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Abstract. From modern alloys, increasingly demanding combinations of properties are expected,
enabling their use as structural materials in new areas of application such as the energy industry
(Liquid Natural Gas and hydrogen tanks), military, or space. One of the fundamental expectations
for constructional materials used in these sectors is high energy absorption capacity while
maintaining high strength (often at low temperatures where e.g. conventional steels exhibit
brittleness). Simultaneously, they require appropriate plastic deformation susceptibility
(formability) and other additional parameters (e.g., corrosion resistance, weldability, fatigue
resistance). Designing manufacturing technologies for the metal forming of structural elements
from modern engineering materials for the aforementioned applications requires a holistic
approach and understanding of the relationships between process parameters (time, temperature,
deformation, strain rate), microstructural phenomena (recovery/strengthening mechanisms, phase
transformations, precipitation processes), and resulting properties (strength, ductility, toughness).
In this work I will provide a practical example of designing specific properties of (CoNiFeMn);-
xMox high entropy alloys by controlling microstructure development at each stage of the metal
forming process. The role of recrystallisation, grain growth, and the precipitation of the phase in
controlling grain size - a key parameter defining the susceptibility to twinning/nanotwinning in
this alloy at cryogenic temperatures - will be discussed.

Introduction

High-entropy alloys are a family of alloys that has been intensively studied over the last few years.
The first alloy was the so-called Cantor alloy with an equilibrium chemical composition[1]. These
alloys are characterised by four effects: slow diffusion, cocktail effect, high entropy and lattice
distortion[2]. Further research has shown that high-entropy alloys have a number of unique
properties such as, low stacking fault energy, very good mechanical properties at cryogenic
conditions.

The susceptibility to hot deformation in high-entropy alloys has been studied over recent years.
These studies mainly concern alloys in the FCC lattice. Studies for Cantor alloys have shown that
high-entropy alloys are characterised by a relatively high activation energy of dynamic
recrystallisation [3]. Studies have shown that the addition of molybdenum increases the activation
energy of recrystallisation in the CrFeCoNiMoos alloy [4]. Investigating the possibility of

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.

393



Metal Forming 2024 Materials Research Forum LLC

Materials Research Proceedings 44 (2024) 393-401 https://doi.org/10.21741/9781644903254-43

deforming these alloys by twinning is also a popular research direction. Kaushik [5] showed that
Cantor's alloy tends to deform by twinning during cold rolling.

This paper presents a scheme for the preparation, in terms of microstructure, of high-entropy
alloys of composition (CoNiFeMn);.xMox for mechanical testing under cryogenic conditions at
high strain rates. The desired initial microstructure was achieved by hot deformation analysis, cold
rolling and appropriate heat treatment.

Materials and Methods
Ingots were prepared in a VIM LAB 20-50 type induction vacuum furnace and cast in a controlled
atmosphere. For the study, ingots of 1 kg were prepared for three alloys with the following
chemical compositions CoNiFeMn, (CoNiFeMn)osMos and (CoNiFeMn)ooMoio.

The ingots were then hot forged into flat bars at 1150° C using a 500T ZAMET servo-hydraulic
press. The initial microstructure for the compression tests is shown in Figure 1. Microstructure
analysis was performed after heating to 1150°C and holding for 300 s.
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Fig. 1. Initial microstructure for compression tests of the tested alloys.

Grain size measurements were made after the annealing twins were removed. The materials are
characterised by a stable solid solution in the FCC lattice. The significantly smaller grain size for
the alloy (CoNiFeMn)9oMo1o is due to the presence of the intermetallic # phase, which limits grain
growth [6].

Methods. Compression tests were performed on an ASP servo-hydraulic thermomechanical
simulator equipped with an induction furnace. Cylindrical specimens measuring 8x8 mm were
prepared for compression tests. The specimens were cut from pre-plasticised material. The
specimens were heated at a rate of 5°C/s to a temperature of 1150°C and held for 300 s. The choice
of temperature was dictated by the fact that materials oxidise rapidly at higher temperatures. Then
cooled at a cooling rate of 4°C/s to the deformation temperature. Deformation was carried out at
temperatures of 900° C, 1000° C, 1100°C with strain rates of 0.1 s, 151, 10 5™ . The final strain
was set at 0.7 of the true strain. A more accurate analysis of the hot deformation behaviour of the
materials can be based on the determination of the deformational consolidation:

1

o (1)

9= 2

The method of Najafizadeh and Jonas was used to determine the values of stress ¢ and strain ec
critical [7]. The critical stress is determined from a third-degree polynomial function in 6 - o,
determined from zero to the peak stress value according to equation:

)
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where: A, B, C, D - are constants. The second derivative of Eq. 2 as a function of ¢ can be written
as:

3
2 3)

— =640 + 2B
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The critical stress can be determined at point = 0. Then:
B (4)
64 2B=0 = —
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Cold rolling was carried out on a laboratory 4-high mill with a working roll diameter of 100
mm.

SEM/EBSD analysis was performed on a FEI Nova NanoSEM 450 scanning microscope (SEM)
(STEM) using an EDAX EBSD Velocity detector. The specimens were prepared by grinding and
mechanical polishing. EBSD analysis was performed in the centre of the compressed sample, with
an accelerating voltage of 20 kV, a spot size of 6 and a step of 0.5 um. The processing of the
obtained results was performed in OIM-TSL 8 software.

Results and Discussion

The resulting flow curves for the tested high-entropy tested, obtained at different temperatures and
strain rates, are shown in Fig. 2. During hot deformation of the material, the characteristic plateau
is the result of the phenomenon of recovery (DRV) whereas the flow softening results from
occurrence of the dynamic recrystallisation (DRX).
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Fig. 2. Flow curves for the high-entropy alloys tested.
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From the obtained flow curves it can be seen that, the addition of molybdenum causes an
increase in flow stress. Comparing CoNiFeMn and (CoNiFeMn)osMos alloys, this increase is
mainly due to solution strengthening, due to the similar grain size of the materials studied. In the
case of the (CoNiFeMn)ooMo1o alloy, the increase in stress is additionally due to the presence of
the p-phase precipitates, which cause the effect of precipitation strengthening. It should also be
noted that with the addition of molybdenum the peak deformation as well as the subsequent
softening is much more pronounced.
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Fig. 3. a) critical stress, b) critical strain.

Analysing the results obtained for critical and peak stress, the stress values increase with the
addition of molybdenum. In the case of critical stress values, the strongest, inter-alloy relationship
is observed at 900°C. At 1100°C the relationship is linear. In the case of critical strain values at
900° C in the alloy (CoNiFeMn)9sMos there is an increase in critical strain values, followed by a
decrease in (CoNiFeMn)ooMoio. This phenomenon may be due to a strain-induced precipitation
process where, as will be discussed in the following sections, in the case of the deformed material,
u-phase precipitates appear at the temperatures up to 1000°C [8]. The observation of a decrease in
critical strain confirms that the addition of molybdenum promotes the occurrence of dynamic
recrystallisation, occurring earlier. Comparing CoNiFeMn and (CoNiFeMn)osMos alloys this is
also due to the fact that molybdenum reduces the stacking fault energy which favours the
occurrence of DRX. In the (CoNiFeMn)ooMoio alloy there are additionally p-phase precipitation
in the temperature range of hot forming. The larger decrease in strain values is due to the higher
stored energy associated with the additional separation strengthening. Another aspect is the grain
size, which is much smaller compared to other alloys. A smaller grain size, increases the volume
of grain boundaries, which are privileged nucleation sites for new grains which means that
dynamic recrystallisation can start at lower strains. In addition, the smaller grain size increases the
proportion of strengthening from the grain boundaries, which also translates into a shift in the
onset of recrystallisation towards smaller strains.

The activation energies of dynamic recrystallisation were determined from the slope factor of
the linear function at In(sinh(acp)) - 1000/T. The values are included in the graphs in Fig. 4.

396



Metal Forming 2024 Materials Research Forum LLC

Materials Research Proceedings 44 (2024) 393-401 https://doi.org/10.21741/9781644903254-43
CoNiFeMn
1.2+
1.0 e 0.1s" - .
e 15! -

084 | o 105" ’," .
0.6 o

:gf‘ 0.4- ’//'

E 02 ° P -

= 00 o Qo= 501 kdimol
0.2 //'/ R?=0.9932
04l ¢ o -~
0.6 4

T T T T T T T T
0.72 0.74 076 0.78 0.80 0.82 0.84 0.86
1000/T

(CoNiFeMn)os Mos (CoNiFeMn)oo Mo1o
1.2- 1.2+
1.04 e 0.1s! e 1.0 e 0.1s"
o 15! s : o 15’ °
084 | o 10" . 084 | e 10s’
o
08, . . 0.6 .
= p -
g 0.4+ . - g 0.4+ -
£ o2] £ 2]
@ P - E o e .
=004 o Quex = 594 kJ/mol g
o2 = orx = = 007 " Qupx = 496 kJimol
.2 - e =0.! g
g R*=0.983 0.2 R? = 0.9867
04 04 o e
06{ ¢ e
T T T T T T T T -0'6_ .////
072 0.74 076 0.78 0.80 0.82 0.84 0.86

T T T T T T T T
0.72 0.74 0.76 0.78 0.80 0.82 0.84 0.86
1000/T

1000/T

Fig. 4. Activation energy of dynamic recrystallisation for the alloys studied.

The above analysis shows that the addition of molybdenum increases the activation energy of
dynamic recrystallisation. For alloys containing pure FCC solid solution, the addition of 5% atomic
molybdenum results in an increase in Qprx of 93 kJ/mol. The decrease in Qprx values is dictated
by the previously described effects from the existing precipitates as well as the smaller grain size.
The values obtained are comparable to those obtained for other high-entropy alloys[3][9]. High
values of activation energies, close to or slightly higher than the diffusion activation energies of
the individual elements, indicate the effect of sluggish diffusion and hinder the occurrence of
diffusion processes such as dynamic recrystallisation [10][11].

Investigations into the behaviour of materials at elevated temperatures made it possible to
design the hot-rolling process and prepare the material accordingly for subsequent cold rolling.

Cold rolling, microstructure evolution. The hot-rolling process parameters were developed
based on the results obtained on the ASP thermomechanical simulator. The materials were
plastically processed according to the scheme shown in Fig. 5. The total given strain was 0.74. The
material was then relaxed and cooled in air. The relaxation allowed the completion of the meta-
dynamic and static recrystallisation processes. The selection of appropriate process parameters
allowed the material to be fully recrystallised, with equiaxial grains, and with the characteristic
annealing twins present (Fig. 5).

397



Metal Forming 2024 Materials Research Forum LLC

Materials Research Proceedings 44 (2024) 393-401 https://doi.org/10.21741/9781644903254-43

Fig. 5. SEM-BSE microstructure images after hot rolling of (a) CoNiFeMn, (b)
(CoNiFeMn)95Mo3, (c) (CoNiFeMn)90Mol0 alloys.

By analysing the microstructures, it can be seen that the (CoNiFeMn)90Mo10 alloy exhibits p-
phase precipitates with varying morphologies. In addition, there are small areas free of precipitates
in the microstructure (Fig. 5c). This may be due to the fact of uneven deformation during hot
rolling, as well as the occurrence of a heat dissipation gradient during cooling. The microstructure
photographs show the initial microstructure for cold rolling. The final actual deformation was
taken as € = 0.7. Fig. 6 shows the IPF after cold rolling after various deformations for the tested
materials.
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Fig. 6. IPF maps obtained by EBSD analysis after cold rolling with different degrees of

deformation.

In the microstructure after deformation € = 0.1, it is still possible to observe equiaxial grains
with visible annealing twins. In this case, the difference in grain size between the materials can be
seen. In the alloys CoNiFeMn and (CoNiFeMn)osMos , the grain size is similar. In the case of the
(CoNiFeMn)ooMoio alloy, the grain size is smaller as a result of the blocking of grain growth after
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hot forming by p-phase precipitation. The beginning of substructure formation can be observed,
suggesting the appearance of low angle grain boundaries (LAB). After deformation ¢ = 0.3, the
grains begin to elongate in the rolling direction. Increasing the degree of deformation also increases
the number of low angle grain boundaries. The microstructure after a strain of 0.5 is already
characterised by elongated grains in the rolling direction. The microstructure of the alloy
(CoNiFeMn)yMoio already reveals thick bands extending along the rolling direction. The
formation of a band structure begins. For the other materials, these microstructural phenomena
occur at strain € = 0.7. In addition to the high- and low-angle grain boundaries, the appearance of
strain twins was observed in the microstructure (Fig. 7). At strain € = 0.1, annealing twins are still
visible. Deformation twins appear in the CoNiFeMn alloy at a strain of € = 0.7. In the case of the
alloy (CoNiFeMn)9s Mos twins can already be observed at lower strains.

CoNiFeMn
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Fig. 7. High-angle, low-angle and twin boundaries evolution during deformation progresses.

The presence of twins is also confirmed by the linear disorientation measurement presented in
Fig. 8. The linear disorientation measurement was performed inside the grain in the <110>
direction. From the analysis presented in the graph, increase in disorientation up to 60° can be
observed, which confirms the rotation of the crystal during deformation and thus indicates the
appearance of deformation twins.
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Misorientation [7]

A B
Fig. 8. Linear grain disorientation in the <110> direction.

Static recrystallisation and grain growth after cold rolling is therefore a very important factor
in controlling the ability to absorb the impact energy through twinning mechanism. A detailed
analysis of the static recrystallisation process and grain growth has been discussed in detail in our
previous work [8]. Fig. 9 shows the grain size as a function of temperature after cold rolling.
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Fig. 9. a) CoNiFeMn [8], (b) (CoNiFeMn)osMos [8], (c) (CoNiFeMn)ooMoio.

Based on the presented research it can be concluded that by knowing the mechanisms
controlling the grain size both during hot and cold deformation, makes it possible to prepare a
material with a suitable microstructure for possible applications under both quasi-static or dynamic
load—bearing applications — especially at low temperature where nano-twinning and twinning is
expected as a main mechanism that increasing the toughness of these new group of materials.

Summary

In this study, the hot deformation behaviour of the proposed alloys was studied, as well as the
microstructure evolution during cold rolling and heat treatment. Based upon the presented
research, the following conclusion can be drawn:

e The addition of 5% molybdenum to the CoNiFeMn alloy increases the activation energy
of dynamic recrystallisation. In the alloy with 10% Mo, the DRX activation energy is lower
due to the increased energy accumulated by the smaller grain size and the presence of -
phase precipitates.

e The evolution of the microstructure after rolling shows that strain twins can be observed in
the alloy with 5% Mo at lower strains than in the alloy without Mo. This demonstrates the
reduction of alignment error energies by the addition of Mo to the alloy.
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