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Abstract of The Thesis

Microstructure and Mechanical Properties of CoCrFeMnNi High Entropy Alloy

by

Senhat Alotaibi

Master of Science in Engineering Sciences (Mechanical Engineering)

University of California, San Diego, 2017

Professor Marc Meyers, Chair

High entropy alloys are newly discovered class of metal alloys. It gains many
researchers’ attention due to their good and exceptional mechanical properties. This work
aims to examine CoCrFeMnNi mechanical response at different strain rates and
temperatures. In addition, to studying the adiabatic shear band evolution and the

mechanism of grains refinement inside the shear band. Microhardness were also

Xiii



measured inside and outside the shear band. The microstructure was examined by optical

microscopy, SEM, EBSD and TEM.

CoCrFeMnNiimprove its strength with lowering temperature and increasing the strain
rate. In addition, adiabatic shear bands were clearly overserved in CoCrFeMnNi hat
shape specimens at 153K and 300K. The grains inside the shear band were extremely
refined to equiaxed nanograins at 153K while grains were refined to ultrafine equiaxed

grains at the test conducted at 300K.

There were dual refinement mechanisms; the deformation twinning and rotational
dynamic recrystallization. The initial average grain size was 10 um while the refined
equiaxed nanograins were between 0.05-0.2 ym for 153K test while between 0.25-0.35
pum for 300K test. TEM images shows evidence that the difference in the refinement factor
for these tests is due to the increase of twinning density at lower temperature for specimen
tested at 153K. CoCrFeMnNi show excellent microharndess inside the shear band and

superior property compared with 316L austenitic stainless steel.

Adiabatic shear band was also observed in finite element model. The numerical model
shows good approximation with the actual results and also used to validate the developed

Johnson Cook plasticity model.
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1 Introduction

1.1 Historical overview of Multicomponent alloys

Ancient civilizations began discovery of pure metals such as gold and copper.
Materials availability and variety has limited humans’ ability to design and invent.
Therefore, cultural development and achievement was dated by the type of metals
discovered such as stone age, Copper age (5000-3000 BC), Bronze age (3000-1000 BC)
and Iron age (from 1000 BC) [26]. Nowadays, humans have incredible variation in

materials at their disposal. Below Fig.1 Shows the materials revolution and development

with time.

significant importance in today’s applications.

It is evident that in the last 60 years, metals, composites and ceramic had

Birth of
high-entropy alloys
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Alloying is one of the major techniques to produce new materials with desire

Figure 1 Historical revolution of materials [1].

properties. During the first industrial revolution in mid-18" century in England, many



alloying materials were produced to various applications such as steam powered railways,
boats and ships [2]. In 1930s, superalloys evolved due to gas turbines technology
development in United States of America. In addition, there were several special alloys
that has developed in last 60 years includes intermetallic, quasicrystals and metallic

glasses.

Scientists has kept progress development of alloys, in 1981, Brian Cantor and his
student Alain Vincent started exploring multicomponent alloys at Bradford University in
England. The main alloying strategies was to mix different equiatomic elements at equal
portions. For this type of alloys, there is no expectations of the mechanical properties
compared with conventional alloys that use one principle element or one compound
concept. Cantor’s first multicomponent alloy was Co20CraFezoMnzoNizo, this alloys forms
a single solid solution FCC. Hence, Cantor has introduced this work in 2004 by publication
in the Journal Material Science and Engineering A, titled “Microstructural development in
equiatomic multicomponent alloys” [3]. Since then, multicomponent elements gain
significant considerations by researchers and hence publications have risen significantly

as shown in Fig.2.
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Figure 2 Publications of Multicomponent alloys [4].

It should be clarified here the naming of this special type of alloys is not well
defined. Cantor in 2014 [5] has published an article to differentiate between these the
names that have been adopted for this alloys in the literature. Cantor has found different
multicomponent that do not exhibit high entropy and yet still named high entropy alloys.
Cantor states that multicomponent alloy should be used the generalized name for
elements mixed at the same or near proportions and are equiatomic. However, if an alloy
shows high configurational entropy, then it can be called high entropy alloy. These names

are not yet standardized and might be mixed in some of current literature.

1.2 High Entropy Alloys

High entropy alloys are multicomponent alloys but are distinguished in obtaining
high entropy effect and a single phase structure. Yeh [11] defines high entropy alloys as
multiple elements, often five or more in equiatomic or near equiatomic ratios with high

configurational entropy.



Configuration entropy of an alloy system is defined by Boltzmann’s equation:

AScons = klnw

Where
k is boltzmann’s constant
W is the number of ways to mixing elements

Hence it can be simplified as

n
ASconf = —R Z Xl-lnXi

=1
Where
n is the number of element in the alloy
Xi is the mole fraction

Therefore, for high entropy alloy where all element are equiatomic and have the same

mole fraction

1 1 1 1 1 1
AScons = _R(Zlnﬁ-l_ﬁln;-l_ ;ln;)

ASeons = —R (zn %) — R(In(n))

Where R is the gas constant 8.314 J/K mol.

Configurational entropy increases with increasing elements in alloys as shown in

Table below. Fig.3 shows the classification of alloys based on the entropy.



Table 1 Configurational Entropy of equaitomic alloys with n number of elements (4)

n 1]2 3 4 5 6 7 8 9 10 11 12

AScons | 0| 0.69R | 1L.IR | 1.39R | 1.61R | 1.79R | 1.95R | 2.08R | 2.2R | 2.3R | 24R | 2.49R

High-entropy alloys

Low-entropy alloys
(traditional)

AS_ <R

conf=

AS,, >15R

Figure 3 Alloys Entropy classification [4].

1.3 Four Core Effects of High Entropy Alloys

High entropy alloys exhibit good and sometimes superior mechanical properties.
There are four core effects that alter the microstructure and mechanical properties [6], [93]
compared with the conventional alloys. These four factors are high entropy, sluggish

diffusion, severe lattice distortion and cocktail effects.

1.3.1 High Entropy Effect
This effect is considered the most important factor in many of high entropy alloys
properties. This effect promotes a stable solid solution since increasing the number of

elements decrease mixing free energy by high entropy of mixing.



Gibbs free energy of mixing, AG,;y iS
AGpix = AHpie — TASix
AH,,;y IS the mixing enthalpy per mole
AS;ix 1S the mixing entropy per mole
T is the Temperature (K)

The mixing entropy composes of the configurational, vibrational, magnetic dipole
and electronic randomness. However, the configurational entropy has the major

contribution to the total mixing entropy [7]. Therefore, AS,,;, can be assume to be

AScong-

1.3.2 Severe Lattice Distortion

Since the high entropy alloys consists of only principle elements, these elements
are all solute atoms. Hence, the lattice might be distorted due to the differences in the
atomic sizes of these elements. The distortion increases with increases in the atomic sizes
differences. The lattice distortion enhances high entropy alloys’ solid solution hardening,

thermal resistance and x-ray diffuse scattering [8].



Figure 4 Lattice distortion in the high entropy alloys [14]

1.3.3 Sluggish Diffusion Effects

Tsai [8] studied the diffusion of CoCrFeMnNi high entropy alloy. He found that
diffusion is slower with increasing the number of elements in the high entropy alloys in
comparison with the pure elements or alloys with few principle elements. Therefore, it is
expected that this effect enhances and controls microstructure and properties such as
creep resistance [8]. Fig.5 The Y-axis value represent the normalized activation energy
defined as the activation energy to melting temperature ratio. This figure shows that the
pure elements is corresponding with lowest normalized activation energy shown in red
columns, followed by alloys shown in green columns. However, high entropy alloy was the

highest shown in blue columns.
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Figure 5 Activation energy to melting temperature ratio for Cr, Mn, Fe, Co and Ni and its high entropy alloy

(8], [9].
1.3.4 Cocktail effect
The cocktalil effect simply refers to the interaction between the principle elements
and the effect of one element on the final alloy. For example, the multicomponent alloy
CoCrCuFeNi which consist of five principle elements. Adding and changing the Al content
(x%) in AlXCoCrCuFeNi will enhance the hardness and will form different phases at

illustrated in Fig.6 below [10].
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Figure 6 Hardness of the AlxCoCrCuFeNi alloys as a function of Al content [10].



2 Literature Review

2.1 Multicomponent Alloys

2.1.1 Mechanical properties

Multicomponent alloys show good yield strength starting at 300 MPa for FCC high
entropy alloys while it can reach yield strength of 3000 MPa for BCC high entropy alloys ,

In addition, Vickers hardness can reach up to 900 [11],[12].

400 1600 30
- HV AlysCoCrCuFeNi |
350 1400 }
o - 25
300 1200 } d
— s m
250 & 1000 |- 2 3
2 S ol . %
200 > 800 | 115 2
[72] L =
150 £ 600 | 1. =
(73] ! 410 X
100 400 -~ . .0. L
s0  200f 17 N T
L -§‘..§...§.-'§ \'\‘ <
0 0 . 4 . ¢ . 0 o 0 . 0 . 0 . . .’ 2 0

0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Figure 7 Stress and Hardness with increasing temperature for Al0.5CoCrCuFeNi [27].

One of the extraordinary mechanical properties of CoCrFeMnNi that reported
recently is its fracture toughness at cryogenic temperatures. In contrary to most metals
and metal alloys, Gludovatz et al [13],[16] has shown that CoCrFeMnNi high entropy alloys
exhibits fracture toughness and strength improve with lowering temperatures as shown in

Fig.8.

10
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Figure 8 Strength and toughness of at room and cryogenic temperatures of CoCrFeMnNi [13].

Fig.9 shows Ashby graph that illustrate that high entropy alloys exhibits superior
fracture toughness and yield strength compared with many materials and in particular

many metals and metal alloys
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Figure 9 AShby graph of high entropy alloys showing superior fracture toughness and strength in
comparison with other major materials [13].
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2.1.2 Thermal Properties

12

It is reported for some multicomponent alloys containing Al that thermal

conductivity increases with increasing the temperature as shown in Fig.10 which is

uncommon for pure metals [14]. In addition, changing the Al content results in phases

changes and better strength of the material as shown in Fig.6 above.
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Figure 10 thermal conductivity with increasing temperature for AIxCoCrFeNi [14].

The level of thermal conductivity of high entropy alloys is around 10-12 W/mK
with is low compared with many metal alloys, hence, it might be an opportunity for all

plications requiring low thermal conductivity [11].

2.1.3 Electrical Properties
AlCoCrFeNi alloys have shown increasing resistivity with increasing temperature,
in addition, at lower temperature it shows high resistivity level compared with conventional

alloys [14].
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Figure 11 Eclectrical resistivity of for temperature 280K to 400K AlxCoCrFeNi [14] ; H refer to Al content.
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3 Experimental Procedure

3.1 As Received Material

CoCrFeMnNi was manufactured and prepared by Dr.Bingfeng Wang at Central
South University in China. Co, Cr, Fe, Mn, Ni pure powders were prepared in equiatomic
ratio then heated in a vacuum furnace. The molten powder then dropped through ceramic
tube by Argon gas atomization with 4 MPa pressure. The ceramic tube is made with Al,O3
and assumed it will not interact with molten powder. This powder then placed into a
graphite die of 4 cm and then spark plasma sintering with used to heat the power to around
1000°C [88]. Then, it was mechanically pressurized at 30 MPa and then left for cooling to

ambient temperature.

The received material was machined to cylindrical specimen for studying the
mechanical response of the material at different strain rate and different temperatures. In
addition, hat shape specimens were machined to study the shear band development in
this material. Table 2,3 below show the dimensions of the machined specimen for static

and dynamic compression tests.

Table 2 Specimens' Dimensions for static compression tests.

Static Compression Test
Diameter (mm) Height (mm)
3.42 5.6

Table 3 Specimens' Dimensions for Dynamic compression tests.

Dynamic Compression Test
Diameter (mm) Height (mm)
3.441 3.497

16
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Fig.13 below shows the dimension of the hat shape specimens in mm. The top
part of the specimen is called the hat while the lower part is called the brim. The reasoning

behind this design is explained in3.2.2.

D 4.6
« »
A
4.3
< |
ND4.4 2
v
« |
10

Figure 13 Dimension of hat shape specimen in mm.

3.2 Mechanical Testing

There are two types of mechanical testing conducted on this high entropy alloy. First is
the static compression to examine the material low strain rate mechanical response.
Second is the dynamic compression using split Hokinson pressure bar for examine the
alloy response at high strain rate. Both tests were conducted for specimen at room
temperature and at 153K. The strain rate for the conducted tests range from 10* s to

3000 s
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3.2.1 Quasi Static Compression

Quasi static compression was conducted on cylindrical specimens by the 3300
Dual column universal testing systems as shown in Fig.14. The top and bottom parts of
the specimens and the faces of the two plates’ faces of the testing machines were cleaned

by the SiC papers.

Figure 14 Quasi Static mechanical testing machine (Instron Model 3367).
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In addition, the top and bottom part of the specimen were measured and ensure
they are flat enough before the tests were carried out. During testing at low temperature,

a box was inserted between the two columns to keep the liquid nitrogen from leaking.

The obtained compressive stress and strain from this equipment is the

engineering stress strain and hence need to be converted into the true stress strain.

3.2.2 Dynamic Compression by Split Hokinson Pressure Bar

Split Hokinson Pressure bar(SHPB) is a widely-used test for high strain rate since
it was introduced Kolsky in1949 [78]-[80]. It consists of three bars, the striker, the incident
and the transmitted bars as shown in Fig.15. Two strain gauges are placed at the incident
and transmitted bars to record the strain history. All bars are considered elastic and the

material used are strong enough to avoid plastic deformation.

Strain Gauges

Vo Incident B.a/
—_—
Gas Chamber I

Striker Bar

G1 P o
Hat-Shape specimen Transmission Bar

- =)
-

Figure 15 Schematic diagram of the split Hokinson pressure bar.

SHPB tests described as the following [83]; first, a gas chamber is pressurized
then the striker bar is propelled with initial velocity (V,) towards the incident bar to generate
a compressive strain wave. The time independent incident strain wave (g;) is measured at
(G1). The wave will be transmitted partially to the specimen and partially reflected to the
incident and also recorded again by strain gauge (G1) placed at the mid of the incident

bar. The recorded reflected wave represent the reflected strain (eg). As the specimen
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experiences the stress wave, the wave will also propagate into the transmitted bar and
recorded by the strain gauge (G2). Hence, this wave is called the transmitted wave and
will be converted into transmitted strain (e). Typical strain waves are shown in Fig. 16

below

0.6000

0.4000

0.2000

0.0000
2000
-0.2000

Voltage (V)

-0.4000

-0.6000

-0.8000

Time (ps)

Figure 16 Strain waves recorded by the two strain gauges.

The specimen mechanical response is then calculated from the strain history.

However, the following assumption need to be made:

1. All bars are elastic and remain elastic during the tests.
2. The wave travel is assumed to be in one dimension.

3. The specimen is deforming uniformly and homogeneously.
Hence, the engineering stress and strain can be calculated as as follows:

EA,
O-e = A ET
S
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Where
o, the time dependent engineering stress flow
E is young’s modulus
A, is the cross-sectional area of the bar.
A, is the cross-sectional area of the specimen.
The engineering strain and strain rate are calculated using the following equations

s=—£ ts dt
e LsoR

. 2G
&= LS ER

Where
e reflected strain
L is the initial length of the specimen.

C, is the longitudinal sound-velocity of the pressure bar defined as shown below

E
CO == _0
Po
The engineering Stress and strain is converted into true stress strain by using the following
definition

or = 0. X(1+ &)

Er = ln(l + ge)
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For the shear stress, shear strain and shear strain rate, the calculation will be dependent

on the shear band width since the deformation takes place at this concentrated area of

the specimen.

EoAg
= &
A, T
2C, (*
y=———| &gdt
SB Jo
2Cy
y=——¢
tsg
Where
T IS shear stress
y is shear strain
y is shear strain rate
tsp the actual shear band thickness
A, the area of the pressure bar:
DZ
As = T[T

Where

D is the diameter of the pressure bar approximate 19.5mm

Ay is the area of the shear band in the specimen.

The below configuration shows the hat shape specimen configuration. The area A, is

calculated as follows:
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D, + D;
Ay =1 X > X(L—H-X)
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D;

Figure 17 Hat shape specimen gematrical configuration

The specimen is always placed between the transmitted and reflected bars. The
specimen is then covered to avoid any projectile that might endanger or harm the students
present at the lab. These bars are lubricated by oil to reduce the effects of friction. During

low temperature testing, liquid nitrogen was used and placed into a box that covers the

specimen.

3.2.3 Microhardness

Hardness is an important mechanical property; hence, hardness was measure for
this alloy at the shear band and outside shear band to reveal the hardness enhancement

due to microstructural change.
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3.3 Microstructure Examination Procedures

This section discusses the procedures of preparing and examining the

microstructure of CoCrFeMnNi high entropy alloy.

3.3.1 As Received Material Examination

The received specimen was subjected to microstructural examination as the following:

» Grain size distribution using EBSD.
» Crystal phase identification using X-ray powder diffraction (XRD).

» Elemental planar scan and chemical composition using SEM.

3.3.2 Deformed specimen Microstructural Examination Preparation
Once the specimen is tested and deformed, there are standard procedures that
needed to be carried out to show the microstructural evolution under microstructural

microscopies. These standard procedures will be briefly discussed below.

3.3.2.1 Cutting
Both cylindrical and hat shape specimens were cut in the direction perpendicular

to the applied load. The cutting times varied between one hour to one hour and a half.
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Figure 18 Struers Accutom-2 was used as the cutting machine.

3.3.2.2 Polishing

The specimen is placed in an epoxy then the specimen was grinded with SiC
papers from 180 to 4000. The grinding took place on an automated polishing machines.
Then, the specimen is further polished with a polishing cloth and viscous Alumina solution.

The average time for polish a specimen is between 4-6 hours.
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Figure 19 Ecomet 6 was used for polishing using the SiC papers and polishing cloth.
3.3.2.3 Etching
Once the specimen is polished and shows a shiny mirror effect, it needs further
etching with a chemical solution to show the microstructure. The selected etching solution
for this high entropy alloy 25ml C2H50H + 25ml HCI + 5g CuS04.5H20. This etching
solution was selected after many trials as this material new and there is no published

etching solution available in literature. This etching solution is hazardous and cautions
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need to be taken handling this solution. The specimen was merged in this solution for 90
second then moved out and merged in Alcohol and finally washed by hot running water
for one minute. The etch specimen then directly dried and then merged in alcohol in
ultrasonic cleaner for 15 minutes. The ultrasonic cleaner is important to remove residual

solution from the specimen and prevent excessive chemical attack in the metal.

Figure 20 Ultrasonic cleaner.
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3.3.2.4 Focused lon Beam (FIB)

The specimens went through the procedures that described earlier that include
cutting, polishing and etching before it was ready for FIB. Both at room and at low
temperatures, hat shape specimen was prepared for transmission electron microscope
(TEM) by focused ion beam (FIB). Before FIB is used, scanning electron microscopy is
performed first to identify and locate the adiabatic shear band. Below SEM image is shown

and it shows clearly the shear band.

HV |Mag WD
27.4 kV|1065x/17.5 mm

Figure 21 SEM image of the Adiabatic shear band in the hat shape specimen at low temperature.
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In FIB, sample first is deposited with Platinum to protect the sample from electron
or ion beams. Then, specimen is milled by ions and finally is extracted by a probe as
shown in Fig.23. Then the specimen is attached into a grid to be examined by TEM. The

TEM specimen dimension is 6 um by 3 pm.

6/17/2017 HV curr mag H  det WD tilt HFW Iizo pr114|

3:55:32PM | 5.00 kV | 0.10 nA | 3000 x | ETD | 7.3 mm 52.0°  69.1 pm

Figure 22 Specimen is milled by ions to the right dimensions.



%

6/22/2017 | HV mag B det cur WD
7:26:22 PM | 30.00 kV | 5000 x ETD | 10 pA | 18.9 mm

Figure 23 Specimen is left out by a probe.

6/22/2017 | HV curr mag B det | WD tilt | HFW
8:01:55PM 5.00kV 0.10nA | 6000x  ETD | 7.1 mm | 0.0° | 34.5 ym

Figure 24 Specimen is attached to a grid.
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3.3.2.5 Transmission Electron Microscopy (TEM)

Transmission electron microscope (TEM) was performed on the hat shape
specimens at room and low temperatures. This was performed to provide insight into the
shear band formation in this high entropy alloy since the optical microscopy and SEM
provided only limited information. TEM has the capability to show better resolution of the
refined grains inside the adiabatic shear band. The specimen was prepared carefully as

described earlier by FIB and then attached on a grid for examination.



4 Results and Discussion

4.1 Mechanical Response

4.1.1 Stress Flow

The true compressive stress versus true strain curves at room temperature and
152K are plotted in Fig.25. and Fig.26 respectively. The yield stress increases with
decreasing temperature. At strain rate of 10 s, yield stress jumps from 380 MPa at room

temperature to 430 MPa at 153K.
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g
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o
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Figure 25 True stress-true strain curves of the CoCrFeMnNi high-entropy alloy at room temperature.
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Figure 26 True stress-true strain curves of the CoCrFeMnNi high-entropy alloy at 153K

4.1.2 Strain Rate Sensitivity

The CoCrFeMnNi strengthens with increasing strain rate. At room temperature,
the yield stress jump from 380 MPa at strain rate of 10 s™to around 540 MPa at 1600 s

1, However, at 153K, the yield stress jump from 430 MPa at strain rate of 10 s'to around

650 MPa at 3000 s*

Strain rate sensitivity, defined as shown in below equation, were calculated and
found to be 0.0246 for tests conducted at room temperature while it is 0.0202 at 153K.

Hence, it is evident that CoCrFeMnNi has similar strain rate sensitivity at these two

different temperatures.

_log(o)
" " log(®
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Figure 27 Strain rate Sensitivity at room temperature
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Figure 28 Strain rate Sensitivity at 153K
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4.1.3 Plasticity Constitutive Equation
Johnson cook (JC) model [5], [77], [79] is a widely-used plasticity model for metals
and metal alloys. It is incorporated in many commercial finite element software. Therefore,

JC was developed to describe the inelastic behavior of CoCrFeMnNi.

The model considers the effects of strain hardening, strain rate and thermal effects

as illustrated in below equation.

3 T — Troom "
o =(A+BeM(1+Cln (f)) [[(1 - —Tmeltmg_mom)] ]
L ]
| L )

Strain Hardening Strain Rate Thermal Softening

4.1.3.1 Strain Hardening Effects

The first bracket of the Johnson cook model represents the strain hardening effects
on material. A- represents the yield stress, n and B are strain hardening exponent and
material parameter taken at reference strain rate £,. B and n is obtained by fitting the
equation o = (A + B&") into the stress strain curve at strain rate of 10~* s~ that was
obtained experimentally. Since A, B and n were obtained at this strain rate, the reference
strain rate ¢, was taken to be 10— s, Strain hardening parameters as shown in ¢ =

(388 + 5729¢11).
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Figure 29 The strain hardening effect equation was fitted with experimental results to identyify the material
parameters B and n.

4.1.3.2 Strain Rate Effects

Parameter C is a material parameter that will reflect the effect of strain rate on the
stress flow. C was determined by fitting two stress strain curve at strain rate of 10— st
and 1600 s to equation. Note that thermal softening was neglected here since the two

curves were at the same temperature hence there is no thermal softening effects.

o = (388 + 5729e1)(1 — Cln (——))

Where ¢ is 1600
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Figure 30 Johnson Cook model was fitted with the experiment results to reflect the strain rate effect and find
the parameter C.

4.1.3.3 Thermal Softening
Temperature has significant effects on material mechanical behavior, increasing
the temperature decreases the strength of the material. Fig.31 below shows the behavior

of CoCrFeMnNi at different temperature and the same strain rate.
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Figure 31 Temperature dependent True Stress vs true plastic strain at constant strain rate of CoCrFeMnNi
(28]

The thermal softening parameter was obtained by fitting the equation to the stress

strain cruve of CoCrFeMnNi

o = (388 + 57291 (1 — Cln (——)) [[(1 - l)]m]

0.001 Tmelting_Tr

Below equation shows that all Johnson Cook model with all parameters have been
obtained. Validation of this constitutive equation was obtained by comparison between the
model prediction and experimental data. The predicted stress flow was achieved by
applying the strain, strain rate and temperature of the experimental result into the Johnson

cook model. Then, compared the obtained stress with experimental stress flow.

o = (388 + 5729¢M)(1 - 0.00081In () [[(1 _x- —T;r)]m]
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Figure 32 é=104 s at room temperature
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Figure 33 ¢ =1600 s! at room temperature
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Figure 34 ¢ =104 s1 T=153K
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4.2 Microstructure

4.2.1 Chemical Composition

CoCrFeMnNi was prepared and supplied by B. Wang, manufacturing process
detailed in 3.1. Chemical composition is presented in Table.4. The analysis shows that
CoCrFeMnNi was almost manufactured by five equally proportions of Cr, Mn, Fe, Co and

Ni. These five elements have similar atomic weight as shown in Fig.36.

Table 4 Chemical Composion

Element | Cr Mn Fe Co Ni

Weight % | 20.27 | 19.95 | 20.27 | 20.05 | 19.47
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Figure 36 CoCrFeMnNi has similar atomic weights

In addition, note that all the elements of CoCrFeMnNi are transition metals and

they have similar electronegativity. Electronegativity is a chemical property that predict the
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atoms ability to attract electron and form chemical bonding. Table 5 shows the

electronegativity of the pure elements which are very similar.

Table 5 Electronegativity of pure elements

Element | Electronegativity
Co 1.88
Cr 1.66
Fe 1.83
Mn 1.55
Ni 1.91

4.2.2 Elemental Analysis by EDX

Energy-dispersive X-ray spectroscopy (EDX) was performed on the received

samples as shown in Fig.37. Elemental planar scan of CoCrFeMnNi shows homogenous

distribution of the element across the examined specimen as shown in Fig.38. It also

illustrates that spark plasma sintering manufacturing was successful to produce

CoCrFeMnNi.
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Figure 37 EDX spectrum of CoCrFeMnNi
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Figure 38 Elemental planar scan of the CoCrFeMnNi
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4.2.3 Microstructural Characterization

Electron back scatter diffraction (EBSD) was conducted on unreformed specimen
illustrated in Fig.39 EBSD map also reveals some annealing twins. The grains are
polygonal and the grain sizes were measured based on the longest side of the grain.

Fig.40 shows the grain sizes distribution based on selected area of the specimen.

Figure 39 EBSD of unreformed CoCrFeMnNi
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Figure 40 Grain seizes measurement of unreformed CoCrFeMnNi.

4.2.4 X-ray powder diffraction (XRD)

XRD is used for phase identification for crystalline materials. A 5x5mm specimen
was prepared for XRD pattern examination. CoCrFeMnNi is composed with elements that
are different in crystal structure. Ni is FCC, Fe and Cr is BCC, Co is hexagonal closed

packed (HCP) and Mn has its own crystal structure called alpha manganese(A12).

However, by examining the crystallographic structure of this alloy, it has identified
as face centered cubic (FCC). This is one of feature of high entropy alloys, which many
elements of different crystal structure form an alloy of a simple crystal structure. Fig.41

below shows the XRD pattern measure for this high entropy alloy.
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Figure 41 XRD pattern of CoCrFeMnNi.

4.2.5 Adiabatic Shear Band Evolution

The hat shape specimens, described in section 3.1 , was used to study adiabatic
shear band evolution in CoCrFeMnNi. The microstructure was characterized by optical
microscopy, EBSD and TEM. The specimens were cut in direction parallel to the shear
direction. Fig.42-45 below show optical microscope of the four deformed specimens. It is
well observed in these optical images the existence of shear band. However, optical
microscope show usually wider shear band than actually it is. Therefore, it need further

examination of the shear band by SEM.

The hat shape specimen experience very high strain rates greater than 103s*
which results in extremely fast deformation process. For strain rate that exceeds 10 s,
no heat exchange between the metal and the surrounding and adiabatic condition is

assumed. Below Fig.42 shows the shear stress strain for hat shape specimen at 153K, it
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represents also typical shear stress strain behavior of this material. The plastic
deformation starts at shear stress of around 250 MPa then the material starts to show
strain hardening. Then, a maximum shear stress is reached and the material lost its
stability due to thermal softening leading to the collapse of the material. Fig.43 shows the

shear stress strain for hat shape specimen at 300K.
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Figure 42 Shear Stress-Strain of the hat shape specimen at 153 K.
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Figure 43 Shear Stress-Strain of the hat shape specimen at room temperature 300 K.

The total deformation time was between 180 to 200us. In addition, the short
deformation time and the localization of plastic deformation at the narrowed area limit the
heat conduction to other areas of the sample which results in significant temperature rise.
Hence, due to the short time and plastic deformation localization, this deformation is
considered adiabatic within the sample. The temperature rise results in thermal softening
of the material that weaken the bonding between grains. Below relationship illustrate the
temperature rise. The plastic work is per unit volume equal to the area under the plastic

stress strain curve.

Where

g, is the yield stress
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g, Is plastic strain.
B is the fraction of plastic energy converted into heat, usually considered 0.9 for metals.
C, is the heat capacity. 430 J/Kg K [17].
p is is the density. 8042 Kg/m?.

Fig.44 & 45 Below illustrate the temperature rise in the shear band. The temperature rise

is between 0.3Ty and 0.5 T, which indicates the dynamic recrystallization.
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Figure 44 Temperature rise in hat-shape specimen tested at 153K
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Figure 45 Temperature rise in hat-shape specimen tested at room temperature (300K)
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Figure 46 Specimen at room temperature (N1)
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Figure 47 Specimen at room temperature (N2))



Figure 48 Specimen at low temperature (C1)
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Figure 49 Specimen at low temperature (C2)

4.2.6 Microstructure inside the adiabatic shear band
TEM was used to have better insight into the microstructure of the adiabatic
shear band for a specimen at room temperature and another specimen at 153K.

Specimens were prepared by FIB from both specimens.

4.2.6.1 AtLow Temperature (153K)
Fig.50 shows an overview of the microstructure of specimen at 153K, the grains

are elongate equiaxed. Fig.51 shows a closer look into these equiaxed grains.
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Figure 50 TEM image of shear band microstructure
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Figure 51 Higher magnification of TEM image of the microstructure.

It is obvious from these TEM images that the material inside the adiabatic shear
band went through significant grain refinement. Grain sizes were measure inside a
representative area inside the shear band as shown in Fig.52. 50% of the grains are less

than 100nm while the rest is less than 200nm.
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Figure 52 Grain size distribution inside the shear band.
In addition, deformation nanotwins were observed inside the adiabatic shear band.
These deformation nanotwins worked as a refinement mechanism to refine the grains by
generating additional twin boundaries and hence form elongated nanograins. Fig.53 and
Fig.54 below shows how nanotwins has generated elongated nanograins and hence

refining the grains inside the adiabatic shear band.
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Figure 53 Deformation nanotwins worked as refinement mechanism and generated additional elongated
nanograins.
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Figure 54 A higher magnification of TEM image that shows nanotwins forming elongated nanograins.

At Room Temperature (300K)

Fig. 55 below shows an overview TEM image inside the shear band. The grains
are equiaxed and similar to grains of low temperature specimen, however, the grain sizes
are substantially differed. The grains inside the shear band of the room temperature
specimen is all ultrafine grains with 70% of them have average sizes between 250nm to
350nm. Fig. 56 shows the grain sizes distribution. In addition, deformation twins were

much dense at this specimen compared to low temperature specimen.



Figure 55 An overview of microstructure inside the shear band.
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Figure 56 grain sizes distribution for specimen at room temperature (300K)

4.2.6.2 Comparison and Mechanism of Grains Refinement for The Two Specimens

As the shown in this section of the report, the microstructure inside the shear band
was extremely refined. Most grains were refined to ultrafine grains in the room temperature
specimen while nanograin in the room temperature. The difference in this refinement is
believed to be due to increase in deformation twins for the specimen testes at low

temperature.

The mechanism of refinement seems to be a dual mechanism, rotational dynamic
recrystallization and deformation twinning. The dynamic recrystallization inside the

adiabatic shear band in metal and metal alloys were described in different names;
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rotational dynamic recrystallization by Derby [18], formation of geometry necessary
boundaries by Hughes [19] and continuous recrystallization by Humphreys [27]. However,
rotational dynamic recrystallization will be used throughout this report. In the following
paragraphs, the sequence of material deformation and microstructural changes will be

illustrated.

At the start of deformation, the dislocation density increases. These dislocations
are randomly distributed as shown in Fig.53. Then, these dislocations start to accumulate
to form cells of dislocations. The accumulated dislocations cells elongate as the plastic
deformation increases. The dislocation cells elongate more and forms elongated
subgrains as shown in Fig.54. As deformation continues, the elongation decreases the
width of these subgrains, then they collapsed vertically as shown in Fig.55. The collapse
and formation of vertical dislocation in the elongated cells was to decrease the overall
strain energy as shown by Meyers et al in 2000 [21]. This collapse of these cells results in
subgrain structures in the middle of the shear band. The collapse of the cells is
represented by dislocation pile up in these cells. Dislocation pile up was observed in this
material as shown in TEM image in Fig. 56. These subgrains rotates during the
recrystallizations to form equiaxed nanograins as shown in Fig.58. In addition, some
nanograins experienced further refinement by nanotwining that refine the nanograins to

much smaller elongated nanograins. These nanograins have the length of 0.05-0.2um.
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Figure 57 Random distribution of dislocation at the start of plastic deformation.
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Figure 58 Elongated dislocation cells forms elongated subgrain structures
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Figure 59 Breakup of elongated subgrains

Figure 60 TEM bright field image of dislocation pile-up inside the subgrains.
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Figure 61 Dark field TEM image of the same subgrain in Fig56 showing the dislocation arrangement in the
subgrains.



67

Figure 62 Ultrafine equiaxed grains

4.2.7 Microhardness

The microhardness was measured in the shear band and outside the shear band. This
was carried out to examine the hardeness of the resulted refined structure. The
microharness measurement shows that CoCrFeMnNi high entropy alloy exhibit better
hardness compared with 316L austenitic stainless steel as shown in Fig.59. A high
hardness of 510 HV can be achieved for ~ 100 nm CoCrFeMnNi HEA, showing a superior
hardness property while only a hardness of 480 HV can be achieved for ~ 40 nm 316L

austenitic stainless steel.
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Figure 63 Microharndess measurement of this high entropy alloy in comparison with 316L austenitic
stainless steel.

4.3 Finite Element Simulation

The aim of this section is to demonstrate finite element simulation results of CoCrFeMnNi
high entropy alloy’s hat shape specimen that was examined by Hokinson bar at strain rate
of 2500 s. Also, the simulation was carried out to include the CoCrFeMnNi cylindrical
samples at the same strain rate. These samples were assumed to undergo adiabatic
heating because of high plastic work in a short time; hence, the simulation needs to be an
adiabatic process. Therefore, finite element program, Abaqus/explicit, was used to
facilitate the simulation of these tests. Explicit is one of Abaqus sub-programming tools
that predict the response of dynamic behavior that are characterized by high strain rate
and short time. In addition, many trail simulations were conducted to reach an appropriate

element type that best fit this problem [22]-[2].
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4.3.1 Numerical Model

4.3.1.1 Hat Shape Specimen Model

To reduce the computational cost, the hat shape specimen was modeled as 2-D
axisymmetric model since the sample satisfy the axially symmetric loading conditions in
respect to the Y-axis. Very fine mesh was used in the shear band region of 10um so the
shear band localization could easily be captured. However, other areas were meshed with
relatively larger mesh between 40-70um. The total elements in the model were 132,328
of element type CAX3 (A 3-node linear axisymmetric triangle). Fig.60 and Fig.61 show the
mesh design of the hat shape specimen. Due to large number of elements, parallelization
and multi processors were used and sufficiently reduced the simulation run time from 14
hours to 9 hours. The multiprocessing mode was Threads since other mode are not

possible in the computer lab [39]-[42].

Based on several trials, it was evident that shear band region’s mesh needs to be
significantly less than the shear band width to form the shear band in finite element
simulation. In addition, to achieve adiabatic analysis, the elements size needs to satisfy
the below sizing condition. Both conditions were satisfied by the current mesh seeding

sizes.

pc
teotal < 6_KAL2
Where,
trorqi=Simulation time

p= Material Density, C=specific heat, K= Thermal Conductivity,

AL = element size in the shear band zone
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This sizing will ensure that the mesh is small enough that prevent heat transfer between

the elements (Abaqus Manual 16.4)

Figure 64 Axisymmetric model of the hat shape specimen
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Figure 65 A zoom into the external corner shows the structured and fine mesh zise in the designed shear
band zone.

4.3.1.2 Cylindrical specimen

The cylinder was modeled with actual dimensions and was fixed at the bottom while load
was applied on the top of the model. The sample was meshed by 29,852 elements of a
10-node modified quadratic tetrahedron. The model is a 3D model of the cylindrical

sample and the element size was 120 um. Two identical plates were modeled to apply
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the load on the top and bottom of the sample. These plates were modelled as elastic
material only and not allowed to deform. The load was in terms of applied displacement

of the two plates on the sample.

———

A

Figure 66 The cylinderical sample meshed with two plate for applying the load.

4.3.2 Material Definition
The material model was specified as in Table.1 and in addition to Fig.2&3. Note

that thermal conductivity is neglected since the deformation assumed to be adiabatic,

hence, heat is not allowed to transfer between elements during the deformation.
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Table 6 Material Properties

Elastic Modulus (GPa) As per Fig.65 below
Passion ratio 0.3

Density (Kg/m?®) 8042
Thermal Expansion (K1) 1.5E-005
Inelastic heat fraction 0.9
Specific heat (J/ kg-K) 430

Strain hardening and thermal softening play significant role in the material
deformation, therefore, it is required to establish the material behavior under different
strain rate and at different temperature in the numerical model. The material behavior was
incorporated in the model as tabular data as true yield stress- plastic strain behavior.
These data must be true yield-stress vs true plastic strain for Abaqus to incorporate the
material behavior. Below Figures shows the strain rate and temperature depend data for

this alloy that have been incorporated in the data definition in Abaqus
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Figure 67 Strain dependent true stress vs true plastic strain of CoCrFeMnNi
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Material behavior was incoporated and built in the software as tabular data. As an
example, figures below show that the stress strain relationship was built at differen strain
rate and temperature. As more data to be tabulated, the simulation will be more

approximate to the experimental results.

4 EditMaterial e

MName: Material-2

Description: | Tabular }

Material Behaviors
Elastic m

Expansion ml
Inelastic Heat Fraction ‘

Specific Heat -
General Mechanical Thermal Electrical/Magnetic  Other
Plastic
Hardening: | Isotropic H
Use strain-rate-dependent data
Use temperature-dependent data
Mumber of field variables: 0
Data
(it i -
Stres e = = =
3 531399440 0.05515 0.01 300
4 762401900 01 0.01 300
5 917196460 013767 001 300
6 1006017300 0.1579 001 300
7 1132820440 018528 0.01 300
8 1139083480 018663 0.01 300
9 559039399.5 0 750 300
10 561000204 4 0.00032 750 300
11 562914361.6 0.00063 750 300
12 564881868.1 0.00085 750 300
13 566802293.3 0.00126 750 300
14 5687255218 0.00157 750 300
15 5707014349 0.00189 750 300
16 572629593 0.0022 750 300
17 574608977.9 0.00252 750 300
18 576542144 8 0.00283 750 300
19 5784759646 0.00314 750 300
20 580461306.3 0.00346 750 300
21 5823476124 0.00376 750 300
22 584284960.2 0.00407 750 300
23 586172895 0.00437 750 300
24 5880612788 0.00467 750 300
25 589949866.7 0.00497 750 300
26 591838412.5 0.00527 750 300
27 593726669 .4 0.00557 750 300
28 5955642838 0.00536 750 300 -

Gons

Figure 70 Strain rate dependent plasticity model was incorporated in Abaqus as tabular data for
CoCrFeMnNi.
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Mame: Material-2

Description: | Tabular .
v
Material Behaviors
Elastic o
Expansion
Inelastic Heat Fraction
Specific Heat -
General Mechanical Thermal  Electrical/Magnetic  Other [Z
Plastic

Use strain-rate-dependent data
Use temperature-dependent data

Mumber of field variables: ol
Data
Stres Strsn Rate Temp

764 595800000 0191125122 0.01 470
763 608248000 0199394516 0.01 470
766 620421000 0.209930242 0.01 470
767 632444000 0.221502147 0.01 470
768 643944000 0.234081202 0.01 470
769 654585000 0.244259565 0.01 470
770 666683000 0.252106556 0.01 470
m 678056000 0.26099598 0.01 470
1 688874000 0.270901611 0.01 470
m 699517000 0.280713818 0.01 470
774 708560000 0.238280964 0.01 470
775 717184000 0.293651224 0.01 470
776 724605000 0.303245608 0.01 470
m 730050000 0312747005 0.01 470
718 736096000 0323204871 0.01 470
7 737915000 0329427138 0.01 470
780 267825000 0 0.01 673
781 275573000 0.007820657 0.01 673
782 287039000 0.016379279 0.01 673
783 298951000 0.020636153 0.01 673
784 311053000 0.029086251 0.01 673
785 323776000 0.037455952 0.01 673
786 335973000 0.045756181 0.01 673 =
787 348435000 0.05262867 0.01 673
788 360557000 0.060804422 0.01 673
789 373571000 0071605566 0.01 673 -

Figure 71 Temperature dependent plasticity model was incorporated in Abaqus as tabular data for
CoCrFeMnNi.
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4.3.3 Model validation

Once the CoCrFeMnNi material was defined in the software, there was a need to validate
the model and compare the simulation and experimental results. There is always an
expectation of some deviation as simulation is able mostly to find an approximate and not
the exact behavior of the material. Material properties was defined as tabular data as
descried in 4.3.2, however, the simulation was also used to validate the Johnson Cook
model that has been established for this high entropy in 4.1.2. Cylindrical specimen
model, shown in Fig.62, was used to validate this numerical model. Fig.68 shows a
comparison between the experiment results with simulation results of tabular and Johnson
Cook plasticity models. These results are showing good approximation of the numerical
model with the experimental results. It is clear the tabular model was more approximate
to the actual stress flow in the material. Therefore, this model has been chosen to be used
in this simulation. The tabular model is more time consuming with Johnson cook model
since it required to tabulate the material behavior in the software at different temperatures

and different strain rate.
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Figure 72 Stress flow comparison between experimental, tabular model and Johnson Cook model results.

4.3.4 Evolution of the shear band

1. Once the sample was impacted and plastic deformation started, high stresses
were concentrated on both corners of the design shear band zone. The stresses
start and extend from these corners to make a band of high stresses. Meanwhile,
effective plastic strain localized at the corners. Below Fig.69 and Fig.70 show the
stresses and plastic strain distribution at 10us of impact. In addition, plastic strain

concentration is associated with rise in temperature as shown in Fig.71.
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Figure 73 Effective stress at 10 us

The effective stress shown in the figure represent Mises stresses during the deformation
of the model. The also applies to effective plastic strain which is a scalar quantity that
describe the three dimensional plastic strain in the model rather than a strain that is based

on one dimension only.
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Figure 74 Effective plastic strain at 10 us

Note that this effective plastic strain does not mean the start of the shear band that is seen
under the microstructural examination. Therefore, to compare the plastic strain in the
numerical model with the actual adiabatic shear band localization, temperature rise should
be monitored. Once the temperature rise has reached the recrystallization temperature,
then effective plastic strain will reflect the actual shear band that is seen in the
microstructural examination. Also, temperature profile of the model can be compared with

the shear band in the actual examination such as SEM image.
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Figure 75 Temperature Distribution at 10 ps

It was assumed that 90% of plastic work converts into heat, hence, leading to
temperature rise and softening of the material. Initially, the temperature rise
localized at the corners only and mostly in the exterior corner as shown in Fig.71.
Therefore, the temperature rise will continue as the plastic strain increases with
time and well grow the corresponding plastic strain.

The effective plastic strain starts to grow from each corner to be connected along

the model.
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Figure 76 Plastic strain started to grow from each corner and form shear band along the model.
4. The plastic deformation continues by rolling in the exterior corners as shown in

Fig.73. Hence, the hat part of the model in being inserted by the force that is

exerted on the model.
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Figure 77 The hat shape specimen continue to deform by rolling in the exterior corner at 50 ps.

5. The localized temperature rises and plastic strain provided weak path for this crack
to start at the corners. The narrow plastic strain and temperature rise band
continue to concentrate. The final adiabatic shear band formation in the model is
shown in Fig.74
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Figure 78 Fully grown plastic strain band at 190 ps the end of the simulation

6. The microscopic characterization of the shear band was based on the critical
temperatures, hence, width of the shear bands in the numerical results was
measured based on mesh elements that had undergone the critical temperature

of (0.3Tm) or more. Below is Fig.75 shows the temperature profile in the model.
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Figure 79 Temperature profile of the adiabatic shear band in the model.

Figure 80 Selected path to measure the temperature rise across the shear band
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Figure 81 Temperature profile for a path perpendicularly crossing the shear band, the thickness of the shear
band is indicated.

The temperature profile was measured by determined a path across the adiabatic shear
band then the temperature is measured at the end of the simulation. The width of the
shear band is taken as the true distant of between the model elements that reach 0.4Tn,.
The width is between 20-25um, the element is triangle and its sides’ length is in the
magnitude of 10um hence it is not easy to determine with better accuracy as these

triangles rotate and bend.



5 Conclusion

This work has shown the mechanical response of CoCrFeMnNi high-entropy alloy
at different strain rates that range between 10 s to 3000 s™. In addition, the mechanical
response was established at 153K and room temperature. CoCrFeMnNi strengthens with
increasing the strain rate and lowering the temperature. At strain rate of 10 s, yield
stress jumps from 380 MPa at room temperature to 430 MPa at 153K. At room
temperature, the yield stress jump from 380 MPa at strain rate of 10 s''to around 540
MPa at 1600 s1. However, at 153K, the yield stress jump from 430 MPa at strain rate of
10 s'lto around 650 MPa at 3000 s'1. Strain rat sensitivity is 0.0246 and 0.0202 for room

temperature and 153K respectively.

The initial and deformed alloy’s microstructure was examined by optical
microscopy, SEM, EBSD and TEM. The initial average grains size was 10um and grains
were polygonal. This alloy formed FCC while it has elements of four different phases.
Adiabatic shear bands were overserved in CoCrFeMnNi hat shape specimens at 153K
and room temperature. The grains inside the shear band were extremely refined to
elongated equiaxed nanograins. There were dual refinement mechanisms; the
deformation twinning, nanotwinning and rotational dynamic recrystallization. Dislocation
cells played important part in refining this alloy microstructure by subdividing the initial
grains to subgrains. Then rotational dynamic recrystallization helped to the grains to rotate
and form equiaxed grains. Finally, additional nanotwining refined the microstructure and
formed nano structures as TEM evidence shows. The initial average grain size was 10pum
while the refined equiaxed nanograins were between 0.05-0.2 yum. CoCrFeMnNi show
excellent microharndess inside the shear band and superior property compared with 316L

austenitic stainless steel.
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Adiabatic shear band was also observed in finite element model. The numerical
model shows good approximation with the actual results and also used to validate the

developed Johnson Cook plasticity model.
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