
modified system, with the formation of the oxide phase. By recalling the panoramic view
shown in Figure 9, it was observed that the wear track of the Mo modified alloy was signifi-
cantly lower than those of the plain Cantor and the Nb modified system. Mo is considered
to be one of the most oxidation resistant elements; moreover, it forms oxide phases with
superior lubrication action [71,72]. As such, these combined effects synergistically lead to
less material removal (i.e., lower wear rates). Impressively, the reduced material loss was
also mirrored in the amount of debris formed in the case of the Mo modified system, as
shown in Figure 12b.

4. Conclusions

In this work, Mo and Nb modified Cantor high entropy alloys were studied regard-
ing their microstructural features, mechanical responses, and tribological properties.
The XRD analysis of the Cantor alloy verified the simplicity of its microstructure, which
consisted of a single FCC phase. The addition of Mo led to phase segregation with
new phases such as o-sigma and BCC being formed. Nb modification resulted in a
more complex combination of phases and Laves and possible intermetallics were also
identified. The presence of eutectic microconstituents was evident. The parametric
model assessment predicted the phase segregation observed in the case of the Mo
and Nb modified systems. SEM-EDS analysis verified that the Cantor alloy is a single
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FCC phase with uniform element distribution. The Mo modified alloy consisted of a
primary BCC phase enriched in Mo, and lastly, a solidified FCC phase was reduced in
Mo. The addition of Nb showed that the solidification commenced with a primary rich
in Nb phases, which was a combination of BCC and C14 Laves followed by a eutectic
microconstituent consisting of C15 Laves and the FCC phase.

Regarding the mechanical response, the introduction of Mo and Nb led to an
increase in the indentation modulus of elasticity and hardness due to the presence of
new hard phases. The lattice distortion effect due to the presence of the addition of Mo
and Nb also contributed to the hardness increase. Creep resistance was observed to
increase with the addition of Mo and Nb as the strain exponent increased, the strain
rate sensitivity decreased, and most indicatively, the critical volume for dislocation
nucleation was increased.

Finally, in terms of sliding wear performance, the wear resistance increased by
the modification of Mo and Nb, due to the presence of the new hard phases that were
formed and the lubricating action of the multiple oxide phases. Oxidation-delamination
wear was the major wear mechanism with some abrasive modes also contributing.
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