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Abstract7

Remarkable mechanical properties have been reported for CoCrFeMnNi-based high entropy alloys (HEAs)8

in recent literature, making these HEAs potentially attractive candidates for future cryogenic applica-9

tions. However, the damage and fracture behaviour of HEAs is not fully understood yet, especially at10

low temperature. Here, the mechanical behaviour and fracture resistance of CoCrFeMnNi and CoCrNi11

sheets are investigated at room and cryogenic temperatures and compared to more conventional alloys.12

Very good properties were confirmed for HEAs, but outperformed by stainless steels under similar condi-13

tions, in terms of ductility, strength, and fracture toughness combination. Exceptional low temperature14

fracture energy up to 2500 kJ/m2 was found for stainless steels compared to 700 kJ/m2 for HEAs. A15

predictive model was developed and validated experimentally in order to connect the thin sheet fracture16

toughness to the strain hardening capacity through separating the necking and damage work spent in17

the fracture process zone, providing guidelines for further optimization.18

1 Introduction19

Humanity is facing major environmental challenges, including the need to drastically reduce the con-20

sumption of CO2-emitting fossil fuels. Hydrogen is recognized by the International Energy Agency as a21

key contributor to the transition, particularly when used as reducing agent for several major industrial22

processes. This will result in significant increase of transport and storage of hydrogen in the years to23

come. However, hydrogen transport and storage technologies involve challenges to ensure safety and24

absence of leaking as related to the high pressures and very low temperatures [1, 2]. On shorter term,25

liquefied natural gas (LNG) is another option that relies on similar cryogenic technologies [3] and associ-26

ated challenges. This has led to a new driving force to develop materials with optimized combination of27

mechanical properties, namely ductility, strength, and fracture toughness from room temperature down28

to at least liquid nitrogen temperature (77 K) and even down to liquid hydrogen temperature (20 K).29

30

Most mechanical properties are temperature dependent because dislocation motion, controlling the31

plastic behaviour of most metals, is a thermally activated process [4]. This results in an increase of the32

yield strength with decreasing temperature. The effect of temperature on the strain hardening capacity33

and on the ductility can be either positive or negative. In the case of dislocation forest hardening, disloca-34

tion storage is relatively insensitive to temperature while dislocation recovery is temperature dependent35

[4]. Moreover, other dominant deformation mechanisms can be activated as a function of temperature.36

For example, the stacking fault energy (SFE) decreases with decreasing temperature in face centred cu-37

bic (FCC) alloys, with twinning induced plasticity (TWIP) or transformation induced plasticity (TRIP)38

observed over different temperature ranges [5, 6], as shown in high manganese steels [7] for instance.39

40

Temperature also affects the fracture resistance, as quantified by the fracture toughness in mode I,41

JIc. Brittle failure competes with ductile failure [8, 9]. A transition from ductile to brittle behaviour42

occurs in some alloys as a result of the increase of the overall stress level at lower temperature (due to43

higher strength). The fracture toughness in the ductile regime depends on the initial level of porosity f0,44

on a characteristic microstructural length X0, as well as on the flow properties, mainly the initial yield45
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stress σ0 and the strain hardening exponent n [10–12]. While temperature directly affects the mechanical46

behaviour, f0 and X0 could also be affected if a change in deformation mechanism occurs providing new47

void nucleation sites (e.g. twin boundaries in the case of TWIP effect, and second phase precipitation48

in the case of TRIP effect).49

50

CoCrFeMnNi-based high and medium entropy alloys (HEAs and MEAs, respectively), often referred51

to as Cantor-based alloys, are often heralded as the next generation of alloys for cryogenic applications52

owing to exceptional properties and a one-of-a-kind behaviour down to liquid nitrogen temperature [13–53

16]. The low temperature behaviour of Cantor-based alloys has been of particular interest with the54

ductility, strength, as well as the fracture toughness all increasing with decreasing temperature [16, 17].55

Most of these studies focused on the strain hardening behaviour, while the damage and fracture response56

of MEAs and HEAs are seldom reported, especially at low temperatures. Moreover, available studies57

essentially report fracture toughness under plane strain conditions [13, 14, 18], i.e. valid for thick sheets,58

while not addressing the behaviour in the near-plane stress regime, which is important for several appli-59

cations. Indeed, the fracture toughness is not an intrinsic material property but depends on thickness60

in the case of thin sheets [19, 20]. Finally, it is important to recognize that for such high toughness61

alloys, the near-plane stress regime may extend to thickness well above 5 mm beyond what is commonly62

considered as a thin sheet.63

64

Understanding the mechanical and damage behaviour in a thin sheet configuration is paramount to65

guide the development of new alloys and to assess the potential of Cantor-based medium/high entropy66

alloys for future cryogenic applications. Thin sheets are also important for a variety of structural appli-67

cations, such as construction, storage tanks, aeroplane fuselage, and car bodies. The essential work of68

fracture (EWF) method is appropriate for characterizing the resistance to ductile tearing in thin sheets69

[21], while the fracture-mechanics-based J-integral method is essentially well defined and standardized70

for ”thick plates” undergoing plane strain conditions [22]. Nevertheless, many studies have shown a71

strong correlation between the EWF and JIc [22–24].72

73

Six alloys were investigated in this study: two Cantor-based alloys, namely CoCrNi MEA and CoCr-74

FeMnNi HEA, two stainless steels, the 304L and 316L alloys, and two Fe-Ni alloys, an Invar alloy75

(Fe-36Ni) and a Fe-9Ni alloy. The four conventional alloys are all currently used in cryogenic applica-76

tions. The cracking resistance is determined using the EWF method. Several ingots of CoCrNi and77

CoCrFeMnNi have been produced while varying the inclusion content in order to address the effect of78

both initial porosity f0 and characteristic damage length X0 on the cracking resistance. While the study79

of flow properties of materials at cryogenic temperature is regaining interest today, alloy design for struc-80

tural applications in cryogenic environments has also been extensively promoted during the beginning of81

the nuclear fusion research era, from the 1960s to the 1980s [25–58]. Efforts have been made to system-82

atically compare our new results with literature data in order to deliver a wider picture of the fracture83

performances of HEAs, and cryogenic alloys in general.84

85

A good understanding of the root causes of the cracking resistance in thin ductile sheets requires86

partitioning the two contributions associated to damage growth and crack tip necking [20]. In order87

to separate both contributions, the EWF methodology is to be repeated for several thicknesses [22].88

This requires a large quantity of specimens. Moreover, the sheets with different thicknesses must have89

identical microstructure, which is not guaranteed if they come from different thermomechanical schemes.90

The EWF is usually reported for one thickness per material, which does not allow distinguishing the91

two contributions to the work spent in the fracture process zone (FPZ). These constraints are solved in92

this work by proposing an experimentally validated mechanical model which quantitatively predicts the93

magnitude of the damage and necking work.94

95

While Cantor-based alloys show very good properties, stainless steels outperform them at room and96

cryogenic temperatures, in terms of ductility, strength, and fracture toughness. This is explained on97

the one hand by differences in strain hardening capacity, one of the major parameter controlling both98

damage and necking; and on the other hand by differences in inclusion content, largely controlling the99

damage to cracking micromechanisms.100
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2 Methods101

2.1 Thermo-mechanical processing102

The conventional reference alloys (304L, 316L, and Invar) were processed industrially and provided as103

1.5-mm recrystallized sheets. Four 1-kg ingots of CoCrFeMnNi and three 1-kg ingots of CoCrNi were104

processed by vacuum induction melting from pure elements. The processing conditions and raw materials105

varied slightly between each cast, resulting in small differences between each ingot, especially for the106

inclusion chemistries and volume fractions. All ingots were hot-rolled at 1273 K down to a thickness of107

5 mm and subsequently cold-rolled to 1-mm or 1.5-mm thick sheets. After annealing at 1073 K for 2108

hours, the microstructure was fully recrystallized. Moreover, three 2.5-kg ingots (one CoCrFeMnNi alloy,109

one CoCrNi alloy, and one 316L alloy) were cast with high purity elements in a dedicated re-melting110

induction furnace. The HEAs were subsequently processed in the same way as described above. The111

316L ingot was hot-rolled at 1473 K down to 5-mm, followed by cold rolling down to a thickness of 1.5112

mm. The sheets were then annealed at 1273 K for 10 minutes. The chemical composition of the principal113

alloying elements measured by inductively coupled plasma (ICP) is given in Table 1. The microstructures114

are shown in Figure 1. The detailed chemical composition of each material as well as additional SEM115

micrographs are provided in the Supplementary Materials.116

Figure 1: Representative SEM micrographs of the microstructure of (a) 304L, (b) 316L, (c) Fe-9Ni, (d)
CoCrFeMnNi, and (e) CrCoNi.

2.2 Characterization and test methods117

Microstructural characterization was based both on optical microscopy and scanning electron microscopy118

(SEM). The typical operating SEM parameters were 15 kV for the accelerating voltage, 60 µm aperture119

diameter, working distance of 6 mm, and secondary or back-scattered electrons contrast. Sample prepa-120

ration followed standard practices starting with mechanical polishing with SiC papers, followed by 6 and121

1 µm diamond paste polishing. The final step consisted in polishing with a solution containing silica122

oxide particles in suspension (OPS). The inclusion volume fraction was determined by image analysis123

using the software ImageJ based on light microscopy of unetched samples to improve the contrast be-124

tween the metallic matrix and the non-metallic inclusions. The chemical composition of these inclusions125
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Table 1: Chemical composition of the investigated alloys measured by ICP in at.%. C and S as well as
N2 and O2 are measured separately, see the Supplementary Materials. CoCrFeMnNi and CoCrNi are
referred to as HEA and MEA, respectively.
[at.%] 304L 316L 1 316L 2 Invar Fe9Ni HEA 1 HEA 2 HEA 3 HEA 4 HEA 5 MEA 1 MEA 2 MEA 3 MEA 4
Co 0.19 0.24 0.04 19.9 19.2 19.0 20.2 19.6 33.2 33.2 33.1 32.8
Cr 19.0 17.8 17.7 0.07 0.03 19.9 20.5 19.6 19.5 20.3 34.0 32.8 33.2 34.2
Cu 0.30 0.25 0.05 0.02
Fe 70.5 68.9 69.8 63.7 90.5 20.1 20.2 20.8 21.5 20.0 0.22 0.24 0.03 0.01
Mn 1.36 1.3 1.3 0.30 0.56 20.1 20.3 20.3 18.2 20.0 0.09 0.01
Mo 0.14 1.2 0.9 0.03 0.02
Ni 7.58 9.5 9.4 34.8 8.31 20.0 19.6 19.7 20.3 19.9 33.7 33.8 33.6 33.0
Si 0.77 0.87 0.8 0.39 0.48 0.02 0.12 0.50 0.30 0.06 0.06 0.04 0.02
V 0.10
Zn 0.17

was measured by energy dispersive X-ray (EDX) spectrometry. The nearest neighbour distance between126

inclusions was determined by Delaunay triangulation (the dual of the Voronoi diagram) of the inclusion127

positions in several images. The inclusion characterization for each investigated alloy is given in the128

Supplementary Materials.129

130

Flat dog-bone tensile samples with a total length of 70 mm, total width of 20 mm, a 30 mm gauge131

length and 6 mm gauge width were machined by electrical discharge machining and deformed at a132

cross-head speed of 1 mm/min, equivalent to a strain rate of ∼ 6 10−4s−1 ensuring isothermal testing133

conditions. The engineering and true stress-strain curves were calculated from the force-displacement134

measurements. The true fracture stress σf is estimated by recording the force at fracture Ff , determined135

by the sudden sharp and unstable drop of the force, as well as by measuring the cross-section area at136

fracture Af , following the relationship σf = Ff/Af . The true fracture strain is determined as ϵf =137

ln(A0/Af ), with A0 the initial cross-section area. The cross section area used to compute the true138

fracture strain was measured as the projected fracture surface imaged by SEM. The uncertainty on both139

ϵf and σf is about 15% for flat specimens [59–61]. To characterize the dimple size and spacing, SEM140

micrographs of the fracture surface were processed by adjusting the contrast and brightness of the image,141

applying a threshold to highlight the dimple edges, then using a succession of binary operations to extract142

the boundaries. Once this image transformation was performed, the position and size of each dimple143

can be extracted. Similarly to the inclusion analysis, a Delaunay triangulation was used to compute the144

average nearest neighbour distance between dimples, known to be a good indicator of the internal length145

X0 [11].146

2.3 Essential work of fracture method147

The essential work of fracture method, introduced by Cotterell and Reddel [62] in 1977, based on the148

work of Broberg [63, 64], is an alternative to the determination of the J integral at cracking initiation JIc149

to characterize the cracking resistance. The principle is to separate the work necessary for damage and150

necking in the FPZ, we, named EWF, from the non-essential plastic work, wp. Indeed, the plastic region151

surrounding the crack tip can be divided into a diffuse plastic region, which scales with the ligament152

length, and in an end region, called the FPZ, where necking and damage take place, which scales with153

thickness. As the two quantities scale differently, they can be separated using geometrically similar154

specimens of different sizes, see details in [21, 62, 65] and the schematic representation in Figure 2. The155

EWF method quantifies the work spent in the FPZ as an average over the entire crack propagation156

stage while JIc quantifies the value at cracking initiation. Even though some early studies showed the157

equivalence between JIc and we [22, 24], this is not rigorously true if the cracking conditions inside158

the FPZ significantly vary between initiation and steady crack propagation [23, 66]. The EWF method159

presents several advantages over standardized fracture mechanics tests. The determination of the exact160

initiation of cracking and the crack extension are not necessary for the EWF method; only the load-161

displacement curve is needed. Furthermore, the (sometimes) difficult issue of starting with a perfectly162

sharp pre-crack (requiring fatigue pre-cracking) is not as severe as in fracture mechanics testing. However,163

several specimens have to be tested in order generate the accurate linear fit from which the EWF164

is extracted, requiring a large quantity of material needed to estimate the EWF. An improved EWF165

methodology to reduce the quantity of materials while retaining the same error on the extracted EWF166

has been used in this work, see [67].167

4



Figure 2: Representation of the total work normalized by the initial ligament area (the specific work of
fracture) as a function of the ligament length l0 for a series of geometrically similar DENT specimens.
The geometry of a DENT specimen is pictured schematically. The EWF (we) corresponds to the constant
term of the linear regression performed over the valid ligament length range.

3 Model to partition the fracture energy168

The core principle of the EWF method is the partitioning between we (J/m2), the specific work account-169

ing for both the damage and necking energy spent in the FPZ, and wp (J/m3), the work of plasticity170

spent in the diffuse plastic zone. Now, we can be further divided into the work of fracture, Γ0 (J/m2),171

and the work of necking, Γn (J/m2) [21–23]. The assumption is that Γ0 is independent of the sheet172

thickness in the near plane stress regime and that Γn varies linearly with the sheet thickness as the173

necking zone height scales proportionally to thickness. Models have been proposed earlier to capture174

the key effects contributing to both the work of damage and of necking entering the EWF [20–22]. The175

model for Γn has been adapted and extended to the alloys investigated in this work in order to properly176

account for their very large strain hardening capacity.177

178

The damage contribution, Γ0, has been predicted using an extended Gurson-type approach [68]179

supplemented by a void coalescence criterion assuming a material made of regularly distributed spheroidal180

cavities with an initial spacing X0 and initial volume fraction f0. This version of the Gurson model thus181

neglects any void nucleation stage that could delay the damage evolution. Γ0 was found (see also later)182

to significantly depend on n, hence Γ0 ≡ f1(X0, σ0, f0, n). By fitting the results of Pardoen et al. [20]183

extracted from finite element simulations of plane strain tension specimens undergoing necking (which184

is the stress state representative of the FPZ in a thin sheet [69]), one can express the work of damage185

Γ0 as186

log10
Γ0(n, f0, σ0, X0)

σ0X0
= 0.54 +

1.39

log10(f0)
− 0.1log10(f0) + 4.02n. (1)

The term Γn is modelled by assuming that the total work dissipated in the neck occurs in an active187

volume with a height decreasing continuously with decreasing thickness of the active necking zone, as188

schematically drawn in Figure 3(a). The hardening law and the ratio between height and thickness of189

the active necking region α must be known to estimate the magnitude of Γn. The expression of Γn is190

given by191

Γn = t0αwn, (2)

αwn =
2

hu0

∫ hu0/2

0

∫ ϵ̄max
n

ϵ̄u

σ̄ dϵ̄dh. (3)

where σ̄ is the equivalent norm of the Cauchy stress tensor, ϵ̄ is the equivalent strain, wn is the average192

work of necking per unit volume, t0 is the initial thickness, hu0 is the height of the neck at the beginning193

of necking, ϵ̄u and ϵ̄f are the equivalent uniform strain and fracture strain, respectively, and ϵ̄max
n (h)194

is the maximum equivalent strain attained in the layer located at a distance h from the mid-plane of195
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Figure 3: Model for the work of necking. (a) Schematic representation of the active necking region with
tu, hu, the thickness and height, respectively, at the onset of necking, and t, h, the current thickness and
height of the necking region; (b) variation of the height over thickness ratio for the necking region as a
function of the strain. Markers correspond to finite element simulations for a range of k, n, and ∆ϵp

parameters; (c) an example of the modified Swift hardening law for ∆ϵp = 0.05, k = 15 and σ0 = 500
MPa.

the neck. The parameter α is estimated by running finite element (FE) simulations under plane strain196

tension conditions with the software ABAQUS. A modified Swift hardening law is assumed, as described197

by198

σy = σ0 for ϵpacc < ∆ϵp, (4)

σy = σ0(1 + k(ϵpacc −∆ϵp))n for ϵpacc ≥ ∆ϵp, (5)

where σy is the current yield stress, σ0 is the initial yield stress, ϵpacc is the accumulated plastic strain,199

and k, ∆ϵp and n are fitting parameters, as shown in Figure 3(c). The parameter n is the average strain200

hardening exponent. The parameter ∆ϵp was introduced to account for the plateau observed in some201

alloys (see Section 4). The FE model is a sheet of thickness t and height H >> h deformed under plane202

strain conditions relying on J2 plasticity and isotropic elasticity. The evolution of the aspect ratio of203

the neck α, shown in Figure 4(b), is extracted at different levels of deformation ϵ̄ and this for different204

hardening laws characterized by different n, k, and ∆ϵp values. The following empirical fit accurately205

captures the variation of α with the hardening parameters:206

α =
h(ϵ̄)

t(ϵ̄)
= 1.896 +

4.378

exp(12.87((ϵ̄−∆ϵp)− 1.196n))
. (6)

The equivalent strain at a given thickness t is expressed in plane strain as207

ϵ̄ =
2√
3
ln

(
t0
t

)
. (7)

Additionally, volume conservation imposes that208

t(ϵ̄1)h(ϵ̄1) = t(ϵ̄2)h(ϵ̄2). (8)

From Equations (6-8), the maximum equivalent strain attained in the layer located at a distance h209

from the mid-plane of the neck, ϵ̄max
n (h), can be calculated as210

ϵ̄max
n (h) = ϵ̄f for h < hf0/2, (9)

ϵ̄max
n (h) =

2√
3
ln

(
t0
√
α(ϵ̄max

n (h))√
ht0

)
for hf0/2 ≥ h ≥ hu0/2, (10)

ϵ̄max
n (h) = ϵ̄u for h > hu0/2, (11)
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where hf0 is the height of the neck at fracture. Finally, integrating Γn gives211

Γn =
2t0σ0

khu0(n+ 1)

(
hf0

2
(1 + k(ϵ̄f −∆ϵp))n+1 − hu0

2
(1 + k(ϵ̄u −∆ϵp))n+1 + ...∫ hu0/2

hf0/2

(1 + k(ϵ̄max
n (h)−∆ϵp))n+1 dh

)
. (12)
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Figure 4: Variation of (a) the work of necking, Γn, normalized by the sheet thickness t and the initial
yield stress σ0, for k = 15, and of (b) the work of damage, Γ0, normalized by the characteristic length X0

and the initial yield stress σ0 as a function of the strain hardening n and the initial void volume fraction
f0, according to the proposed model.

Figure 4 shows the variation of Γn normalized by t0σ0 and of Γ0 normalized by X0σ0 as a function212

of the initial void volume fraction f0. To draw the behaviour of Γn, the equivalent uniform strain and213

equivalent fracture strain, ϵ̄u and ϵ̄f , respectively, as needed for Equation 12, are estimated using214

ϵ̄u =
2nk −

√
3(1− k∆ϵp)√
3k

, (13)

ϵ̄f = −0.66 + 3.49n− 0.58 log10(f0)− 4.04n2 − 0.06 log10(f0)
2 − 0.39n log10(f0), (14)

with Equation 14 directly fitted on the results of [20], as obtained using an extended Gurson model.215

The proof of equation 13 is detailed in the Supplementary Materials. Figure 4(a) shows that the work216

of necking Γn is sensitive to the degree of work hardening n and k, as well as on the initial void volume217

fraction f0 (coming indirectly in Equation 12 through the fracture strain ϵ̄f ). Γ0 is proportional to X0σ0218

and depends on n and f0, but is independent on k. Figure 4 is provided to illustrate the effect of the219

different parameters and to reveal the key role of n on setting the magnitude of both Γ0 and Γn. Note220

already that, when using this model later to analyse the experimental data, one will not use ϵ̄u and ϵ̄f221

from Equations 13 and 14 but directly the experimental values. Indeed, the ϵ̄f of Equation 14 does not222

account for several effects such as delayed void nucleation that would lead to a higher ϵ̄f or such as void223

distribution effects that would reduce ϵ̄f .224

225

The strength of this model, once α has been calibrated, is the absence of fitting parameters with226

only material properties determined from a single uniaxial tensile test. The plastic behaviour (σ0, n,227

and k) is obtained by fitting the true stress-true (plastic) strain response before the onset of necking228

with the modified Swift law; X0 is estimated as the mean nearest neighbour distance between dimples,229

measured by image analysis of several (flat) areas of the fracture surface; and the initial volume fraction230

of porosity f0 is assumed to be equal to the volume fraction of inclusions. The uniform strain can be231

obtained from the stress-strain response (to avoid the use of Equation 13) while the fracture strain is232

determined by measuring the final cross section area Af on the fracture surface (to avoid the use of233

Equation 14), see Methods. The characteristic length X0 is assumed independent of the test tempera-234

ture, as this parameter is evaluated from the fracture surface of tests performed at room temperature.235

This means that the damage evolution is controlled by the same mechanisms in this range of temperature.236

237
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4 Results238

4.1 Elastoplastic behaviour239

Figure 5 shows the variation of the flow properties up to the onset of necking and the extrapolated240

stress-strain values at fracture for all investigated grades at room and cryogenic temperatures. All the241

alloys exhibit low to moderate yield strength. The effect of the temperature on the strength levels is242

quite pronounced, doubling for the stainless steels and the Invar from 293 K to 77 K. The increase in243

strength is less pronounced for CoCrFeMnNi and CoCrNi alloys, but is still significant. Here, the ductil-244

ity is expressed by two different quantities: the true uniform strain ϵu, a simple formability indicator for245

processes limited by plastic localization, represented by crosses in Figure 5; and the true fracture strain246

ϵf (which is equal to ϵ̄f in the case of uniaxial tension), which characterizes the capacity of the material247

to deform without cracking, represented by squares in Figure 5. All alloys investigated in this study show248

a large ductility at room and cryogenic temperatures. The uniform strain of the stainless steels and Fe-Ni249

alloys is reduced when decreasing the temperature, while the CoCrFeMnNi and CoCrNi alloys show a250

significant increase in true uniform strain from 0.30 at 293 K to 0.44 at 77 K. All the investigated alloys251

also present very large deformation at fracture in the range of test temperatures: at room temperature,252

ϵf is close to 1 for both CoCrFeMnNi and CoCrNi (this represents an engineering strain of ≈ 170%),253

around 1.25 for 304L, and 316L, and reaches an extremely large value of 2.34 for the Invar alloy. At254

cryogenic temperature, ϵf remains large for all alloys. None of the six materials tested in this work shows255

ϵf larger at cryogenic temperature. CoCrFeMnNi and CoCrNi alloys present the smallest reduction of256

fracture strain with decreasing temperature. In order to compare the flow properties, true stress and257

true strain values are reported, unless stated otherwise. More details are provided in Supplementary258

Materials such as the engineering stress-engineering strain curves.259

260

These alloys are then compared to many other metallic alloys that have been studied in the context261

of low temperature applications. Figures 6(a, c) show the yield strength and Figures 6(b, d) show the262

ultimate tensile strength as a function of the true uniform strain at room and liquid nitrogen tempera-263

ture, respectively. These graphs illustrate the trade-off between strength and ductility with some alloys264

escaping from the so-called ”banana” trend [9]. The literature [16, 70] insists on the increase of the duc-265

tility with decreasing temperature for Cantor-based alloys. The present results show that it is indeed the266

case for the uniform elongation of CoCrFeMnNi and CoCrNi. However, a similar behaviour can be found267

across many different families of metallic alloys, as there exists many (stainless) steels, iron-nickel alloys,268

superalloys (nickel-, cobalt-, or iron-based), and titanium and aluminium alloys that behave similarly, as269

shown in Figures 6(a-d). Figure 6(d) also reveals that Cantor-based alloys are among the best materials270

at 77 K alongside stainless steels.271

4.2 Toughness and fracture resistance under near-plane-stress conditions272

The characterization of the damage resistance is often neglected in alloy development, mostly focussing273

on strength and ductility. ”Toughness”, in the metallurgy community, often refers to the total work274

dissipated until failure of the material during a tensile test. The toughness corresponding to the full275

energy expenditure until fracture (per unit volume) is approximately given by the work of fracture276

Wf = 1
2 (σ0 + σu)ϵu + 1

2 (σu + σf )(ϵf − ϵu) [71]. However, toughness must not be confused with fracture277

toughness. In this work, the fracture toughness was characterized through the EWF method, which278

aims at extracting the average work per unit area spent in the FPZ from initiation to propagation using279

dimensional considerations [20, 21]. Figure 7 compares the work of fracture Wf (”toughness”) and EWF280

results of the investigated materials together with results from literature [20, 22, 62, 65, 67, 72–84] as a281

function of uniform strain. The full data from which the EWF of each alloy was extracted are given in the282

Supplementary Materials. To the authors’ knowledge, it is the first time that EWF results are reported283

for cryogenic temperatures. Note that the properties ϵf and σf from which Wf can be estimated are284

unfortunately rarely reported in the literature, explaining the limited number of data.285

286

Stainless steels show the largest Wf both at room and low temperatures, while Cantor-based alloys287

show moderate to high Wf with similar ductility. Conventional steels and iron-nickel alloys also show288

high Wf values spreading over a large range of ductility. At cryogenic temperature, these steels and Fe-Ni289

alloys still exhibit high Wf values, albeit with lower ductility than stainless steels or Cantor-based alloys.290

The CoCrFeMnNi and CoCrNi alloys noticeably show enhanced Wf and ductility at 77 K compared to291
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Figure 5: Flow properties of Cantor-based alloys and conventional alloys at room and cryogenic temper-
atures in terms of representative tensile curve for each of the six investigated alloys: CoCrNi, CoCr-
FeMnNi, 304L, 316L, Fe9Ni and Invar, at (a) room and (b) cryogenic temperatures, respectively. The
dotted curves relate the stress-strain values at the onset of necking to the stress-strain values at fracture,
estimated from the force and the cross-section area at fracture.

room temperature.292

293

All materials in this study show very high cracking resistance at room temperature, with we above294

465 kJ/m2 for 1.5-mm-thick sheets. The EWF values measured for the CoCrFeMnNi HEA are smaller295

than for the ternary counterpart. At 1-mm thickness, we is equal to 360 kJ/m2 for CoCrFeMnNi, and 625296

kJ/m2 for CoCrNi. For a 1.5-mm thickness, the difference is less significant, with values ranging from 465297

to 575 kJ/m2 for CoCrFeMnNi and values ranging from 555 to 705 kJ/m2 for CoCrNi. The conventional298

stainless steels demonstrate exceptional fracture resistance with we ranging from 723 to 1060 kJ/m2, re-299

spectively, for 1.5-mm thickness. The Invar also displays a high fracture resistance, with we ≈ 500 kJ/m2.300

301

Although care should be taken when analysing the results at low temperature due to the small number302

of samples and to the variability, one can qualitatively assess the performance of these alloys. A startling303

observation is the EWF values for 304L and 316L, reaching ∼2500 kJ/m2. This is, to our knowledge,304

the largest fracture resistance ever measured for a material, at least with the EWF method fulfilling all305

criteria of validity. Part of the reason for this remarkable cracking resistance is the near plane stress306
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Figure 6: Flow properties of Cantor-based alloys and conventional alloys at room and cryogenic temper-
atures in terms of (a, c) yield strength and (b, d) true ultimate tensile strength as a function of the true
uniform strain of the investigated alloys as well as other alloys used for cryogenic applications [25–58],
at (a, b) room and (c, d) cryogenic temperatures.

conditions as further discussed next. Furthermore, all tested alloys keep very good cracking resistance307

at low temperature. Indeed, the alloys for which a direct comparison can be made, we is larger at 77308

K, except for CoCrNi. Except for stainless steels, the EWF values range from ∼300 to ∼600 kJ/m2 at309

cryogenic temperature.310

4.3 Model predictions311

One element of complexity when addressing the fracture resistance of thin sheets is the thickness depen-312

dence, making more complicated the direct comparison of results obtained for one material to another313

if not corresponding to the same thickness. Indeed, the stress state changes with the thickness in a314

cracked metal sheet. The stress state of thick specimens undergoes plane-strain conditions over most of315

the crack front (no deformation in the thickness direction), while the stress state near the crack tip of316

thin specimens is close to pure plane stress (but with a plane-strain state with respect to the ligament317

direction [85]). The ductile damage mechanism is dependent upon the stress triaxiality, which is much318

lower in the near-plane-stress regime, hence, the fracture toughness is geometry dependent [22, 23]. This319

dependence is further amplified by the work of necking Γn which, if present, also depends on thick-320

ness. The fracture toughness of ductile metals is almost always larger under near-plane-stress conditions321

compared to plane strain, with a maximum attained at an intermediate thickness [86]. By modelling322

both the necking and damage contributions to the EWF, the cracking resistance of thin sheets can be323

further analysed to unravel the root causes of the excellent performances of some alloys compared to324

others. Figure 8 compares the contributions of Γ0 and Γn to the EWF for each of the investigated alloys.325

The model predicts, based on the experimental hardening law and ϵ̄f , remarkably well the EWF values,326

within 17% of error for the worst case, and captures the relative behaviour of the investigated alloys327

(Fig. 8(a)). According to the model, Γ0 depends only on the initial porosity, on a characteristic length,328

on the strain hardening coefficient, and on the yield strength. In terms of strength and ductility, HEAs329

are not better than stainless steels. It is worth emphasizing that the industrial alloys studied in this330

work have a particularly lean inclusion content, with very low 1/X0 and f0 levels, explaining the large331

values of the damage work Γ0. The work of necking, Γn, is primarily dependent on the strain hardening332
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Figure 7: Toughness, represented by the work of fracture Wf (J/m3) per unit volume in tension, and
fracture resistance, expressed by the essential work of fracture we (J/m2), of Cantor alloys compared to
conventional materials [25–58, 71]; (a) and (c) represent the work of fracture as a function of the true
uniform strain at room and cryogenic temperatures, respectively; (b) and (d) correspond to the essential
work of fracture as a function of the true uniform strain for different sheet thicknesses of the alloys
investigated in this work, at room and cryogenic temperatures, respectively. Marker size indicates the sheet
thickness. The room temperature values are compared with available literature data [20, 22, 62, 65, 67, 72–
84].

(through both n and k), explaining, in a relatively simple way, the differences. Particularly for 304L and333

316L deformed at low temperature, the exceptionally high work of necking is attributed to the increasing334

work hardening capacity with decreasing temperature (see Fig. 5(b)) is responsible for a large necking335

region capable of dissipating a large amount of energy. This very large necking region has also been con-336

firmed experimentally. Indeed, profilometry measurements confirm that a high n leads to a necking region337

that is very elongated (several times the thickness), which increases Γn (at least for the strains below 0.3).338

339

Thanks to this model, the cracking resistance of fictitious alloys can also be compared assuming they340

had the same sheet thickness, inclusion content and initial porosity. For a 1.5-mm-thick sheets with341

X0 = 1.5 µm, f0 = 0.1%, and no strain plateau, the model predicts an EWF of 480 and 750 kJ/m2 for342

CoCrFeMnNi, 630 and 950 kJ/m2 for CoCrNi, and 750 and 1120 kJ/m2 for stainless steels at room and343

cryogenic temperatures, respectively.344

5 Discussion345

In Cantor-based HEAs, the excellent mechanical properties and the effect of temperature are attributed346

to the mechanical twinning mechanism [87]. In the present work, twinning was observed for the alloys347

316L, CoCrFeMnNi, and CoCrNi at room and cryogenic temperatures, activated for lower strains at 77348

K (see ”Supplemetary Materials” for details). Moreover, the formation of martensite also occurs in 316L349

for samples deformed at 77 K for strains typically below 0.3 explaining the boost of strain hardening350

in this deformation regime, see Fig. 5(b). The combination of the TRIP and TWIP effects explains351

the excellent strength and ductility balance at low temperature, comparable or even superior to the352

properties of the MEAs and HEAs. A TRIP effect with the formation of a HCP phase was also found in353

CoCrNi at room temperature, following the Mahajan twin nucleation and growth mechanisms [88, 89].354
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Figure 8: (a) Comparison of the measured and modelled EWF for the alloys investigated in this work
and (b) other view on the Γ0 and Γn relative contribution.

The deformation mechanisms of the Invar, Fe-9Ni and 304L were not studied in details. However, their355

deformation behaviour is well known, being dominated by dislocation glide at room temperature and356

with the additional activation of a TWIP effect in Invar [90] and a combined TWIP and TRIP effects in357

304L [91] at cryogenic temperature.358

359

The popularity of HEAs in the context of fracture resistance was partly motivated by the results360

of Gludovatz et al. [13, 14] reporting ”exceptional” mechanical properties at low temperatures. These361

results were compared to conventional alloys using Ashby maps, giving a proper appraisal of commer-362

cialized materials in conventional operating conditions (e.g. room temperature), though not including363

state-of-the-art cryogenic alloys. Our present analysis shows that several reference conventional alloys364

can compete or even surpass MEAs and HEAs in terms of mechanical properties at room and cryogenic365

temperatures. The quinary CoCrFeMnNi and the ternary CoCrNi outperform the other alloys when366

focussing on uniform deformation. However, an increasing ductility with decreasing temperature is not367

an anomaly or specificity of the Cantor alloys, as this behaviour is observed in several other alloys.368

369

Gludovatz et al. [13, 14] also reported that the fracture toughness of CoCrFeMnNi and CoCrNi is370

not negatively affected by decreasing the temperature, under plane strain conditions. A recent report371

made by Liu et al. [92] compared the cryogenic mechanical properties of CoCrNi to 316L and 316LN372

stainless steels. Tensile tests, impact toughness tests, and compact tension fracture toughness tests were373

performed at 293 and 77 K. The fracture toughness testing followed the same standard as by Gludovatz374

et al.. Their results showed a better impact toughness performance for CoCrNi compared to 316L(N)375

but a smaller KIc value at 77 K.376

377

In this work, the fracture resistance of thin sheets was investigated under the scope of the essential378

work of fracture (EWF). One important question is to what extent EWF can be compared to JIc. Aside379

from the plane strain versus plane stress effects, we and JIc are not equivalent as JIc is related to cracking380

initiation, whereas the EWF method averages the work spent in the fracture process zone during the381

tearing process. If the propagation and initiation stages occur under the same mechanism and there is382

not much evolution in the degree of crack-tip necking from initiation to steady-state propagation, we can383

be compared to JIc [23]. This equivalence has been verified experimentally in polymers [66, 93] and in384

metallic alloys [22, 74]. However, even JIc is seldom reported at low temperature, even for conventional385

alloys. Table 2 presents some JIc values for several steels alongside the results reported by Gludovatz et386

al. [13, 14] for CoCrFeMnNi and CoCrNi. Contrary to how Cantor-based alloys are often portrayed in387

recent publications, both CoCrFeMnNi and CoCrNi are good at best. In order to connect the present388

work to (near-)plane-strain conditions, the work of damage Γ0 can qualitatively be compared to fracture389

toughness values obtained in thick plates. We obtained values of Γ0 ranging from 155 to 375 kJ.m−2 and390

ranging from 240 to 300 kJ.m−2 for CoCrFeMnNi at room temperature and 77 K, respectively, and values391
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Table 2: Literature values for the fracture toughness at 77 Kfor the class of alloys studied in this study.
JIc and KIc followed the ASTM E1820 [95] and E399 standards [96], respectively. Values with a star
(∗) are estimated from K or J using K =

√
(E/1 − ν2)J , with ν = 0.3 and E = 210 [GPa].

Alloy
JIc KIc Ref

[kJ/m2] [MPa.m0.5]
AISI 304 241 230 [97]

166∗ 196 [98]
AISI 310 210∗ 220 [99]
AISI 316 1150∗ 515 [99]

100-700∗ 150-400 [100]
AISI 316L 975 449 [92]

308 260 [97]
623 370 [97]

AISI 316LN 500 200 [97]
1193 522 [92]

AISI 321 220-700 220-400 [97]
Fe18Cr3Ni13Mn 76∗ 132 [99]
Fe21Cr12Ni5Mn 89∗ 144 [99]
Fe19Cr9Ni2Mn 323∗ 273 [99]
Fe21Cr6Ni9Mn 475∗ 331 [99]
Fe18Mn5Cr 340∗ 280 [101]
Fe9Ni 80∗ 135 [101]
Inconel 718 52 110 [102]
CoCrFeMnNi 255 219 [13]
CoCrNi 363 273 [14]

of ranging from 200 to 270 kJ.m−2 and ranging from 370 to 415 kJ.m−2 for CoCrNi at room temperature392

and 77 K, respectively. Gludovatz et al. reported 250 and 260 kJ.m−2 for CoCrFeMnNi and 210 and 270393

kJ.m−2 for CoCrNi, at 293 and 77 K, respectively. In general, our Γ0 values are moderately higher than394

the JIc of Gludovatz et al.. This can be explained by the low stress triaxiality associated to the stress395

state in the near-plane stress regime. In fact, Γ0,plane stress can be up to three times JIc,plane strain,396

see [20, 94]. Note that the results by Gludovatz et al. might not be associated to pure plane strain397

conditions and could potentially include some loss of constraint. It is also worth keeping in mind that398

while the same material is compared, the alloys differ in terms of initial void and inclusion contents and399

distributions, affecting also Γ0.400

401

The exploration of the cracking resistance of HEAs, especially at low temperature, is still very recent.402

MEAs and HEAs exhibit very good cracking resistance at low temperature based on compact tension403

[13, 14], hole-expansion [103], and Charpy impact [104–106] tests. However, a thorough review of the404

properties of MEAs/HEAs compared to state-of-the-art cryogenic alloys is still missing to consolidate the405

very positive fracture resistance performances claimed in recent literature, which are not fully confirmed406

in our study. The fracture toughness of metals failing by a ductile mechanism is primarily dependent407

on the initial inclusion content and on the inclusion spacing as well as on the yield strength and strain408

hardening capacity of the alloy [8, 9, 100]. There is no surprise that the JIc of a MEA/HEA very much409

varies with inclusion content and void nucleation resistance. In a recent study, we have shown that the410

failure of CoCrNi can be very well predicted using classical ductile fracture models [107] indicating no411

unusual failure mechanisms compared to more traditional alloys. The fact that the investigated Cantor-412

based alloys exhibit, as for stainless steels sheets, the classical failure mechanism by nucleation, growth,413

and coalescence of voids as well as significant necking at crack tip justified the use of the model to separate414

the two terms Γ0 and Γn. The main outcome from the model is that stainless steels outperform Cantor-415

based alloys especially at low temperature due to their extreme values of strain hardening exponent. This416

result is expected to be true for thicknesses up to several millimetres with impact on many structural417

applications.418
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6 Conclusion419

CoCrFeMnNi and CoCrNi are regarded in the literature as potential candidates for low temperature420

applications. The present work aimed at determining the tensile properties and the fracture resistance421

in thin sheet geometry of two high entropy alloys, CoCrFeMnNi and CoCrNi, and three reference con-422

ventional alloys, the 304L and 316L stainless steels and the Fe-Ni Invar alloy. Very good properties were423

confirmed for the Cantor-based alloys, but outperformed by the exceptional performances found for the424

stainless steels in the same conditions in terms of ductility, strength, and fracture resistance.425

426

It is undeniable that MEAs and HEAs have opened new avenues in the development of novel alloys427

with different targeted performances. In the context of structural applications, particularly in cryogenic428

environment, where strength, ductility, and fracture toughness are important, Cantor alloys ultimately429

appear not better than conventional alloys. MEAs/HEAs will be more costly due to the chemical430

composition and complexity of processing. In any case, this study shows that the toughest alloys must431

be very clean (small f0 and large X0) with a large work hardening coefficient (n). This is particularly432

true for metal sheets due to the impact of the crack tip necking mechanism, while understanding that433

for very tough alloys, the near-plane-stress regime may extend up to thickness of 5 mm or more. A434

combination of the TRIP and TWIP effects are very effective to reach large strain hardening capacities,435

as generated in stainless steels. Although the history of stainless steels, including 304L and 316L, spans436

more than a century, there is still potential for further improvement beyond the already remarkable437

behaviour in order to better answer the challenges of tomorrow’s low temperature applications.438
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[78] D Frómeta, M Tedesco, J Calvo, A Lara, S Molas, and Daniel Casellas. Assessing edge cracking639

resistance in ahss automotive parts by the essential work of fracture methodology. In Journal of640

Physics: Conference Series, volume 896, page 012102. IOP Publishing, 2017.641

[79] Subhadra Sahoo, N Padmapriya, Partha Sarathi De, PC Chakraborti, and SK Ray. Ductile tearing642

resistance indexing of automotive grade dp 590 steel sheets: Ewf testing using dent specimens.643

Journal of Materials Engineering and Performance, 27(4), 2018.644
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