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metals is not huge [22]. Because both CALPHAD modeling (section 2) and experimental testing
(section 3) state that disordered BCC solid solutions form in the CrMoNbTaVW alloys, more
thermodynamic calculations were carried out on the BCC and C15 phases as a function of
temperature and compositions. Figure 4.9 compares the entropy, enthalpy and Gibbs energy of
BCC and Laves phases in the senary CrMoNbTaVW alloy as a function of temperature using the
default reference states (namely the stable structure at 25.15 °C and 1 atm). The BCC phase has
significantly larger entropy than the C15 phase while the enthalpy is lower for the BCC phase by
a small amount. The temperature dependence of entropy is presumed due to the lattice phonon
vibration that strongly depends upon temperature. For quantitative evaluation of entropy sources
of high-entropy alloys, please refer to recent publications [51, 52]. Note that direct comparison in
the Gibbs energy between phases such as in Figure 4.10 (c), Figure 4.11(c) and Figure 4.12 (c) is
most meaningful for single-phase region; for regions of co-existing phases, the tie-line is out of
plane and thus the plots cannot be used for global phase equilibrium determination. Nonetheless,
these plots show the trend of the Gibbs energy of each phase with respect to temperature and

composition.
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Figure 4.12 calculated (a) entropy of mixing, (b) enthalpy of mixing and (c) Gibbs energy of
mixing of the BCC phase at 1000 °C in CrxMoNbTaVW, CrMoxNbTaVW, CrMoNbxTaVW,
CrMoNbTaxVW, CrMoNbTaVxW, and CrMoNbTaVWx, which is labeled as Cr, Mo, Nb, Ta, V
and W respectively in the plots. The reference states for all components are the BCC phase at
1000 °C and 1 atm.
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distinctly different compositions possess the same BCC structure with very similar lattice

parameters.

Figure 5.4 TEM characterization of the as-solidified CrMoNbReTaVW HEA: (a) SE images of
the FIB lift-out before (top) and during (bottom) Ga* thinning; (b) a BF image of the interface
between regions 1 and 2 identified in (a); (c) phase contrast image of region 1 with the associated
SAD pattern shown in the inset; (d) phase contrast image of region 2 with the associated SAD
pattern shown in the inset.
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5.3.3. Site-selective indentation

Figure 5.5 shows the site-delective nano-indentation on both dendritic arm regions and
inter-dendritic regions. As shown in Table 5.1, the W-rich dendritic arm regions show higher
elastic modulus compared with the Cr-rich inter-dendritic regions, as expected, since the elements
W, Ta, Re and Mo have a larger average elastic modulus than Cr, Nb and V. However, the Cr-rich
inter-dendritic regions, in fact, show a larger hardness than the W-rich dendritic regions, though
the average hardness of the W, Ta, Re and Mo is much higher, as shown in Table 5.2. That
demonstrates the existence of lattice distortion strengthening or solid solution strengthening: the

Cr has the smallest elemental radius which will cause a relative larger lattice distortion.
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Figure 5.5 Site-selective indentation on both dendritic region and inter-dendritic region: (a) SEM
images with all indentation marks and (b) the corresponding indentation curve

Table 5.1 Elastic modulus on both inter-dendritic (ID) region and dendritic (D) region.

Modulus/ GPa 1 2 3 4 5 Average
ID 320.3 3185 323.9 304.5 300.7 314 +10
D 347.4 354.7 342.7 349.9 350.7 349+ 4
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Table 5.2 Hardness on both inter-dendritic (ID) region and dendritic (D) region.

Modulus/ GPa 1 2 3 4 5 Average
ID 10.6 10.6 11.5 11.0 12.9 11.3+1.0
D 9.0 9.4 9.4 9.2 9.2 9.2+£0.2

5.3.4. Micro-compression test

The micro pillar compression test was conducted on this specimen. One cylindrical micro
pillar, as shown in Figure 5.6(a) and (b) consisted almost entirely of the dendritic arm region with
bright contrast, and the pillar #2 (Figure 5.6(b) and (d)) with a similar size consisted with a mixture
of both dendritic arm region and inter-dendritic region with dark contrast. Compression load
displacement curves obtained from the two pillars show markedly different flow stresses. That
further proves that the existence of compositional segregation brings mechanical property

differences within the as-cast HEA specimen.
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Figure 5.6 (a) The SEM image of micro pillar #1 before compression test, (b) the pillar #2 before
compress test, (c) the pillar #1 after compression test, (d) the pillar #2 after compression test and
(e) the compression curve of both pillars.

(Figure 5.6 cont’d)
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5.4. Conclusions

In summary, CALPHAD calculations suggest the tendency of BCC phase formation during
solidification of equi-molar CrMoNbReTaVW HEA, which is confirmed by structural
characterizations with XRD and TEM. The observations of significant compositional segregation
between bright and dark regions, together with compositional variations from one dark region to
another, suggest that the quenching-like rapid solidification, as described by the Sheil-Gulliver
model, more closely describes the actual solidification process. Although XRD measurements
showed “single-phase-like” diffraction patterns, clear evidence of significant compositional
segregation within as-solidified CrMoNbReTaVW HEAs is obtained from BSE imaging and EDS
line scans. TEM examinations show distinct grains crystallize in the same BCC structure with
close lattice parameters, despite the significant compositional segregation, thus corroborating the
observed “single-phase-like” XRD patterns. It is suggested that the existence of multiple grains
with significant compositional segregation yet identical crystal structure and similar lattice

constants may be a common feature in other elemental segregated HEA systems.
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CHAPTER 6. THERMODYNAMIC STUDY OF HIGH ENTROPY ALLOY
CORROSION BEHAVIOR

6.1. Introduction

In this chapter, the CALculation of PHAse Diagrams (CALPHAD) method is used to
examine the corrosion behavior of CoCrFeNi based high entropy alloys. Pourbaix diagram, a
thermodynamic approach, has been prevalently used to provide a basic guidance for the study of
alloy’s corrosion behavior by mapping out all possible stable phases of an aqueous electrochemical
system [24, 25]. However, the available Pourbaix diagrams in the handbooks are predominately
about pure elements. In the application of Pourbaix diagram for an alloy system, a simple
superposition method is usually adopted [26]. This approach will inevitably neglect those
nonlinear interactions, such as the interactions between the metallic elements in the matrix and the
evolving oxide films. For a HEA system, which has multi-principle elements with similar content,
the nonlinear interactions between e.g. the hydrated oxide phases and spinel phases are expected
to be strong. Furthermore, the standard Pourbaix diagram is usually given under the conditions of
standard temperature and pressure. For complex alloys and the applications under an elevated
temperature, the simple superposition method using standard Pourbaix diagrams will not be
adequate. Thermodynamic investigation of an alloy’s corrosion behavior under various
environments is an efficient tool for alloy design and optimization. The simulation results on the
impacts of additional alloying of Cu and Al to the corrosion behavior of CoCrFeNi based HEAS
demonstrated that CALPHAD method is a viable tool for the prediction of complex alloy’s

corrosion behaviors.
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6.2. The simulation approach

Before conducting aqueous corrosion simulations, the phase stability of the high entropy
alloy matrix was modeled using CALPHAD method to evaluate the potential corrosion resistant.
A single-phase system without notable additional phases and compositional segregations is
believed to have a good corrosion performance due to the reduction of localized galvanic corrosion.
The phase stability calculations for the CoCrFeNi based high entropy alloys were carried out using
the ThermoCalc software package with the TCNI8 database, which incorporates known
information for all the binary phases and most ternary phases in the Co-Cr-Fe-Ni-Cu-Al
combinations. Calculations utilizing the TCNI8 database have shown good agreements with
experimental observations for various body-center-cubic (BCC) HEAs, such as MoNbTaTivVW

[68], HFNbTaTiVZr [69], CrMoNbTaW [72] and CrMoNbReTaVW/[73].

After knowing the alloys’ matrix phases, the corrosion behavior was further modeled by
introducing the agqueous phases and the oxides phases into the equilibrium calculations. The
aqueous database AQS2 and the substances database SSUB5 were appended into the initialization
process in order to model the interactions between different alloys and the NaCl solution. In AQS2
database, the comprehensive Johnson-Norton model is used to describe the H,O phase and a
completely revised HKF (Helgeson-Kirkham-Flowers [74]) model is used to describe the aqueous
solution phase. The SSUB5 database contains most of the common compounds and gaseous
species. In this study, both the oxides phases and the gas phases were included in the simulations,
in order to model the passive oxides film and the production of hydrogen and oxygen phases during

the hydrolysis reaction.

64



By considering the aqueous phases, together with alloy matrix phases, compound phases,
secondary solid phases (oxide film) and gas phases, a Pourbaix diagram can be set up by
performing equilibrium calculations under different electric potentials and hydrogen ion
concentrations (pH value). For a known pH solution, such as the neutral aqueous solution, the
amount of oxides could be calculated for different potential values. Although the actual potential
of a metal in an electrolyte might be slightly different from its thermodynamic equilibrium value
due to the kinetic processes [75] and local environmental inhomogeneity [76], thermodynamics
calculations of aqueous corrosion behaviors still provide the fundamental information needed to
evaluate the course and the rate of a corrosion process[77], especially for those thermodynamically
controlled processes such as passivity and the breakdown of passivity.

In this chapter, calculations were first performed to predict the phase structures of the
HEAs following both the equilibrium solidification scheme and the Scheil-Gulliver solidification
scheme [71]. Then, the interactions between the alloy matrix structures and the aqueous solution
were examined to generate the Pourbaix diagrams. Because of the available experimental data,
CoCrFeNiCu and CoCrFeNiAlos were chosen to show the effect of additional alloying to the

corrosion behavior of CoCrFeNi based HEAs.
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6.3. Calculation and discussion

6.3.1. CoCrFeNi

It has been approved experimentally that the base CoCrFeNi HEA is a single-phase alloy
with a stable FCC crystal structure [78-82]. And it has also been found that this FCC structure is
thermally stable during annealing at different temperatures [66, 78, 83]. In the equilibrium
simulation, the solidification process is sufficiently slow that ample diffusion is allowed to take
place in both the liquid and solid states. As shown in Figure 1(a), equilibrium solidification initiates
at ~1431°C when a single FCC phase starts to form. The fraction of the FCC phase increases
sharply with decreasing temperature and reaches 100% at ~1426°C, where the solidification
process ends. During the cooling down process, single FCC phase exists over quite a large region
(1426°C-655°C) and then only at low temperatures, small amount of 6 and BCC phases start to
separate out. However, the cooling rate of the real casting process with a water cooling hearth is
considerably large and the equilibrium state at low temperature usually can’t be reached. Thus, in
the as-cast lab samples, only single FCC phase exists in the CoCrFeNi HEA. Under the condition
of arapid cooling process, the quenching like solidification process can be simulated by neglecting
the diffusion effect in the solid phases, described by the Scheil-Guiiliver model[71]. As shown in
Figure 1(b), it confirms that only FCC phase is formed during the diffusion-free solidification, i.e.

as-cast CoCrFeNi.
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Figure 6.1 Solidification process simulations in CoCrFeNi HEA system: Equilibrium
solidfication (a), Scheil-Gulliver solidfication (b)

Being an exemplary high entropy alloy, quaternay CoCrFeNi has a good corrosion resistant
and has been studied extensively for many other physical and chemical properties [79, 80, 83, 84].
In order to further reveal the corrosion behavior and predict/explain the passive/corrosion working
conditions, the Pourbaix diagram was calculated based on a 3.5 wt.% NaCl aqueous solution. The
effective interaction ratio between the initial alloy and the aqueous is assuming to be 10, which
makes the alloy amount approaches the detectable solubility limit for cathodic corrosion protection
by immunity. Figure 2 (a) shows the calculated Pourbaix diagram (pH-Eh) of CoCrFeNi. The alloy
was more likely to be corroded (corrosion region) with low values of pH and potential. The
AQUEOUS phase consists of all the ions in the system which implying the corrosion process.
Under a higher pH value and a higher Eh, protective oxidation layers Hematite, Cr203, C0304, as
well as spinel oxides CoFe>O4 and CoCr204 can be formed and this region is called the passivation
region. In the passivation region, alloys form a relatively stable coating of oxides or some other

protective solids on the surfaces. Below the corrosion region and the passivation region, the alloy
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