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Abstract

Work deals with phase formation of eight high entropy alloys of FeCuxCrixMnNi type and of three alloys of
FexCuCrMnNi system with high entropy effect. Predicted compositions of phases using Ni and Cr equivalents
and by use of valence electron concentration are compared with real finding of presented phases in all
aforesaid systems. Types of phases were detected by hard X-ray synchrotron micro-diffraction. With increasing
Cr content in FeCuxCr1-xMnNi system double FCC phases changed into double FCC with BCC phases under
simultaneously increase of yield stress. In FexCuCrMnNi system with atypical higher Fe content double FCC
phases were detected with their different volume fractions. With increasing Fe content as a BCC stabilizer a
rise of yield stress was detected. In both investigated systems, predicted results of formed phases partially
differed from founded phases using synchrotron.

Keywords: FeCuxCrixMnNi high entropy system, FexCuCrMnNi high entropy system, Ni - Cr equivalents,
valence electron concentration, phases composition

1. INTRODUCTION

High entropy alloys (HEASs) are formed by five metallic elements minimally and represent a novel alloy design
concept. By now investigated HEAs had showed unique mechanical properties [1-3], favourable electric and
magnetic characteristics [2, 3], wear resistance [4] and corrosive properties [5-7]. HEAs are suitable both for
cryogenic conditions and for creep applications [3, 8]. Outstanding HEAs properties can be reached thanks a)
high entropy effect, b) sluggish diffusion, c¢) possibility of crystallographic lattice torsion and d) HEAs position
in Ashby’s diagram [9, 10]. In HEAs, there are only solid solutions possible. The most frequently are FCC,
BCC and/or their mixture. The FCC stabilizers are Ni, Co, Mn, Cu, C, N etc. and Cr, Fe, Mo, Si, Nb etc. are
effective as the BCC stabilizers. According number of elements, their volume fraction and type, resp. their
atomic radius, and thanks the sluggish diffusion during extremely high cooling rate at manufacturing process
and mentioned crystallographic lattice torsion, resp. due to the atomic-level strain energy [3] different types of
phases can be formed. A higher portion of one element can change e.g. FCC structure into mixture of FCC
and BCC and/or into BCC with quite different properties. To predict the changes in microstructure in HEAs,
resp. to estimate type of phases, Ni and Cr equivalents (Nieqand Creq) are often used, similar like in stainless
steels [11]. The higher the Nieq, the easier it is to obtain FCC structure. Conversely, the higher the Creq, the
easier it is to form BCC structure. Ren et al [11] effectively modified aforesaid equivalents. Guo et al. [12]
suggested using the valence electron concentration (VEC) to predict the FCC and BCC solid solution
structures of HEAs. He worked with AlxCr Cu FeNiz alloys and summarized the relationship between VEC and
structure as follows: for FCC, VEC is higher than 8, for BCC the VEC is lower than 6.8 and between the both
boundaries mixture of FCC and BCC should be detected.

Presented work is aimed at prediction of phase type formed after casting in FeCrixCuxMnNi HEAs and
especially in atypical FexCrCuMnNi alloy types with higher Fe contents representing cheaper variants of
materials with high entropy effect. Results are compared with really found phase types using a hard
synchrotron X-ray diffraction.
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Table 1 Investigated alloys with high entropy effect and detected phases using XDR

A FeCu1.75Crg2sMnNi B FeCu15CrosMnNi C FeCu1.25Cro7sMnNi D FeCuCrMnNi
phase FCC4+FCC; FCC4+FCC; FCC4+FCC,+BCC FCC4+FCC,+BCC
alloy E FeCu.75Crq25MnNi F FeCupsCrisMnNi G FeCup25Crq7sMnNi H FeCuCraMnNi
phase FCC4+FCC,+BCC FCC4+FCC,+BCC FCC4+FCC,+BCC FCC+BCC
alloy CH Fez5CuCrMnNi I Fe3CuCrMnNi J Fe3sCuCrMnNi
phase FCC4+FCC; FCC4+FCC; FCC4+FCC;

2, EXPERIMENTAL

For evaluation eight HEAs of FeCuxCrixMnNi type (named A up to H) were used which were laboratory
manufactured and analyzed using hard X-ray micro-diffraction (XRD) as was presented in work [13] and three
alloys with high entropy effect of FexCuCrMnNi type (named CH, I, J) which are summarized in Table 1 with
analyzed phases types. All HEAs were synthesized by vacuum arc-melting method in Compact Arc Melter
MAM-1 (Figure 2 left). Preparation of ingots was carried out in argon at temperature up to 3 500 °C and
followed by suction casting of a melt to cooled Cu mould. Samples in form of ingots of 3 mm diameter and 35
mm in length were made. During all process, vacuum was necessary to generate several times by assisted
rotary pump (at 5.10 mbar). For the production of any ingot, not only critical parameter of vacuum level is
important, but in particular the temperature of the melting, at which the melt is cast. Standard weight was
approximately 2 - 3 g. Further, ingots were cut to rolls with dimensions of 6 (length) x 3 mm. Manufactured
samples were put to tensile test. Tensile tests for two samples of each alloy (200 KN Zwick-Extensometer) at
ambient temperature (in the beginning testing rate corresponded to 0.083 mm / s, from R(v) 0.017 mm / s),
micro-hardness HV0.5 (LECO 2000) over each sample in transverse section. To determine phase composition
and microstructure parameters of studied alloys a hard X-ray diffraction experiment was performed at beamline
P07 at PETRA IlI (electron storage ring operating at energy of 6 GeV with beam current of 100 mA). During
the experiment, monochromatic synchrotron radiation of energy 99.5 keV (A = 0.012587 nm) was used.
Measurements were carried out in transmission mode, when the samples were illuminated for 7.5 s by well
collimated incident beam of 0.5 mm x 0.5 mm cross-section and the XRD patterns were recorded using a 2D
detector (Perkin EImer 1621). The collected 2D XRD data were then integrated into 2 Theta space by use of
Fit2D software [14]. Sample detector distance, detector orthogonality with respect to the incoming radiation as
well as precise radiation energy was determined by fitting a standard reference LasBs (NIST SRM 660a)
sample. Other information concerning synchrotron application is accessible in paper [14]. Results from
synchrotron were compared with predicted data found using Ni equivalent (Nieg), Cr equivalent (Creq) presented
in modified form in works [3, 11] and valence electron concentration (VEC) according Guo’s concept [10].

3. RESULTS AND THEIR ANALYSIS

Records (XRD patterns) of presented phases in FeCu1.xCrxMnNi HEA (named A up to H) were former reported
in paper [13] and are shortly summarized in Table 1 and Figure 1. Detected phases using synchrotron
radiation in the investigated FexCuCrMnNi system (alloys named CH, I, J) complete above mentioned table
and separately can be seen in Figures 2, 3. With exception of HEAs A and B, which are on the base of double
FCC, phase all other alloys showed mixture phases of FCC+, FCC2 and BCC type (alloy C up to G), resp. one
FCC with BCC (alloy H).
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Figure 1 XRD patterns of FeCu1xCriMnNi (named A up to H)
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Figure 2 XRD patterns o Fe25CuCrMnNi (CH) and FesCuCrMnNi (l) steels
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Figure 3 XRD pattern of FessCuCrMnNi (J) steels

With increasing Cr content to the exclusion of Cu portion BCC phase was increasing being in accord with Cr
stabilizer [3]. In Fe2s5CrCuMnNi alloy major FCC1 phase had lattice parameter a = 0.3606 nm, while in the
second minor FCCz it was 0.3677 nm. Volume fractions of the FCC+ and FCCz phases occupied approximately
83 % and 17 %, respectively (percentages determined by the Rietveld refinement method [14]). In the
FesCrCuMnNi lattice parameter of the FCC1 phase corresponded to 0.36 nm (94 vol. %) and of the other minor
FCC:2 phase to 0.3679 nm (6 vol. %), while in FessCuCrMnNi dominating phase FCC+ represented 96 vol. %
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with lattice parameter a = 0.36 nm, minority phase FCC2 was detected in 4 % and lattice parameter a = 0.3677
nm. With increasing Fe content FCC1 phase portion was going up to the exclusion of FCC:2 phase. With
changes of FCC phase portions and/or formation of the BBC structure, differences in their basic mechanical
properties are obvious. With increasing Cr portion to the exclusion of Cu in FeCu1xCrkMnNi system, yield
stress (YS) in pressure shows increasing tendency as it from Figure 4 follows. Practically none differences
between samples tested at ambient and cryogenic temperature were observed. In FexCrCuMnNi system
increasing Fe content shows similar trend as it from Figure 5 follows, even when YS was tested in tensile.
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Figure 4 Changes of yield stress (YS), resp. phases Figure 5 Changes of yield stress (YS), resp.
in dependence on Cr content phases in dependence on Fe content

When in the HEAs is a higher portion of BCC stabilizers and elements showing greater atomic radius the more
torsion and stress of lattices can be awaited, later leading to change of structure composition and increase of
strength [3]. Transitions from FCC structure into mixture FCC with BCC and/or to BCC are associated with
steep strength increase as it was demonstrated e.g. by Yeh et al and Kao et al [4, 15]. In FeCuxCr1xMnNi
HEAs BBC structure appeared when Cr content amounted to 15 at. %. In case the Cr content was on the level
of 35 at. % increase of yield stress by 758 MPa (at ambient temperature) and/or by 725 MPA (at cryogenic
temperature) was registered, representing 245 % and/or 183 % growth. Phase composition of FeCuCroMnNi
HEA (showing 40 at. % of Cr - alloy H) resulted in one FCC and BCC phases. The other 5 at % increase of Cr
in given HEA in comparison with the HEA G represented further growth of yield stress approximately by 43 %,
resp. 42 % for cryogenic temperature. On the contrary, according Ostroushko et al [13], double portion of Cu
(Cu amounted to 40 at. %) FeCu2CrMnNi resulted in double FCC phases only, because FCC stabilizers were
in majority. In the other investigated system, between alloys CH and | (by 4.4 at. % higher Fe content) was
recorded 26 % increase in yield stress. In alloy J higher Fe portion by 8.2 at. % resulted in 0.5 % (insignificant)
yield stress increase. Results of prediction of formed phasas in alloys showing high entropy effect using Nieq
and Creq[3, 11]and by use of VEC according to concepts described in works [3, 10] are summarized in Figures
6, 7. Results of the first way of phase determination named A and B showed double FCC structure only, while
the rest of nine alloys named C, D, E, F, G, H and CH, |, J were associated with FCC and BCC in different
portions. In case of the second way (VEC) of phase prediction not only alloys A and B, however C, D, CH, |
and J should be formed by double FCC and/or by one FCC (case of H HEA) only. In comparison with results
from synchrotron the founded disproportions are distingushed by red colour in proper points as it can be seen
from Figures 6 and 7. According to VEC alloys C and D are lying close the transition boundary FCC / mixed
FCC + BCC and represent typical HEAs unlike the alloys CH, |, J having atypical higher Fe contents and in

921



JE. oo
ME 1AL

2017 May 24%" - 26 2017, Brno, Czech Republic, EU

spite of it show high entropy effect. Presented iron represents the largest disparity between HEA and FCC-Fe
migration activation energy and it could be one of the reason of observed differences between predicted and
real results.
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Figure 6 Predicted phases in investigated two systems Figure 7 Predicted phases in investigated two
by use of Nieq and Creq systems by use of VEC

Regarding comparison of predicted phases and those really detected, Yeh et al [8] and Guo et al [10] have
admitted overlapping of predicted regions and revealed reality. Discrepancies in some properties of HEAs
were also detected by Tsai et al [16] and Middleburgh [17] who ascribed these findings to sluggish diffusion
in HEAs, lower lattice potential energy, to a combination of effect including magnetic properties, frustrated
lattice and consequence of the change in Fe behaviour from low temperature ferrite to high temperature
austenite. Generally, Fe shows the largest disparity between HEA and FCC-Fe migration activation energy.

4, CONCLUSION

Work deals with prediction of eight high entropy alloys of FeCuxCrixMnNi type and of three alloys of
FexCuCrMnNi system showing high entropy effect. From hard X-ray diffraction experiment performed using
synchrotron HEAs of the first mentioned type with maximal 10 at. % of Cr showed double FCC phases, while
HEASs with increasing Cr contents were formed beside double FCC phases and/or one FCC phase (in case of
FeCuCraMnNi) by BCC phase. All alloys of the FexCuCrMnNi type (38.5, 42.9 and 46.7 at. % of Fe) revealed
double FCC phases. Predicted phases types using Ni and Cr equivalents showed conformity with reality for
all HEAs of FeCuxCrixMnNi type, while for all investigated set of FexCuCrMnNi alloys discrepancies were
detected. By use of valence electron concentration (VEC) predicted phases of these FexCuCrMnNi alloys
corresponded to reality unlike alloys of FeCu1.25Cro.7sMnNi and FeCuCrMnNi type which should be formed
according to VEC by FCC phase only. In case of the first system type the disproportions appeared just on the
transition of the FCC into FCC and BCC and so the mathematical approach could not be quite perfect.
Regarding the FexCuCrMnNi alloys, those showed higher Fe contents than is current for HEAs. Iron represents
the largest disparity between HEA and FCC-Fe migration activation energy and it could be main reason of
observed differences between predicted and real results.
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