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Multiple-principal element alloys known as high-entropy alloys have rapidly been gaining attention for the
vast variety of compositions and potential combinations of properties that remain to be explored. Of these
alloys, one of the earliest, the ‘Cantor alloy’ CrMnFeCoNi, displays excellent damage-tolerance with tensile
strengths of ~1 GPa and fracture toughness values in excess of 200 MPa\/ m; moreover, these mechanical
properties tend to further improve at cryogenic temperatures. However, few studies have explored its corre-
sponding fatigue properties. Here we expand on our previous study to examine the mechanics and mecha-

Keywords: nisms of fatigue-crack propagation in the CrMnFeCoNi alloy (~7 pm grain size), with emphasis on long-life,
High-entropy alloys near-threshold fatigue behavior, specifically as a function of load ratio at temperatures between ambient and
Fatigue

liquid-nitrogen temperatures (293 K-77K). We find that AK};, fatigue thresholds are decreased with increas-
ing positive load ratios, R between 0.1 and 0.7, but are increased at decreasing temperature. These effects
can be attributed to the role of roughness-induced crack closure, which was estimated using compliance mea-
surements. Evidence of deformation twinning at the crack tip during fatigue-crack advance was not appar-
ent at ambient temperatures but seen at higher stress intensities (AK ~20 MPa\/ m) at 77K by post mortem
microstructural analysis for tests at R=0.1 and particularly at 0.7. Overall, the fatigue behavior of this alloy
was found to be superior, or at least comparable, to conventional cryogenic and TWIP steels such as 304 L or
316L steels and Fe-Mn steels; these results coupled with the remarkable strength and fracture toughness of
the Cantor alloy at low temperatures indicate significant promise for the utility of this material for applica-
tions at cryogenic environments.
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1. Introduction A particularly notable HEA is the transition metal-based ‘Can-

tor alloy’ CrMnFeCoNi, a single-phase, face-centered cubic (fcc)

The notion of multiple-principal element alloys, specifically
high-entropy alloys (HEAs), continues to captivate the structural ma-
terials community with the potential of innumerable new metallic al-
loys with a broad range of structural properties yet to be investigated
[1-9]. In contrast to conventional alloy systems which invariably con-
tain one, or two, principal elements, such as iron in steel or nickel
in certain superalloys, HEAs were originally defined with a nomi-
nally equiatomic composition where the configuration entropy asso-
ciated with at least five base elements was presumed to overwhelm
the enthalpy of phase formation to create a (meta)stable solid solution
[4,8,10]. Although more recent studies have since disputed this claim,
the nomenclature has stayed and represents a highly active field of en-
deavor as new compositions are discovered [8,11-13].
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solid-solution alloy which displays exceptional mechanical properties
[2,11,14]. This alloy shows tensile strengths upwards of ~1 GPa, ten-
sile ductilities of ~60-70%, and high fracture toughness values ex-
ceeding 200 MPa\/ m, which are further enhanced at cryogenic tem-
peratures [14—17], properties that are comparable to, or exceed, those
of cryogenic steels [15-18].

While the uniaxial tensile and toughness properties of CrMnFe-
CoNi and other high-entropy alloys are now well characterized
[1-18], corresponding studies on the fatigue properties are sparse, de-
spite the fact that potential applications of these alloys as future struc-
tural materials will invariably depend upon their fatigue resistance,
which dictates component lifetimes. Prior work on the Cantor alloy
has provided measurements of the high-cycle fatigue behavior of re-
crystallized CrMnFeCoNi at a single load ratio at 293 and 198K [19]
whereas other studies on cast Al-containing CrCoNi-based variants
have focused on stress-life and crack propagation behavior [20,21].
These studies, while limited to ambient temperature testing condi-
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tions, have observed fatigue behavior comparable or superior to steels
and other conventional alloys under both total-life and damage-toler-
ant fatigue testing, although this behavior may in part be attributed to
their as-cast microstructures [20].

In the current work, we seek to extend our understanding of the
fatigue behavior of these alloys and build upon our initial foundation
[19] to further evaluate the near-threshold and fatigue-crack propaga-
tion behavior of polycrystalline CrMnFeCoNi under a broader range
of conditions, specifically a range of load ratios with further cryogenic
studies at 198K and 77 K.

2. Experimental procedures
2.1. Mechanical testing

High-purity elemental constituents in equiatomic proportions were
vacuum induction melted and cast to form a 40 mm diameter cylin-
drical ingot of CrMnFeCoNi. Once cast, the ingot was sealed in a sil-
ica casing and thermally homogenized at 1473 K for 48h. The ingot
was then rotary swaged at room temperature to a final diameter of
~16.5mm and recrystallized at 1073K for 1h, yielding a final grain
size of 7+ 3 pm with a random orientation distribution [22]. The bulk
material was then cut into disc-shaped compact tension (DC(T)) sam-
ples in accordance with ASTM Standard E1820 through electric dis-
charge machining (EDM). Twenty-two samples were machined with
the following dimensions: width W=12.4mm, thickness B=6mm,
and initial notch length a,=3.6 mm with approximate notch root radii
of ~100 pm, thus corresponding to an initial /W ratio of ~0.28.

Once cut, the samples were manually polished using metallo-
graphic silicon carbide paper to a 1-um mirror finish to allow for
optical crack-length measurement. For continual monitoring of the
crack-growth rate during testing, a linear patterned strain gauge
(Vishay Precision Group, Raleigh, NC, USA) was used on the
back-face of each specimen; model EA-06-031DE-350 gauges were
used for tests at 293 K or 198 K and model WK-13-031DE-350 gauges
at 77K, the latter to permit accurate readings in the deep-cryogen envi-
ronment. Crack lengths were calculated from the strain gauge readings
of the elastic unloading portion of each cycle using the compliance ex-
pression for the DC(T) sample with back-face strain, as described by
Ritchie et al. [23]:

a/W = 0.796239 + 5.40205u — 103.821u>
+ 714.676u° — 2603.44u*

1
+ 4829.014° — 3578.51u® M

where

1

V—-EBCW+1 2)

u=

Here E corresponds to the Young's modulus of the material, and
C represents the compliance calculated as the reciprocal from the un-
loading slope of the samples during testing. All testing was conducted
within the stated range of measurement validity of 0.3 <a/W<0.8.
The strain gauges were calibrated and balanced at zero load and
checked for measurement accuracy throughout the pre-cracking stage
using optical microscopy techniques to verify and cali-

brate the system to ensure the calculated crack length accurately re-
flected the actual crack length.

Sinusoidal cyclic fatigue loading (tension-tension) was conducted
using an electro-servo hydraulic MTS 810 testing machine (MTS Cor-
poration, Eden Prairie, MN, USA) controlled by an Instron 8800 digi-
tal controller (Instron Corporation, Norwood, MA, USA). Prior to test-
ing, all samples were fatigue pre-cracked in accordance with ASTM
Standard E647 [24] at ambient temperature at a frequency 25Hz
(sine wave) under constant cyclic loading over a stress-intensity range
AK=11 to 2MPay/m, where AK=K,. - K, and the load ratio, the
ratio of minimum load to maximum load, ranged from R=0.1 to 0.7.
Between pre-cracking steps, the crack path was visually checked for
linearity and measured on both sides of the samples to ensure even and
valid crack growth. Including notch, the final pre-crack lengths ranged
from a, ~3.9-4.2mm (a/W~0.31-0.34), as per standard requirements
[24].

All fatigue-crack propagation testing was performed under
load-shedding or constant load control conditions at a constant load
ratio. Near-threshold testing was performed under load-shedding con-
ditions in which the controller was automated to decrease the imposed
load at a rate such that the normalized K-gradient remained above
—0.08 mm ', as recommended in ASTM E647 [24]. The value of the
AKy, fatigue threshold stress-intensity range was determined to be at
the value of AK at which the growth rates were less than 10 ' m/cy-
cle. Higher crack growth rates were characterized under constant load
conditions, in which the amplitude of the alternating load was held
constant, effectively increasing the stress-intensity range as the crack
grew.

Fatigue-crack propagation testing, over the range 10" to 10 "/
cycle, was performed at 25Hzat temperatures of 293K, 198K and
77K at load ratios of R=0.1, 0.4 and 0.7. Tests at the two cryogenic
temperatures were performed with immersion baths of liquid nitrogen
and ethanol/dry-ice for 77K and 198K, respectively, with sufficient
time allowed for sample and strain gauge temperatures to equilibrate
with the environment before the start of testing. The 293 K testing was
performed in air under ambient laboratory conditions. All tests were
performed continuously without interruption once started to maintain
conditions and avoid any thermal cycling effects. Data are presented
as log-log plots of the fatigue-crack growth rates da/dN as a function
of AK, following a nominal Paris power-law formulation [25] where
da/dN < AK™, where m is the Paris law exponent (typically measured
in the mid-range of growth rates, i.e., in this alloy above 107 m/cycle).

Near-threshold test specimens were further subjected to loading
and unloading to estimate the extent of crack closure, K, i.e., the
physical contact of the mating fracture surfaces that the crack experi-
ences in the wake of the tip upon unloading of the sample. To mea-
sure closure for each sample, the sample was loaded uniaxially to a
load corresponding to the maximum load at the threshold, and then
unloaded to a load corresponding to the minimum loading with the re-
sulting load-displacement curve recorded. These full loading-unload-
ing cycles were repeated 5 times. The point at which the slope of
the unloading curve changes was identified as the point at which the
crack is closed as the fracture surfaces come into contact. As with
most quantitative estimates of closure, this technique is approximate;
however, the analysis was used to determine an approximate effec-
tive stress-intensity range actually experienced at the crack tip, where
AI<cff:](max T Pl when Kcl>Kmin; when Kcl<Kmin= Achf: AK. Full
details of these procedures can be found elsewhere [26,27]. The load-
ing cycles were performed, at each of the three test temperatures, in
incremental steps corresponding to an increase in AK of 0.5 MPa\/ m
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beginning at the threshold of the respective sample and the resultant
load-displacement curves were plotted as described below.

2.2. Fractographic characterization

At the conclusion of the mechanical testing, fractographic analysis
was performed to characterize the nature and mechanisms involved in
crack propagation under the various conditions. Fracture surface char-
acterization was performed on samples fatigued in tension to overload
to expose the surface while maintaining surface features. Imaging was
conducted in secondary electron (SE) modes of a FEI Strata DB235
SEM (FEI Company, Hillsboro, OR, USA) and a JSM-7500F SEM
(JEOL USA, Arvada, CO, USA) operated at 5-15kV.

To specifically examine the crack path and the deformation mech-
anisms, in particular the occurrence of deformation twinning in the
frontal plastic zone and its wake, where the plastic-zone size, ry, Was
estimated as 1/2n (Kmax/(sy)2 where o, is the yield strength, each fa-
tigue tested DC(T) sample was longitudinally sliced into two metal-
lurgical samples at the mid-plane section, and subsequently ground
and polished sequentially using 1 pm polycrystalline diamond suspen-
sion and then a 0.05pm alumina suspension. The final surface was
analyzed using back-scattered electron (BSE) imaging and electron
backscatter diffraction (EBSD) imaging, which was conducted after
vibration polishing for 12 h- with 0.05 um colloidal silica suspension.
SE and BSE imaging were carried out using a Hitachi S-4300SE/
N scanning electron microscope, SEM (Hitachi America, Pleasanton,
CA) operated at 10kV. EBSD scans were performed along the crack
path and in the vicinity of the crack tip on the polished mid-plane
sections using the FEI Strata DB235 SEM operated at 20kV us-
ing a TEAM™ EDAX analysis system (Ametek EDAX, Mahwah,
NJ, USA). The SEM was equipped with an Orientation Imaging Mi-
croscopy (OIM) system (Ametek EDAX, Mahwah, NJ, USA), which
enabled image post-processing using OIM Analysis v7 software. To
specifically detect nano-twins, EBSD data were collected with a size
of 18nm.

3. Results

While many metallic materials experience a degradation in dam-
age-tolerance at low temperatures, the CrMnFeCoNi notably displays
an increase in tensile strength and ductility [11,14,16,17]. Our previ-
ous fatigue-crack propagation studies on this alloy conducted at low
load ratios (R=0.1) noted a similar improvement of fatigue proper-
ties, specifically fatigue-crack propagation properties, as the temper-
ature was lowered, which was particularly evident in the near-thresh-
old regime [19]. In the present study, we extended the measurement
of fatigue-crack propagation rates and AKj, threshold stress-intensity
data down to 77K and explicitly examined the role of load ratio. A
plot of all collected fatigue-crack propagation data as a function of the
stress-intensity range for the Cantor alloy is shown in Fig. 1; specific
parameters measured from the data are listed in Table 1.

3.1. Fatigue-crack growth behavior

From Fig. 1 and Table 1, it can be seen that over the mid-range
of growth rates above ~107° m/cycle, the Paris law exponents for all
temperatures and load ratios were largely in the characteristic range
of m ~2 to 4, although in general there was a marked trend of in-
creasing fatigue-crack growth resistance, i.e., lower growth rates, at
a given AK, and higher values of the fatigue AK,, thresholds, at
the lower temperatures. Indeed, threshold AKy, values, which ranged

from 6.3 to 2.5 MPa\/ m at load ratios between 0.1 and 0.7, were re-
spectively 31% and 12% higher at 198K than at 293K (Fig. 2). As dis-
cussed elsewhere [19], such fatigue-crack growth rates in this high-en-
tropy alloy are comparable to those of traditional metallic alloys with
tensile strengths of the order of 1 GPa (for an extended discussion, see
Ref. [19]).

Additionally, we found a marked effect of increasing fatigue-crack
growth rates with increasing load ratios, which became more promi-
nent at near-threshold levels. Specifically, AKy, threshold values, in
particular, were lower at increasing R; in fact, AK; values were 2-3
times lower at R=0.7 compared to R=0.1 (Fig. 2). Such load-ratio de-
pendent behavior is typical of most metallic alloys [25] and can gener-
ally be related to crack-tip shielding from fatigue crack closure effects
[27-29], as discussed below.

It should also be noted that based on da/dN « ACTOD « AKZ/GyE,
where CTOD is the crack-tip opening displacement, when o, is only
weakly dependent on temperature, as in pure fcc metals, da/dN values
for a given AK can be assumed to be similar at high R-ratios where
crack closure can essentially be neglected. In our material, however,
the differences in growth rates between room and liquid nitrogen tem-
peratures, e.g., ata AK of 5 MPa\/ m, the crack growth rate at R=0.7 at
77K is approximately 1% 107 m/cycle, whereas at 293 K it is approx-
imately 2 x 107 m/cycle (see Fig. 1), is likely associated with changes
in o,, and to a lesser extent £, between these two temperatures.

3.2. Threshold and crack closure analysis

The most prevalent reason for the marked effect of load ratio on
fatigue-crack growth rates, especially at near-threshold levels, is that
of crack closure. As this phenomenon is dominated by shielding ef-
fects due to wedging between the crack flanks, e.g., from corrosion de-
bris (oxide-induced crack closure) and/or from crack surface asperities
(roughness-induced crack closure), which act to reduce the effective
stress-intensity range actually experienced at the crack tip, crack clo-
sure is exacerbated at low AK levels, where the crack-tip opening dis-
placements (CTODs) are small and become comparable in dimension
to the thickness of the “wedge”, yet minimized at high positive load
ratios where the minimum opening displacements are much larger,
specifically where K ;,> K [28]. On the simple assumption that the
value of the closure stress intensity K, and the effective stress inten-
sity range at the threshold AKg, are nominally constant and inde-
pendent of R, we would expect the measured variation in AKy, thresh-
olds to follow “Schmidt & Paris type” behavior [29]. Specifically, be-
low a critical load ratio where K, =K, (this is typically of the or-
der of R~0.4-0.5), the AKj, threshold should decrease with increas-
ing R whereas the threshold K, should remain roughly constant (this
is the regime where closure is active as K >K| . ); above this criti-
cal R value though (where closure is inactive as K, <K|...), the value
of AKj, threshold should reach a lower-bound “plateau” whereas the
K ax i threshold should increase as R tends to unity. This type of vari-
ation in fatigue threshold values and how it relates to the presence of
crack closure phenomena is described in further detail in Ref. [30]. Al-
though we have only tested three different load ratios at each temper-
ature, our threshold measurements for this high-entropy alloy are not
inconsistent with this hypothesis, as shown in Fig. 2.

Comparison of these AK,, fatigue thresholds with those in steels
and other engineering metallic alloys at comparable strength levels
[26-31] suggests that the values measured in this study, and previ-
ously [19], for the CrMnFeCoNi HEA are comparable in magnitude.

To provide some quantitative evidence for these explanations for
the variation in fatigue thresholds in the Cantor alloy based on crack
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Fig. 1. Fatigue-crack growth rates as a function of the stress-intensity range for the CrMnFeCoNi HEA under various testing conditions. Testing was conducted at three temperatures
between ambient (293 K) and liquid-nitrogen temperature (77K) at load ratios of R=0.1, 0.4, and 0.7at 25 Hz. Tests at 77K were limited to growth rates above the ~10™" m/cycle
regime, while testing at 293K and 198 K was performed until the fatigue threshold stress intensity was reached. A direct comparison of the crack-propagation curves characterizing
these various testing parameters indicates an increase in the value of the AKy, fatigue threshold as both temperature and load ratio were decreased.

Table 1
Summary of fatigue-crack growth, threshold values and crack closure measurements for the CrMnFeCoNi HEA, extracted from Figs. 1 and 2.
Load ratio Paris law exponent Threshold (AKy,) CTOD,x Crack closure (K)) AKi ofr Plastic-zone size (ry)
Temp. ®) (m) [MPa+y/m] [nm] [MPa+y/m] [MPa+y/m] [pm]
293K 0.1 35 4.8 160 1.38 3.95 27
0.4 2.8 2.6 105 - 2.6 18
0.7 2.6 2.5 390 - 2.5 66
198K 0.1 4.5 6.3 210 2.15 4.85 29
0.4 34 4.8 275 2.7-3.4 4.6-5.3 38
0.7 3.1 35 585 - 35 81
77K 0.1 2.9
0.4 2.3
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Fig. 2. Variation in fatigue threshold values, in terms of both AKy, and K,
thresholds, in the CrMnFeCoNi HEA as a function of load ratio R between 293 K
and 198K. AK); thresholds tend to decrease with decreasing R, whereas the K,
thresholds generally are increased, consistent with Schmidt & Paris-type behavior based
on crack closure concepts [29,30].

closure, K, closure stress intensities that were measured at
near-threshold levels on samples tested at 293K and 198K, are sum-
marized in Table 1. It is evident that crack closure levels are far higher
at low load ratios, as expected. Moreover, the effective AK gy, thresh-
olds appear to be roughly constant, again consistent with our observa-
tions of the marked effect of load ratio on the near-threshold fatigue
behavior being associated with a crack closure effect. With regards to
the trends in fatigue properties with temperature, the data show that
crack closure is observed at R=0.1 and 0.4 but not at R=0.7 in sam-
ples tested at 198 K. In both temperature ranges, crack closure appears
to play a major role in the near-threshold fatigue behavior of this al-
loy.

However, pertinent questions that remain are whether this closure
effect can be associated with fracture surface roughness, which is the
most ubiquitous form of fatigue crack closure in metallic materials,
whether such phenomena can explain the observed increase in AKy,
thresholds in this HEA at cryogenic temperatures, and whether de-
formation twinning, which is so prevalent during overload fracture in
this alloy at 77K [16,17], may play an active role during fatigue-crack
growth. To investigate these issues, we investigate crack trajectories
and corresponding fracture surface morphologies, as described below.

3.3. Fractography

Fractography was performed using scanning electron microscopy
on the fracture surfaces of representative samples. Images depicting
regions at approximately AK ~12 MPa\/ m are shown in Fig. 3 and
are oriented with the general crack propagation direction from the top
to the bottom of the micrographs. For tests at low load ratios, a tran-
sition from transgranular to intergranular fracture behavior, from rel-
atively smooth fracture surfaces to coarser, facet-like features, was
seen for the lower crack-growth rates as the temperature was reduced
from 293K to 198K [19]. This intergranular behavior is particularly
visible in Fig. 3b and e, in which the feature sizes of the facet-like
structures correspond to some small fraction of the grain size, sug-
gesting a fracture path along the grain boundaries at 198K; in con-
trast, the corresponding 293K fracture surfaces, imaged Fig. 3¢ and
f, show much smaller, more irregular surface features that may corre-

spond to slip or other plastic fracture behavior. Such behavior, which
purports that the fatigue fracture surfaces become rougher at the lower
temperature, is consistent with the higher measured closure values and
our observations of higher AK|; thresholds at 198 K as compared to
293K as demonstrated in Fig. 1. This general trend is observed to
continue as the temperature is lowered further to 77K as shown in
Fig. 3, though the facets are somewhat more obscured. Together, these
images depict a greater degree of plastic deformation within samples
subject to comparable stress intensities at higher temperatures and, es-
pecially at lower AK levels, to a rougher, more faceted, intergranular
fracture mode at cryogenic temperatures. Additionally, with increas-
ing AK levels, especially as the R-ratio is increased, evidence of local
cyclic plasticity, e.g., in the form of markedly visible fatigue striations
(Fig. 4), becomes more prominent.

As with many metallic alloys [26-28], one may conclude that the
influence of both temperature and load ratio on fatigue-crack propa-
gation behavior in this alloy likely result primarily from closure ef-
fects, principally motivated by such fracture surface roughness. By
promoting premature contact of the crack surfaces due to their rough
morphology during the unloading cycle, roughness-induced crack clo-
sure acts to increase the effective minimum stress intensity, thereby
reducing the effective stress-intensity range actually experienced at
the crack tip. Such roughness has a larger effect at near-threshold
levels, where the cyclic crack-tip opening displacements ACTODs
(~AK2/2GyE) are smaller, which on the basis of our K ; measurements
(Table 1) appears to account for the higher AKj; thresholds at lower
temperatures. Furthermore, the closure concept is consistent with the
lesser effect of temperature on AKjy, thresholds at high load ratios,
where the maximum CTODs are far larger, as shown in Table 1.
This represents the generally accepted reason for the decrease in AKy,
thresholds with increasing R [28-30].

3.4. Crack path studies

To further investigate the potential deformation mechanisms at
play during fatigue-crack growth in the Cantor alloy, EBSD imaging
was performed along the central (mid-thickness) cross-section of fa-
tigued samples, with a particular focus on the crack path and the pres-
ence, or absence, of deformation nano-twins in the strained regions
in the vicinity of the crack tip. Nano-twinning has been identified as
a prime mechanism associated with the exceptional toughness of this
alloy at cryogenic temperatures with a greater propensity to occur at
higher strains and lower temperatures where strength levels are higher
[16,17]; there is little evidence of such twinning during deformation in
CrMnFeCoNi at ambient temperatures, except at high strains just prior
to fracture. As no evidence of twinning during fatigue-crack growth
was seen at AK levels less than 10MPa\/m for temperatures at or
above 198K in our previous study [19], we sought here to extend
these observations down to 77K and to higher stress-intensity ranges
at higher load ratios (to maximize the local crack-tip stresses).

BSE and EBSD images in Fig. 5 show the microstructure features
in the crack-tip region at 77 K under R=0.1 and R=0.7 with AK levels
of 29 MPa\/ m and 20 MPa \/ m, respectively (corresponding K, . val-
ues at R=0.1 and 0.7 were 32 and 67 MPa\/m). Here, the entire im-
aged region may be presumed to have experienced deformation, due
to the large size of the maximum plastic zone ry, which was approxi-
mately ~287 um and ~1.23 mm, respectively at these two R=0.1 and
0.7 loading conditions.

As revealed in BSE and EBSD images, fatigue-crack propaga-
tion at both R-ratios is largely transgranular at higher AK levels with
an increasing incidence of rougher, more facetted, intergranular-type
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Fig. 3. Overview of fractography for all nine testing conditions at a moderately high AK ~8-17 MPa \/ m for fatigue-crack growth in the CrMnFeCoNi HEA. A greater de-
gree of facet-like features is seen at lower temperatures, particularly lower growth rates, with an increasing degree of transgranular fracture at higher AK levels. In general, increases
in R and in temperature both correlate with a greater degree of plastic deformation of the fracture surfaces as characterized by an increasing prominence of fatigue striations.

fracture at lower, near-threshold levels. BSE scans reveal the forma-
tion of dislocation cells and deformation nano-twins in the wake of
the propagated crack within a region of 1-3 grains. Most importantly,
EBSD inverse pole figure (IPF) maps overlaid with image quality (1Q)
mapsl confirm the presence of the deformation-induced nano-twin-
ning® during fatigue cracking at 77K [1]. This conclusion is further
verified by the line scans across the twin boundaries, showing a typ-
ical 60° misorientation between the twin domain and the parent grain
domain. Compared to crack growth at R=0.1, the nano-twins and dis-
location cells associated with crack growth at R=0.7 are more pro-
nounced, with the thickness of the measurable nano-twins roughly
50% wider at R=0.7 than at R=0.1; this is likely due to the far
higher K, value of ~67 MPa\/ m. We conclude that deformation-in-
duced nano-twinning is active in the process of cyclic deformation
during fatigue-crack propagation in the Cantor alloy at liquid-nitro-

! Image quality IQ maps measure the sharpness of the Kikuchi bands collected
at each EBSD scan point [32]. They are useful in visualizing the microstructural
features that cause poor band contrast, such as small pores/inclusions and phase/
grain/twin boundaries.

2 Note that there is always evidence of a few annealing twins. However, these can
be readily distinguished from deformation-induced nano-twins as the annealing
twins are far larger with widths of several micrometers.

gen temperatures, although there is little evidence for this under ambi-
ent-temperature conditions.

4. Discussion

The CrMnFeCoNi alloy, developed by Cantor and coworkers [2],
is almost certainly the most studied high-entropy alloy to date, prin-
cipally because it has been shown to display exceptional mechanical
properties of high strength, ductility and fracture toughness, which are
all increased at cryogenic temperatures [3,14—17]. Although the mech-
anisms underlying such behavior are complex involving a synergy of
differing deformation processes [16,33], a prime mechanism appears
to involve the onset of deformation nano-twinning at lower temper-
atures which serves to enhance strain hardening to promote strength
and ductility, the latter by delaying the onset of plastic instability or
necking [14-17]. In light of this, it is of interest that we show here
that similarly the fatigue-crack propagation resistance, specifically the
value of the AKj, fatigue threshold, is also increased at cryogenic
temperatures in this alloy. However, this effect, we believe, derives
from a completely different mechanism, that of the enhancement of
(roughness-induced) crack closure at lower temperatures due to the
onset of a rougher, more facetted, intergranular fatigue fracture mode.
Irrespective of the prevailing mechanisms though, the damage-tol-
erant properties of the CrMnFeCoNi high-entropy alloy, with re-
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spect to both subcritical cracking (fatigue) resistance and the
crack-initiation and growth fracture toughnesses at tensile strengths
exceeding 1 GPa [14-19], are exceptional and comparable, or even ex-
ceed, the best metallic structural materials reported to date. Indeed, the
Cantor alloy shows outstanding promise for numerous structural ap-
plications, particularly under cryogenic conditions.

5. Conclusions

Based on an experimental study of fatigue-crack propagation in the
equiatomic Cantor high-entropy alloy, comprising a face-centered cu-
bic CrMnFeCoNi solid solution with ~7 um grain size, as a function
of load ratio (R=0.1 to 0.7) at temperatures between 293 and 77K, the
following conclusions can be made:

e In the mid-range of growth rates, above 10 °m/cycle, the Paris
power-law exponents for all temperatures and load ratios were
largely in the characteristic range of m~2 to 4, consistent with
observations of fatigue striations. As noted previously, such fa-
tigue-crack growth behavior in this HEA is comparable to that of
traditional metallic alloys with tensile strengths of the order of
1 GPa.

e Fatigue-crack propagation resistance, in terms of lower growth rates
at a given AK, and higher values of the AK,, fatigue thresholds,
was increased with decrease in temperature, with the effect be-
ing progressively enhanced at near-threshold levels. Indeed, AKy,
values, which ranged from 6.3 to 2.5MPa\/m at load ratios

AK~13 MPaVm

A’K ~ 7.8'MP

»
7

' )

| .1/'
4

Fig. 4. Striations and other microfeatures observed in higher R-ratio fatigue-crack growth testing of the CrMnFeCoNi HEA. Images (a) and (b) are 198K tested samples at
R=0.4 and 0.7, respectively; images (c) and (d) are 293 Kat R=0.4 and 0.7, respectively. Striations featured prominently on the fracture surfaces of samples of all loading states, with
particular prominence at higher AK levels, as this corresponds to higher crack-growth rates and thus larger striation spacings. Additionally, striations were found at lower AK levels
at ambient temperature, and again appeared to be more prominent at the higher R-ratios.

between 0.1 and 0.7, were respectively 31% and 12% higher at
198K than at 293 K. Again, these values are typical for traditional
metallic alloys at this strength range.

Crack closure was found to occur during fatigue-crack growth, and
was assessed using compliance techniques in measurements of the
closure stress intensity, K. As measured closure levels were higher
at the lower temperatures, in accordance with crack wedging due to
a more facetted intergranular crack path, we believe that the more
prominent occurrence of this mode of crack-tip shielding was the
main factor underlying the increased fatigue resistance of this alloy
at the lower temperatures. This conclusion is consistent with obser-
vations that the beneficial effect of cryogenic temperatures was en-
hanced at lower growth rates where the crack-tip opening displace-
ments are smaller.

Characteristic of most metallic materials, crack-growth rates were
increased with increase in load ratio, with the effect being more pro-
nounced at progressively decreasing growth rates. Indeed, for tem-
peratures of 293 and 198K, values of the AK,, fatigue thresholds
were some 2 to 3 times higher at R=0.1 than at R=0.7. Again, such
behavior was found to be consistent with crack closure phenomena,
principally due (at a given AK) to the larger crack-tip opening dis-
placements generated at high load ratios.

Although not observed at ambient temperatures, evidence was
found for cyclic deformation-induced nano-twinning during fa-
tigue-crack propagation in the CrMnFeCoNi alloy at 77K and load
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Fig. 5. Deformation mechanisms in the vicinity of the crack tip in the CrMnFeCoNi high-entropy alloy fatigue tested under R-ratios of 0.1 and 0.7 at 77 K. (a) Low-magnifi-
cation secondary electron (SE) images captured in the crack-tip regions on the sliced mid-plane section of the C(T) specimen. (b) High-magnification back-scattered electron (BSE)
images and electron-backscatter diffraction (EBSD) scans taken from the sample subjected to R=0.1 with AK~29 MPa\/ m (K. ~32 MPa\/ m). At higher AK levels, fracture is
predominately transgranular, but an intergranular faceted mode of fracture becomes more prominent as the growth rates are reduced. BSE scans reveal the formation of dislocation
cells and deformation nano-twins in the wake of the propagated crack within a region of 1-3 grains. The EBSD image, which is an overlaid map of inverse pole figure (IPF) and image
quality (IQ) clearly shows deformation-induced nano-twinning at 77 K. Nano-twinning is confirmed by line scans across the twin boundaries, showing the 60° misorientation angle
between the twin domain and the parent grain domain. (c) Corresponding BSE and EBSD images taken from the sample subjected to R=0.7 with AK~20 MPa\/ 'm show pronounced

nano-twinning and dislocation cells formed in the wake of the propagated crack.

ratios of 0.1 and 0.7. Compared to R=0.1, nano-twins were more
pronounced and thicker at R=0.7, likely due to the much higher
K ax Values under high R loading.
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