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Abstract

In this study, the fatigue characteristics of additively-formed multi-principal element
alloy (MPEA) of Co1.5CrFeNii sTio.sMoo.1 (CoCrFeNiTiMo alloy) were systematically
compared with conventional hot-rolled and additively-formed Alloy 718 nickel-based
super alloy, which have comparable mechanical properties. Evaluated fatigue properties
were the low- to high-cycle fatigue strengths of plane and notched specimens, and long /
short fatigue crack growth (FCG) resistance. The results showed the fatigue strength of
CoCrFeNiTiMo alloy to be comparable to that of Alloy 718 for smooth specimens,
while the fatigue strength of notched specimens was 50 % higher. Superior notch
fatigue strength can be quantitatively explained in terms of outstanding long fatigue
crack growth resistance. Regardless of load ratio, CoCrFeNiTiMo exhibits superior
FCG resistance that greatly surpasses that of conventional Fe and Ni alloys. In contrast,
the short FCG resistance of CoCrFeNiTiMo was comparable to that of Alloy 718,
which corresponds to the fatigue strength level of a smooth specimen. Investigation of
fatigue fracture surface and microscopic slip deformation morphology around the
fatigue crack indicates that CoCrFeNiTiMo alloy exhibits more planar slip deformation
than Alloy 718. Slip constraint stimulated by slip planarity appears to have an important

role in short and long FCG resistance when cracks cross grain boundaries.

Keywords: Multi-principal element alloy, Additive manufacturing, Fatigue, Short

fatigue crack, Slip planarity



1. Introduction

The alloying concept of high entropy alloys (HEAs) was first proposed by Cantor et
al. [1] and Yeh et al. [2] in 2004. HEAs are usually defined as solid-solution alloys
without intermetallic compounds, consisting of five or more elements with
concentrations of between 5 and 35 at.%. Multi-principal element alloys (MPEAs)
were proposed by Senkov et al. [3] to broaden the alloy variation of HEAs, allowing the
presence of secondary phases such as intermetallic precipitations in the solid solution
matrix. In this study, these alloys are hereinafter collectively referred to as MPEAs. The
outstanding mechanical properties of MPEAs have recently been reported [4,5]. One of
our authors has developed a precipitation-hardened CoCrFeNiTi-based MPEA,
Co1.5CrFeNii sTio.sMoo.1, which has excellent mechanical properties and corrosion
resistance [6—9]. This alloy was developed based on the HEAs proposed by Chou et al.,
[10,11] and is strengthened by precipitation hardening that is managed by solidification
control during the additive manufacturing process and post-heat treatments. It exhibits
outstanding mechanical properties, with a tensile strength that exceeds 1,500 MPa.
However, to be able to use this alloy as a structural material, it is necessary to
understand its fatigue property. This alloy is hereinafter referred to as CoCrFeNiTiMo
alloy.

A range of fatigue properties of MPEAs have been reported, which extend from
normal to excellent. For example, Ritchie et al. reported the outstanding fatigue crack
growth (FCQG) resistance of a CrCoNi Medium entropy alloy under cryogenic
conditions [12]. More recently, Li et al. reviewed and re-organized the published fatigue
data for MPEAs [13]. They report the ratio between high cycle fatigue strength and

tensile strength of MPEAS to be distributed from 0.3 - 0.5, which is comparable to the



usual proportional ratio of fatigue strength of conventional steels, titanium and
aluminium alloys [14—16]. In contrast, the FCG data showed 4K — da/dN in MPEAs to
be widely distributed but included excellent FCG resistance [17].

One of the possible unique features related to the fatigue performance of MPEAs is
variable stacking fault energy (SFE) which affects deformation mechanisms such as slip
planarity and twinning [18]. Several reports have focused on this problem, since
MPEAs potentially have a wide range of SFEs [19]. This type of deformation
mechanism is likely to affect fatigue behaviour, since microscopic fatigue crack
initiation and growth mechanisms are governed by slip deformation [20,21]. For
example, Koyama et al. report that planar slip leads to intermittent crack initiation ahead
of the fatigue crack tip [22]. Although it has long been observed that slip planarity
influences fatigue behaviour [22-24], systematic investigation is still lacking. For
example, the effect of slip planarity on fatigue properties, such as high cycle fatigue
property and FCG property, have usually been discussed as individual cases.
Comparative studies which use materials that have similar mechanical strength level are
rare, although fatigue property appears to be closely related to tensile and yielding
strengths. In addition, the short fatigue crack growth behaviour of MPEAs, which is a
fundamental damage process in fatigue failure [25] has rarely been reported.

In our experiments, the tensile strength level of CoCrFeNiTiMo alloy was
comparable to that of Ni-based superalloys such as Alloy 718; however,
CoCrFeNiTiMo alloy appears to exhibit more planar slip due to lower SFE caused by
its higher Co content [26]. In this study, to reveal the individual features of the fatigue

property of MPEAs and their metallurgical background, a systematic fatigue evaluation



of CoCrFeNiTiMo alloy and Alloy 718 was conducted from the perspective of the

effect of slip planarity on fatigue properties.

2. Materials

The materials used in this study were CoCrFeNiTiMo alloy and Ni-based Alloy
718. CoCrFeNiTiMo alloy has a face-centred-cubic (y) matrix and includes
strengthening nanoprecipitates such as ordered L 12 crystal structure (y") [7,9]. For Alloy
718, commercial hot-rolled plate and additively-formed samples were prepared for
comparison. Table 1 shows the nominal alloy compositions of these alloys. Additively-
formed samples were fabricated using the selective laser melting (SLM) feature of an
EOS M290 3D printer. Table 2 shows the SLM building conditions. The fatigue
specimen samples were fabricated as rectangular parallelepipeds. All the samples were
heat-treated before machining as fatigue specimens. CoCrFeNiTiMo alloy samples were
solution heat-treated at 1120 °C for 1 hour followed by gas quenching in nitrogen. The
products were subjected to aging heat treatment at 620 °C for 8 hours in an atmospheric
furnace. For hot-rolled and additively-formed Alloy 718, subsequent solution treatment
was performed at 980 °C for 1 hour followed by cooling in air, then double aging at 720
°C for 8 hours, and cooling to 620 °C at 50 °C/hour. The sample was then held for 8
hours at 620 °C in a vacuum furnace.

Figures 1 and 2 show microstructure images and inverse pole figure (IPF) maps of
electron backscatter diffraction (EBSD) analysis of used alloys. CoCrFeNiTiMo alloy
and hot-rolled Alloy 718 has equiaxed grains. The crystallographic texture, which

affects fatigue property [27,28], was not observed in these materials. Average grain size



as evaluated using EBSD data based on fractions of rolled Alloy 718, additively-formed

Alloy 718 and CoCrFeNiTiMo alloy, the were 32, 57 and 56 um respectively.

Table 1. Nominal alloy composition (wt.%)

Material Co | Ni Fe Cr | Nb | Mo | Al Ti Ta Si | Mn P S C B
Hot-rolled
- | Bal | 184 | 183 | 5.14 | 3.00 | 0.46 | 098 | - | 0.11 | 0.09 |0.007 [0.0002] 0.030 | 0.001
Alloy 718
Alloy 718 - | BaL {201 | 170|541 ]310]050] 094 - |o0.01]<0.01]<0.001]0.0002] 0.058| -
powder
CoCrFeNiTiMo | p [ o35 | 139 | 175 | - |388| - |364|308] - . . - - o010
powder

Table 2. Building conditions of SLM

Material Equipment Building conditions
Layer thickness: 0.04 mm, Hatch spacing: 0.11 mm, Pre-heat
Alloy 718 EOS M290 temperature: 80 °C, Lasor power: 285 W, Scanning speed: 980 mm/s
. Layer thickness: 0.04 mm, Hatch spacing: 0.09 mm, Pre-heat
CoCrFeNiTiMo | EOS M290 \temperature: 80 °C, Laser power: 300 W, Scanning speed: 1300 mm/s

Figure 1. Microstructure images of a) hot-rolled Alloy 718, b) additively-formed Alloy

718 and ¢) CoCrFeNiTiMo alloy



Figure 2. IPF map images for a) hot-rolled Alloy 718, b) additively-formed Alloy 718

and ¢) CoCrFeNiTiMo alloy

3. Testing procedure

In this study, compact tension (CT) specimens were subjected to axial loading
fatigue testing and crack growth testing. The axial-loaded fatigue tests were conducted
using a servo hydraulic-type fatigue testing machine under load-controlled conditions
with a stress ratio of —1. As shown in Fig. 3, three types of specimens were used in
axial-loaded fatigue tests. The specimen surfaces in Fig. 3 a) were polished with emery
paper from grades 240 - 600 in the longitudinal direction. The hatched area of the
specimen in Fig. 3 b) was chemically etched after mirror polishing to remove the work-
hardened layer and to reveal its microstructure for in situ observation. The stress
concentration factor of the notch root of Fig. 3 ¢) was about 4.9. Axial strain-controlled
incremental step tests [29] were also conducted to evaluate cyclic yielding strength
using the specimen shown in Fig. 3 a). The gage length was 3 mm and strain rate was 5
x 1073/s in the strain-controlled fatigue test. The other testing conditions were the same

as in our previous study [30].



Long fatigue crack growth tests were conducted using the back face strain gage
method by using compact tension (CT) specimens according to ASTM E647 [31]. The
CT specimen size used in this study was W = 48 mm and 8 mm thickness. The accuracy
of crack length measurements was confirmed and corrected by checking the fatigue
fracture surface after the crack growth test. Short fatigue crack initiation and growth
behaviour was observed with the specimen type shown in Fig 3 b) using an in-house-
designed automatic microscope observation system [32]. For this observation,
panoramic images of specimen surfaces were automatically captured at regular intervals
of fatigue cycles during fatigue testing to detect microscopic initial fatigue cracks.

The loading directions in the axial loading fatigue test were the same as the building
direction (BD) of additively-formed specimens. The CT MPEA specimens were
prepared with three BDs: the transverse direction (TD) and 45-degree diagonal
directions (DD) to confirm FCG anisotropy.

After the fatigue tests, microscopic details were partly observed with EBSD and
Electron Channelling Contrast (ECC) by using JEOL JSM-7900F. ECC observations
were conducted by using a backscattered-electron detector operating at accelerating

voltage of 20 kV and working distance of 4.0 mm.



a) S
Type A & e
o T L o |
: Y
15
b R20
Type B - )
i /[R20
| _R40
~ !
o 3 T
B S — ;o N
/ﬂ‘f:
8 !
(76)
c) Type C g 60°
B e Y
N
\ @) | 3| ife,
) |

Figure 3. Specimen configurations of a) emery-polished specimen, b) chemically-

etched specimen for in situ observation and c) notched specimen.

4. Results
4.1 Monotonic and cyclic yielding strength

Table 3 shows the mechanical properties and Figure 4 shows the monotonic and
cyclic stress strain relations. As shown in the Table 3, the tensile strength and Young’s
modulus of CoCrFeNiTiMo alloy were comparable to those for Alloy 718, and the
elastic and plastic anisotropy of CoCrFeNiTiMo alloy was small. As illustrated on the
Fig. 4 a), stress-strain curves of monotonic tensile tests were made from the data of
strain gage, gage length and cross head displacement for comparison. As shown in this
figure, CoCrFeNiTiMo alloy exhibit large work hardening compared to Alloy 718.
Large work hardening is one of the feature of the material which appears planar slip
deformation [33]. Although the monotonic 0.2 % proof strength of CoCrFeNiTiMo
alloy was slightly lower than that of Alloy 718, the cyclic yielding strength, as shown in

Fig. 4 b), was comparable to that of Alloy 718, since Alloy 718 exhibited cyclic



softening during strain-controlled fatigue testing. High-cycle fatigue strength is usually

related to tensile strength or cyclic yielding strength [14—16]. Hence, future comparative

studies will be able to evaluate the fatigue features of MPEAs, such as the effect of slip

planarity, separately from their mechanical properties.

Table 3. Mechanical properties

0 .
g’rzoo/;. Utletrllrsr;?;e Elong  Reduction *Young’s
. Loading ation of area Modulus
Material direction  Strength  strength
MPa MPa % % GPa
Rolling
Hot-rolled Alloy 718 .. 1146 1367 27 41 210
direction
Additively-formed Building
Alloy 718 direction 17 1350 24 38 200
Building 901 1359 39 44 222
direction
CoCrFeNiTiMo Trgnsv;rse 914 1382 39 45 208
alloy direction
Diagonal =4 ¢ 1384 37 44 225
direction

*Evaluated from stress-strain curves of tensile tests
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Figure 4. Stress strain relationship for a) monotonic and b) cyclic loading

4.2 Fatigue strength and long fatigue crack growth property

Figure 5 is an S-N diagram that includes the three types of specimens shown in
Figure 3. The S-N curve of rolled Alloy 718 and additively-formed Alloy 718 were
almost the same regardless of specimen type. Fatigue data on Alloy 718 for smooth
specimens were partly reported in our previous work [27]. The fatigue strength of
CoCrFeNiTiMo alloy for smooth type A and B specimens in Fig. 3 were comparable to
that of Alloy 718, while that of the type C notched specimen was 50 % higher than that
of Alloy 718. It is worthy of note that the fatigue strength of etched smooth specimens
was lower than that of polished smooth specimens because the work-hardening layer

had been removed by buff polishing and chemical etching.
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Figure 6 shows the long fatigue crack growth properties of the three materials. The
K decreasing and increasing FCG tests were conducted under a load ratio of R = 0.1.
More data for higher load ratios were obtained in the K decreasing test. As shown in this
figure, the CoCrFeNiTiMo alloy exhibits far better crack growth resistance than Alloy
718, regardless of load ratio. 4K was higher and the fatigue crack growth rate (FCGR)
was slower than with Alloy 718. FCGR anisotropy was not observed in this alloy. The
FCGR of rolled and additively-formed Alloy 718 was comparable. The fatigue strength
gap with the notched specimen shown in Fig. 5 therefore corresponds to the FCGR
properties of the CT specimens.

Figure 7 represents the relationship between 4K, stress ratio and maximum stress
intensity of Kmax. The data range for a hundred Fe and Ni alloys as organized by Liaw et
al. [34] is also represented in Fig. 7a). As shown in this figure, the 4Ky, value of
CoCrFeNiTiMo alloy was much higher than that of any other Fe and Ni alloys. Figure 7
b) shows Kmax versus AKm. Vasudévan et al. proposed the existence of two regions, the
Kmax-constant region and the 4Kn-constant region, in long crack growth thresholds [35—
37]. As shown in Fig. 7 b), CoCrFeNiTiMo is superior to Alloy 718 in each region. In
the later high-R region, 4Kw appears to be the same as 4Kefrm. In other words, the
reason for the excellent long crack growth property of CoCrFeNiTiMo alloy cannot be
accounted for by the crack closure effect [38,39]. Work hardening difference in
monotonic tensile test possibly changes crack closure through the change of monotonic
plastic zone size while this is not enough to explain the FCGR resistance of

CoCrFeNiTiMo alloy.
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Figure 6. Long fatigue crack growth properties for variable load ratios measured using
CT specimens. MPEAs under conditions of R = 0.1 were tested using three loading

directions that correspond to the BD, DD and TD in the additive process specimens.
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4.3 Short fatigue crack growth behaviour

To understand the pattern of the S-N curve and long crack growth behaviour, the
surface short fatigue crack initiation and growth behaviours of Alloy 718 and
CoCrFeNiTiMo alloy were investigated, since the fatigue life of smooth specimens is
usually dictated by small fatigue crack growth life.

Figures 8 and 9 show examples of microscopic crack initiation behaviours for rolled
Alloy 718 and CoCrFeNiTiMo alloy. White arrows indicate the crack tip positions of
each image. In this study, all observed fatigue cracks, including in additively-formed
specimens, were initiated from the microstructure, with no defects being observed at the
crack initiation area. Fatigue cracks appeared to form along slip planes in the early stage
of the fatigue cycle. During the fatigue cycle, fretting debris was generated from the

cracks.
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Figure 10 shows growth curves of SFCs (small fatigue cracks) at two different stress
amplitude levels. Fatigue cracks were first detected at about 5 - 38 % of total fatigue
life. Hence, the major proportion of the total fatigue life was accounted for by the crack
growth process. A greater number of fatigue cracks were initiated in CoCrFeNiTiMo
than in Alloy 718, so examples of sub crack growth behaviour are also plotted in Fig. 10
a). SFC growth rates are illustrated in Figure 11. The long crack data shown in Fig. 6 is
superimposed on this figure. Most SFC growth rates of the three materials were
comparable, whereas sub cracks in CoCrFeNiTiMo alloy grew more slowly than the
others. All SFC growth rates were faster than that for long cracks. The rolled Alloy 718
data shows that SFC growth rates gradually approached those of long cracks at high
load ratios as 4K increased. In contrast, the data for SFC growth rates in
CoCrFeNiTiMo were entirely different from those of long crack data.

The 4K - da/dN curve under high load ratios is usually the same as the 4Kefr- da/dN
curve; hence, the changes in SFC growth rates in Alloy 718 may have been chiefly
related to the crack closure effect. In contrast, the difference between the short and long
crack growth rates in CoCrFeNiTiMo appears too wide to be explained solely by the
crack closure effect. One other possible reason for the fast SFC growth rates is the
inhomogeneous chemical composition around the crack initiation area. This prompted
use to examine the distribution of the chemical composition around the crack initiation
area using energy-dispersive X-ray spectroscopy (EDS). As shown in Fig. 12, however,
no uneven composition was observed around the crack initiation area. It is necessary to
consider some other mechanism, such as the role of slip planarity, to explain these

experimental results.
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Eretting debris

Figure 8. Small fatigue crack initiation and growth behaviour of hot-rolled Alloy 718.

0. = 600 MPa, Nr= 1.3 x 10° cycles.

Fretting debris

Figure 9. Small fatigue crack initiation and growth behaviour of AM CoCrFeNiTiMo

alloy. g, = 600 MPa, Nr= 1.3 x 10° cycles.
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Figure 11. Growth rate of short fatigue cracks superimposed on the long crack data

shown in Fig. 6.
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Trace of fatigue crack

~ SEMimage |

Figure 12. Energy-dispersive X-ray spectroscopy (EDS) analysis around the fatigue

crack initiation area of Fig. 9.

4.4 Fracture surface morphology

The fatigue fracture surface morphologies of Alloy 718 and CoCrFeNiTiMo alloy
are represented in Figures 13 and 14 respectively. Figures a) and b) show observations
on CT specimens as long cracks, and Figs c) show observations on smooth specimens
as short cracks. All images were captured where the FCGR area was close to 1 x 10~
m/cycle. The fracture surface of CoCrFeNiTiMo alloy tends to show more large blocky
facets than Alloy 718. Here, if the FCGR curve changes due to the crack closure effect,
the fatigue fracture surface morphology should be the same if the FCGR is the same. As
shown in Fig. 13 a) to ¢) of Alloy 718, there were no obvious differences except for
fretting debris appearing on the smooth specimen. We therefore concluded the FCGR
curve of Alloy 718 for this region to vary in relation to the crack closure effect. In

contrast, the fatigue fracture surface of CoCrFeNiTiMo alloy tended to vary with the

18



testing conditions even though the FCGR values were the same. For example, as shown
in Fig. 14, larger facets appear to be more noticeable, especially under high road ratios.
It appears necessary to take into account factors other than crack closure to be able to

elucidate the FCG behaviour of CoCrFeNiTiMo alloy.

Rolled Alloy 718, da/ dN = 1 x 10 m/cycle, Crack growth direction : |

a) Long crack, R = 0.1, 4K = 12 MPa m®* b) Long crack, R = 0.8, 4K = 6 MPa m®3

Ay,

¢) Small crack, o, = 500 MPa, a = 0.12 mm, 4K = 6 MPa m**

N3 N oy

Figure 13. Fatigue fracture surface morphologies for rolled Alloy 718 observed in long
cracks in the CT specimens and small cracks in the smooth specimens for the same

FCGR area of 1 x 10~ m/cycle.
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CoCrFeNiTiMo alloy, da / dN = 1 x 10 m/cycle, Crack growth direction : |

a) Long crack, R = 0.1, 4K = 20 MPa m** b) Long crack, R = 0.7, 4K = 10 MPa m®* ) Small crack, o, = 500 MPa, a = 0.12 mm, 4K = 6 MPa m®*

Figure 14. Fatigue fracture surface morphologies in AM CoCrFeNiTiMo alloy

observed in long cracks in the CT specimens and small cracks in the smooth specimens

for the same FCGR area of 1 x 10~ m/cycle.

4.5 Microscopic deformation morphologies of short fatigue cracks

To clarify microscopic deformation behaviours during FCG, we conducted ECC
observations of incremental step fatigue test and cross-sectional SEM / EBSD analysis
of short fatigue cracks.

Figure 15 shows ECC images observed after incremental step fatigue tests, which
were shown in figure 4, of Alloy 718 and CoCrFeNiTiMo alloy. These images were
observed at the cross-section 1.5 mm away from the fracture surface. As shown in these
images, slip deformations related to the fatigue tests were revealed with ECC. The
yellow dotted lines in the figures indicate the trace of typical direction of slip lines. As
shown in Fig. 15 a), there were two different slip lines which intersected each other.

Hence, it is considered that primary and secondary slip systems were activated in Alloy

20



718. In contrast, CoCrFeNiTiMo alloy usually shows the grains which has slip traces
with single direction as shown in Fig. 15 b). It is considered that the secondary slip
system in CoCrFeNiTiMo alloy was less likely to be activated than that in Alloy 718
possibly due to the difference of slip planarity.

Figures 16 and 17 respectively show cross-sectional observations of short fatigue
cracks in rolled Alloy 718 and CoCrFeNiTiMo alloy. The observation samples were
prepared from sub cracks on the broken fatigue specimens. The cutting positions of the
samples were close to the centre of the surface crack length. The sample surfaces were
finished with a broad ion beam cross section polisher. The fatigue crack images were
captured using backscattered electron (BSE) imaging. Kernel average misorientation
(KAM) and grain orientation spread (GOS) maps were analysed with EBSD to reveal
slip deformation behaviour around the short fatigue cracks. The KAM value is normally
related to local deformation and the GOS value is related to the total deformation of the
grain. Koyama et al. reported that GOS value was proportional to the dislocation density
[40].

As shown in Fig. 16 c) and Fig. 17 ¢), the area of high KAM value for Alloy 718
was more broadly distributed than in the CoCrFeNiTiMo alloy. In addition, the GOS
values around the cracks in Alloy 718 were relatively higher than those for the
CoCrFeNiTiMo alloy. As shown in Fig. 17 ¢), there were few visible deformations
around the fatigue cracks in the CoCrFeNiTiMo alloy. It note that, part of the crack in
Fig. 17 propagated close to the boundaries, while these boundaries were consistent with
recrystallization twin boundary of FCC according to EBSD analysis. Fatigue crack of

FCC material usually formed in the slip band along twin boundary because which is
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{111} slip plane as well [41,42]. Therefore, fatigue crack in Fig. 17 possibly propagated
with slip deformation.

Figure 18 shows the microscopic morphology of the crack tip on the specimen
surface of CoCrFeNiTiMo alloy. As shown in this image, planar slip bands were
observed and fatigue cracks appear to have propagated along the slip plane.

These results indicate that slip deformation during SFCG of the CoCrFeNiTiMo
alloy appears to be more concentrated near the crack than seen in Alloy 718, possibly
due to the difference in slip planarity. This different planar slip deformation of

CoCrFeNiTiMo alloy is also likely to affect long fatigue crack growth.

& : Loading direction 2um

Figure 15. ECC images observed after incremental step fatigue tests for a) rolled Alloy
718 and b) CoCrFeNiTiMo alloy
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Figure 16. Cross-sectional observation of short fatigue crack for rolled Alloy 718 of a)
BSE image, b) IPF map, ¢) KAM map, and d) GOS map. g, = 600 MPa, Nr= 1.3 x 10°.
The solid line indicates the trace of the fatigue crack. The crack length from the surface

was about 0.19 mm.

Figure 17. Cross-sectional observations of a short fatigue crack in CoCrFeNiTiMo

alloy. a) BSE image, b) IPF map, ¢) KAM map, d) GOS map. . = 500 MPa, Nr= 6.5 x
10°. The solid line indicates the trace of the fatigue crack. The crack was about 0.26 mm

long and started from the surface.
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Figure 18. SEM image at the short fatigue crack tip of the specimen surface for
CoCrFeNiTiMo alloy. b) shows an enlargement of the boxed area in a). g. = 600 MPa,

Nr= 1.3 x 10° cycles.

5. Discussion
5. 1 Fatigue strength level of CoCrFeNiTiMo alloy

The fatigue data for CoCrFeNiTiMo alloy were first compared to empirical data and
equations. The fatigue limit 6w of smooth specimens is usually proportional to material
tensile strength og. Hence, it is not surprising that Alloy 718 and CoCrFeNiTiMo alloy,
which have similar tensile strength, showed comparable fatigue strength levels, as
illustrated the in S-N diagram in Figure 5. In addition, normal fatigue strength ratios of
ow / o under R =—1 are 0.53 for martensitic steels and 0.39 for austenitic stainless
steels [14]. These proportional coefficients of titanium [15] and aluminium alloys [16]
are also 0.53 and 0.39 respectively. As seen in Fig. 5, the fatigue strength ratios of

Alloy 718 and CoCrFeNiTiMo alloy were about 0.42 and 0.39, i.e., not inferior to
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conventional steels. In contrast, as shown in Fig. 5, CoCrFeNiTiMo exhibits far better
notch fatigue strength than Alloy 718, although the notch sensitivity of fatigue strength
is usually related to tensile strength level [43].

This superior notch fatigue strength was related to the very good long fatigue crack
growth resistance shown in Figs. 6 and 7. The stress concentration factor of the notch
root, Ki = 4.9, is large enough to regard the notch as a crack. Adopting a fracture
mechanics approach, empirical equations to estimate fatigue strength for sharp notch

[44,45] are expressed as

ap = 2 (2e)’ ).

T\ oy

and

Ky = = /Hfo, ),

where oy is the fatigue strength of a smooth specimen, own is the fatigue strength of a
notched specimen, and a is notch size. According to these equations, the notch fatigue
strength of rolled Alloy 718 and CoCrFeNiTiMo alloy calculated with AKwm of R = 0.1
were 123 and 188 MPa respectively, which corresponds to the tensile part of the stress
amplitude when R = —1. These calculated values were very close to the experimental
results. Note that notch fatigue strengths of high strength steels were usually below 100
MPa, because 4K, decreases as tensile strength increases [46]. Hence the excellent
notch fatigue strength of CoCrFeNiTiMo alloy is to be expected in the context of its
outstanding long fatigue crack growth property. In other words, the level of long fatigue
crack growth resistance was higher than anticipated.

As shown in Fig. 7, 4Kw of CoCrFeNiTiMo was clearly higher than the data

distribution range of Fe and Ni alloys which includes more than a hundred items of 4K
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data organized by Liaw et al. [34]. They also organized published FCG data of HEAs
which have 4K, values distributed from 2 - 17 MPa m®> [13]. According to their
evaluation, dual phase FCC + BCC HEAs [17] showed the highest level of FCG
resistance, as seen superimposed on Figure 6. As can also be seen in Fig. 6,
CoCrFeNiTiMo alloy exhibited FCG resistance comparable to these dual phase HEAs.
In other words, CoCrFeNiTiMo alloy has the highest level of FCG resistance ever
officially published. Note that FCGR is normally related to Young’s modulus [47]. The

Young’s modulus of CoCrFeNiTiMo was 222 GPa, comparable to that of Alloy 718.

5. 2 Effect of slip planarity on long and short fatigue crack growth property

In contrast to that of long cracks, short fatigue crack growth resistance of
CoCrFeNiTiMo was comparable to that of Alloy 718, as shown in Figs. 10 and 11. It is
possible that one critical difference between these two alloys is slip planarity. Slip
planarity possibly changes the crack tip deformation mode and leads to the formation of
flat facets on the fracture surface. To understand the above complex difference between
long and short FCG behaviour, the effects of slip planarity are discussed here.

Slip planarity is related to stacking fault energy (SFE). The slip system, grain size,
and precipitation hardening also affect slip planarity [48]. Slip deformation of
CoCrFeNiTiMo appears to be more planar than that of Alloy 718 because the SFE of
CoCrFeNiTiMo, which has a higher Co content, appears to be lower than that of Alloy
718; the SFE value at room temperature, calculated using JMatPro® commercial
software, was 47 mJ/m? for CoCrFeNiTiMo and 202 mJ/m? for Alloy 718. In this
software, SFE is calculated based on Gibbs free energy difference between FCC and

HCP structures by using the CALculation of PHAse Diagrams (CALPHAD) technique
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[49,50]. It therefore appears that flat microstructural facets, which indicate the
limitations of crack growth paths, appear in greater numbers on the fatigue fracture
surface of CoCrFeNiTiMo than on Alloy 718, as shown in Figs. 13 and 14. According
to our previous study, the flat facets on the fatigue fracture surface were on the {111}
slip plane [51]. Planar cracks in CoCrFeNiTiMo alloy propagating along the slip band
were in fact observed, as shown in Figure 18. In addition, the few deformations around
the fatigue crack in the CoCrFeNiTiMo alloy shown in Fig. 17 indicate that the fatigue
crack propagated along a limited slip plane. Koyama et al. pointed out that high slip
planarity tends to direct the fatigue crack growth path to the slip plane [22].
Furthermore, cyclic slip morphology shown in Fig. 15 also supported the slip planarity
of CoCrFeNiTiMo alloy. Hence, it appears that the fatigue crack of CoCrFeNiTiMo
alloy propagated with more planar slip deformation than that of Alloy 718.

Several reports deal with the effect of slip planarity on fatigue property. Murayama
et al. demonstrated that the 4K of long fatigue cracks increases as SFE decreases due
to the effects of slip planarity on adding Mo and N to austenitic stainless steel [52].
Seifi et al. reported on the excellent 4Ky of HEA and its flat microstructural facets on
fatigue fracture surfaces [17]. Vasudevan et al. also pointed out, after evaluating a mass
of published FCG data, that the FCG resistance of planar slip material is usually higher
than that of homogeneous slip material [48].

Zhang et al. examined the effect of Cr content on the fatigue strength of smooth Ni-
Cr alloy specimens, focusing on changes in SFE [53]. According to their experimental
study, the fatigue strength / tensile strength ratio remained constant even though the
SFE and fatigue strength varied as a function of Cr content. Further, Koyama et al.

investigated fatigue behaviour of stainless steel and HEA [22] which exhibit planar slip,
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but their fatigue strengths were able to be normalized with tensile strength. Li et al. also
reported that the fatigue strength ratio, and fatigue strength / tensile strength in more
than ten published data sets on HEA were mainly distributed around 0.33 - 0.36
provided that ultrafine grained material was excluded [13]. This fatigue strength ratio of
HEA is at a normal level compared to conventional steels, unlike long crack growth
resistance.

Based on the above previous reports, it is possible to state that higher slip planarity
increases long crack growth resistance but does not contribute to SFC growth resistance,
which is related to fatigue strength, in smooth specimens. The gap between short and
long fatigue crack growth behaviour seen in our experimental results would therefore be
expected.

One possible explanation that would illuminate the effects of slip planarity on short
and long fatigue crack growth properties is slip constraint due to adjoint grains. Figure
19 shows the schematics of the growth path of two typical cracks across a grain
boundary. This figure assumes crack growth along slip planes. The twisted angle 8 and
w of two adjoint slip planes is important in directing the crack path if it crosses the grain
boundary. From the perspective of slip transfer, Jimenez et al. demonstrated, based on
three-dimensional analysis, that the slip plane which minimizes # and y was the most
likely fatigue crack path [54]. This crack growth resistance is schematically described in
Figure 19. When the twisted angle of  is small, cracks readily move on to the adjoint
slip plane of the next grain, as shown in Fig. 19 a). In contrast, if the two slip planes are
twisted, as in Fig. 19 b), the crack is likely to grow along a complex path to fill the
geometrical gap that results from the angle 8. As a result, the FCG resistance of the

growth path shown in Fig. 19 b) should greater than that of Fig. 19 a).
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Short fatigue cracks are therefore considered to have a higher probability of
realizing the state shown in Fig. 19 a) because a crack initiated in the weakest part of
the specimen should grow preferentially. If several short fatigue cracks initiate in the
specimen, the crack should grow faster if the state in Fig. 19 a) has been realized. In
contrast, a long crack will potentially have a larger area that is in the state shown in Fig.
19 b) because the crack tip includes a larger number of grains than does a short crack.
We conclude that planar slip in CoCrFeNiTiMo alloy increases the FCG resistance of
the state shown in Fig. 19 b) only, because when a cross slip is suppressed due to planar
slip of CoCrFeNiTiMo alloy, it makes it more difficult to fill the angle gap shown in
Fig. 19 b). In contrast, it appears relatively easy to fill the gap in Alloy 718 due to its
high SFE which possibly facilitates cross slip. On the other hand, the effect of slip
planarity on FCG resistance in the state in Fig. 19 a) appears to be small. In fact, the
SFCG rate of CoCrFeNiTiMo and Alloy 718 was comparable. Slow FCG of sub cracks
were observed in CoCrFeNiTiMo alloy probably because the crack tip, by chance,
reaches the state in Fig. 19 b) as the crack grows. These explanations are summarized in
Table 4. This is a new and unique concept that explains the effect of slip planarity on
fatigue property.

We believe that the explanation above is the reason why long fatigue cracks in
CoCrFeNiTiMo alloy exhibited excellent FCG resistance while short FCG resistance
was at the normal level from the perspective of slip planarity. Taking into consideration
the recent rapid improvements in HEAs, the effect of slip planarity on fatigue property
has become increasingly important. This study successfully demonstrates and explains
the unique fatigue feature of CoCrFeNiTiMo and the effect of slip planarity by using

systematic fatigue data obtained for the first time. Short and long FCG data from the
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perspective of slip planarity, the first ever to be obtained, was necessary to elucidate the
complex effects of planar slip. More detailed observation of slip deformation, such as

slip planarity or dislocation morphology, related to FCG will be found in the next issue.
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Figure 19. Schematics of two typical crack growth paths across a grain boundary for a)
continuous slip plane and b) twisted slip plane. Short and long fatigue cracks potentially

close to the state of a) and b) respectively.
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Table 4. Summary of the possible relationship of crack character in Fig. 19, short / long

FCG regime and the effect of slip planarity

Continuous slip plane, Fig. 19 a) Twisted slip plane, Fig. 19 b)
Potentially appears in a short crack Will always appear in a

Potential to appear regime in relation to the weakest-link long crack regime which has numerous
theory. grains at the crack front.

) ) o Planar slip possibly inhibits FCG due to
Effect of slip Possibly negligible or enhances FCG as ) ) )
the constraint of cross slip when filling
planarity the slip concentration.
the gap of 0.
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6. Conclusions
In this study, the fatigue characteristics of additively-formed MPEAs of

CoCrFeNiTiMo were systematically compared with conventional hot-rolled and

additively-formed Alloy 718 nickel-based super alloys which have similar mechanical

properties. The following conclusions can be drawn.

1. The fatigue strength of CoCrFeNiTiMo alloy was comparable to that of Alloy 718
in smooth specimens, whereas that of the notched specimen was 50 % higher.

2. Regardless of load ratio, CoCrFeNiTiMo exhibited superior FCG resistance that
greatly surpassed that of conventional Fe and Ni alloys. In contrast, the short FCG
resistance of CoCrFeNiTiMo was comparable to that of Alloy 718.

3. Investigation of fatigue fracture surfaces and microscopic cross-sectional fatigue
cracks indicates that CoCrFeNiTiMo alloy exhibits more planar slip deformation
than Alloy 718.

4. The excellent notch fatigue strength of CoCrFeNiTiMo alloy quantitatively
corresponds to the AKw value for long crack data. In addition, CoCrFeNiTiMo
alloy has the highest level of FCG resistance ever officially published.

5. The gap between short and long FCG resistance of Alloy 718 and CoCrFeNiTiMo
alloy was successfully explained in terms of the slip constraint stimulated by slip

planarity when fatigue cracks extend across grain boundaries.
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