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ARTICLE INFO ABSTRACT

Keywords: The influence of vacuum arc melting and mechanical processing (wrought) versus additive manufacturing (AM)
CrCoNi on the creep behavior of multi-principal element alloys (MPEA) is investigated in this study. Annealed wrought
Cree]? L and hot isostatically pressed (HIP) AM CrCoNi were creep tested under constant tensile stress of 40 to 200 MPa at
I(\)A;l;grmmpal element alloys temperatures of 1023 to 1173 K. Stress exponents of 4.5 + 0.2 and 5.9 + 0.1 and activation energies ranging

from 240 to 259 and 320 to 331 kJ/mol were found for wrought and AM CrCoNi, respectively. The results
indicate that the AM material exhibits superior creep resistance and inferior creep ductility compared to the
wrought alloy. This difference is attributed to the AM material having a higher percentage of Cr-rich oxides, a
smaller total low angle grain boundary (LAGB) length on a percentage basis, and a greater total twin boundary
(TB) length on a percentage basis. The AM and wrought materials have similar grain sizes; however, the smaller
LAGB length and greater TB length in the AM material reduce slip transmission on the other side of the
boundaries and contribute to strength. The dislocation structures of the AM and wrought materials consist of
individual curved dislocations with dislocation multijunctions and jogs, which is similar to the arrangements
previously observed in CrMnFeCoNi.

Grain boundaries

1. Introduction

Multi-principal element alloys (MPEA) are materials in which three
to five elements are present at high concentrations and often in roughly
equal proportions. The most extensively studied FCC MPEAs are
equiatomic CrMnFeCoNi (Cantor alloy) and a derivative, CrCoNi, which
have been proven to exhibit excellent room temperature and cryogenic
strength and ductility [1-4]. Studies have shown that CrMnCoNi has the
highest yield strength, and the Cantor alloy achieves the highest
ductility, whereas CrCoNi displays the best combination of strength,
ductility, and damage tolerance [5,6]. This favorable combination of
properties has been attributed to the formation of nanotwin-HCP
lamellae that partition grains into much smaller structural units that
can sustain large lattice rotations and contribute to extensive strain
hardening [4]. However, limited resistance to deformation at high
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temperatures has constrained the range of applications of MPEAs to date
[7-10].

In order to enhance high temperature and other material properties,
several investigators have added Ti, Al, and other elements to essentially
create high entropy superalloys similar to conventional Ni-based su-
peralloys [11-15]. However, this method does not take full advantage of
the unique aspects of MPEA compositions. As an alternative, a recent
study by Hadraba, et al. of oxide dispersion strengthened (ODS) Cantor
alloy has shown that it is possible to retain the MPEA matrix with the
addition of dispersoids to provide good high temperature strength.
Hadraba, et al. fabricated the ODS alloy by adding O gas, Y, and Ti to
the blend of Cantor alloy powders during mechanical alloying and
subsequently spark plasma sintered the alloyed powders [16]. Recently,
Smith, et al. have successfully used laser powder bed fusion (L-PBF) of
acoustically mixed yttria coated CrCoNi particles to create additively
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manufactured (AM) ODS CrCoNi [17]. With the advancement of AM as a
novel economically viable method for combining the dispersoids and
metal matrix, the new feasibility of dispersion strengthening makes it an
excellent solution for overcoming the high temperature limitations of
FCC MPEAs.

It is well known that processing methods such as vacuum arc melting
(VAM), spark plasma sintering (SPS), and AM produce alloys with
varying mechanical properties. Yang, et al. investigated processing ef-
fects of VAM, SPS, and hot-press sintering on an FeCrNiAl medium en-
tropy alloy and found significant differences in microstructure,
mechanical properties, and strengthening mechanisms among the
methods [18]. However, the effect of processing methods on tensile
creep properties has not been investigated thus far. To address this
shortcoming and as a first step toward understanding the matrix prop-
erties of potential ODS MPEAs, this study focuses on a comparison of the
initial and deformed microstructures, creep properties, and failure
mechanisms of wrought and AM CrCoNi.

2. Experimental methods

Wrought CrCoNi was fabricated by arc-melting and drop casting
under pure Ar atmosphere. The arc-melted buttons were flipped,
remelted five times to promote homogeneity, and drop cast into a copper
mold, similar to the process described for the Cantor alloy by Otto, et al.
[19]. After casting, the material was homogenized under vacuum at
1473 K for 24 h. It then underwent a ~95 % thickness reduction via cold
rolling to a final thickness of 1 mm. The AM CrCoNi was fabricated by
L-PBF of pre-alloyed equiatomic CrCoNi powder with a diameter range
between 10 - 45 pm, as described by Smith, et al. [17]. Two 99.9 % dense
blanks of AM CrCoNi with a geometry of 88.9 (L) x 15.88 (W) x 15.88 (T)
mm were fabricated in a single build and then HIPed at 1458 K to relieve
residual stress, remove any defects caused from the AM process, and
form a more equiaxed grain structure.

The compositions of the two materials were measured by solid state
infrared absorption using a LECO CS-444-LS carbon/sulfur determinator
and by inert gas fusion in a LECO TC-436 nitrogen/oxygen determinator,
both with resolutions of less than 1 ppm per element. A Varian Vista Pro-
Inductively Coupled Plasma Emission Spectrometer was used to measure
the metallic elements. The compositions of both materials are listed in
Table 1. The data include common elements that are known to affect
ductility of nickel-based superalloys. As shown in the table, the levels of
sulfur, carbon, nitrogen, and magnesium are low and essentially the
same in the two alloys. However, the AM material contains a greater
concentration of oxygen, which was most likely present on the surfaces
of the starting powders or introduced in the build chamber.

Tensile creep specimens (Fig. 1), with 35.56 (L) x 2.54(W) x 1.00(T)
mm gage dimensions were electrical discharge machined from the
wrought sheet and AM builds. The wrought and AM CrCoNi specimens
were cut such that the tensile axis (Z-direction) is parallel to the rolling
and build directions, respectively. The wrought specimens were
annealed in vacuum at 1173 K for 6 h to achieve an average grain size
similar to that of the HIPed AM CrCoNi in order to limit the influence of
grain size in this study. Most of the AM specimens were tested in the
HIPed condition, but four additional AM specimens were annealed in
vacuum at 1173 K for 6 h to minimize initial dislocation density. All
specimens were polished using SiC papers to 600 grit on the surfaces and
edges of the gage sections to minimize the risk of surface defects influ-
encing the creep data.

Scanning electron microscopy (SEM) was performed on a Thermo
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Fig. 1. Isometric view of a creep specimen. All dimensions are in mm.

Fisher Quattro S SEM and an FEI Scios Dual Beam FIB/SEM equipped
with EDS and EBSD detectors. All microscopy samples were prepared by
grinding and polishing to 0.3 pm with an alumina suspension and then
vibropolishing with 0.05 pm colloidal silica for 4 h. The Quattro SEM
was used in backscatter electron (BSE) mode to characterize the frac-
tured specimens and grain morphologies. The Scios FIB/SEM was used
to characterize the atomic compositions of each material via energy
dispersive x-ray spectroscopy (EDS) and the grain orientations and
boundary misorientations via electron backscatter diffraction (EBSD).
EDS was performed at an operating voltage of 30 kV and EBSD was
performed at an operating voltage of 15 kV and step size of 0.8 pm. The
EBSD data were post-processed with MTEX (version 5.7.0) in MATLAB
following a procedure similar to that used by Broyles, et al. [20] such
that unreasonably small grains are removed and unindexed data points
are filled based on the orientations of their neighbors. Average grain size
was determined from the boundary misorientation maps using the line
intercept method and excluding twin boundaries (TB). Crystallite size,
as adopted from Schneider, et al., considers both annealing TBs and
grain boundaries [21], and was also determined using the line intercept
method on the boundary misorientation maps.

Transmission electron microscopy (TEM) samples in the YZ plane
were prepared by grinding and polishing the specimen gage surface to
1200 grit and less than 100 pm thickness. The TEM samples were then
twin jet polished using a Fischione Model 110 Automatic Twin-Jet
Electropolisher with a 70 % methanol, 20 % glycerol, and 10 %
perchloric acid solution. The dislocation structures of the crept speci-
mens were studied by TEM performed on a JEOL 3010 TEM at an
accelerating voltage of 300 kV and diffraction contrast imaging scanning
TEM (DCI-STEM) conducted on an FEI Tecnai S/TEM at an accelerating
voltage of 200 kV. Scanning TEM EDS (STEM-EDS) was performed on an
FEI TitanX to identify the composition of particles in the AM CrCoNi.

Constant stress tensile creep tests were performed under vacuum (<
3 x 107 torr) to avoid oxidation, following the procedures described by
Decker, et al. [21]. Tests were performed in the ranges of 1023-1173 K
and 40-200 MPa and were conducted until fracture to ensure each
specimen reached steady state creep. Two sets of interrupted tests were
also performed for each material. One set was terminated once steady
state had been achieved, and specimens were furnace cooled under load
to preserve the dislocation structure for TEM. The other set was termi-
nated at 4 % strain to compare the extent of cracking in the two mate-
rials at a common strain prior to fracture.

Table 1

Alloy Compositions of Key Elements in wt %.
MATERIAL Cr Co Ni C o N S Mg
Wrought CrCoNi 30.4 34.7 34.8 0.00125 0.0138 0.0005 0.00065 0.0020
AM CrCoNi 30.2 34.7 34.9 0.00125 0.0563 0.0038 0.00085 0.0030
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3. Results and discussion
3.1. Characterization of initial microstructure

Wrought and AM MPEAs have been observed to have a uniform
distribution of elements, however, verification of an evenly distributed
matrix of elements in both materials is critical to this comparative study
[22,23]. Hence, the initial chemical composition of both materials was
determined by SEM-EDS as shown in Fig. S1, where both were observed
to be equiatomic with a uniform distribution of the three principal el-
ements. The EBSD images and inverse pole figure (IPF) contour plots
displayed in Fig. 2 illustrate that there is minimal texture in both ma-
terials. The IPF contour plot shown for the AM material was generated
from the EBSD map of the YZ plane and is also representative of the IPF
contour plot of the EBSD map of the XY plane. Both materials have a
significant number of annealing twins, which is typical for this alloy [24,
25].

Fig. 3 shows the boundary misorientation plots of wrought CrCoNi,
XY AM CrCoNi, and YZ AM CrCoNi from which grain sizes and crystallite
sizes were determined. The grains in the wrought CrCoNi are equiaxed
with a grain size of 31.2 & 1.9 pm and a crystallite size of 13.8 + 2.1 pm.
The AM CrCoNi grains are slightly elongated in the build direction with
an irregular shape and aspect ratio of approximately 1.8:1 such that the
grain size is 74.3 £ 2.6 pm in the Z-direction of the YZ plane and 41.4 +
2.4 pm in the Y-direction of the YZ plane; the corresponding crystallite
sizes are 22.0 + 2.2 pym and 13.7 + 2.1 pm. As noted by Smith, et al., the

'\
.&\‘ WS
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HIP cycle has allowed grains in the AM CrCoNi to partially recrystallize
and become more equiaxed while retaining features typical of AM grain
morphologies [17]. Fig. 3(c) illustrates the smaller percentage of low
angle grain boundary (LAGB, colored blue) length in the YZ plane of the
AM material compared to the wrought material. The length percentages
of TB, high angle grain boundary (HAGB), and LAGB are quantified in
Table 2 for both materials. These boundaries are defined with misori-
entation angles of 60 + 3° (TBs), greater than 15° excluding TBs
(HAGBs), and 1 — 15° (LAGBs). Histograms of misorientation angles for
both materials are shown in Fig. S2. The HAGBs and LAGBs described
here exist in the material prior to creep deformation. Subgrain bound-
aries that form during creep by clustering of dislocations also have small
misorientation angles (typically 1° or less) but are distinct in origin and
nature from the pre-existing low angle grain boundaries.

3.2. Creep results

Representative creep curves at various temperatures and applied
stresses are presented in Fig. 4. Both materials display creep behavior
typical of pure metals and alloys that behave like pure metals with
distinct normal primary, secondary, and tertiary regions (although the
latter is difficult to see at the chosen scale of the plot for the applied
stress and temperature).

The power law equation (Eq. (1)) describes the relationship between
steady state creep rate, &gs, and applied stress, 6, where A is a material
constant that includes dislocation structure, Q¢ represents the creep
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Fig. 2. EBSD-IPF color maps and IPF contour plots of (a) wrought CrCoNi (b) AM CrCoNi.
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Table 2
Percentages of Total Low Angle Grain Boundary, High Angle Grain Boundary,
and Twin Boundary Length.

MATERIAL LAGB HAGB TB

Wrought CrCoNi 3.2% 41.9 % 54.9 %
AM CrCoNi (XY) 1.8% 39.4 % 58.8 %
AM CrCoNi (YZ) 0.9 % 25.8 % 73.3%

activation energy, R is the gas constant, and T is temperature [26].

Qc) )

Egg = Ao”exp( RT

Steady-state creep rates were obtained from the slopes of the sec-
ondary regions of the creep curves and plotted as a function of applied

stress to determine the stress exponents for each material; this rela-
tionship is shown on double logarithmic plots in Fig. 5. Stress exponents
of 4.5 + 0.2 and 5.9 + 0.1 were found for wrought and AM CrCoNi,
respectively. These values are generally in the range commonly associ-
ated with the dislocation climb mechanism of creep deformation and the
difference between them does not indicate a significant difference of
mechanism. By comparing the two plots in Fig. 5, it is clear that AM
CrCoNi exhibits a lower steady state creep rate than the wrought ma-
terial for all but the two most extreme combinations of temperature and
stress (200 MPa). To put these results in context, Fig. 6 provides a
comparison of the steady-state creep rates and applied stresses (Fig. 6
(a)) and applied stresses normalized by the temperature dependent
shear modulus (Fig. 6(b)) for wrought and AM CrCoNi along with data
for the wrought high entropy Cantor alloy reported by Zhang, et al. at a
single temperature of 1023 K [10]. These data illustrate that AM CrCoNi
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has better creep resistance than wrought, and both have better creep
resistance than the wrought Cantor alloy. The stress exponents of the
CrCoNi are also higher than those found in the Cantor alloy when tested
under similar conditions, implying that there may be different
rate-controlling creep deformation mechanisms between CrCoNi and the
Cantor alloy.

The activation energies of both materials were determined from a
semi-log plot of steady state creep rate vs 1/T as shown in Fig. 7. The
values range from 240 to 259 kJ/mol for wrought and 320-331 kJ/mol
for AM CrCoNi reflecting the better creep resistance of the AM material.
That is, at a given stress and temperature, the creep rate of the AM
material is lower than that observed in the wrought material. While the
activation energy for creep in the AM material agrees favorably with the
reported self-diffusion activation energy of 330 kJ/mol, that is not the
case for the wrought material which has a significantly lower creep
activation energy [27]. The creep activation energies of both CrCoNi
materials exceed that of the Cantor alloy, 219-236 kJ/mol [10].

Schneider, et al. reported that TBs contribute to boundary
strengthening in low stacking fault energy alloys, such as CrCoNi, on the
same scale as GBs [25]. Sun, et al. also found that TBs act as strong
barriers to dislocation motion and hence play a key role in enhancing the
creep resistance of CrCoNi [28]. In contrast, the orientation of grains on
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each side of a LAGB is similar, allowing a smaller dislocation pile-up
stress concentration in one grain to propagate deformation into the
second grain [29,30]. Since the wrought material has more than twice as
many LAGBs than the AM material, one reason for the difference in
creep rates at a given stress and temperature is that lower stresses are
required to propagate dislocation motion in the wrought material,
contributing to its higher steady state creep rate than AM CrCoNi.
Furthermore, as the stress increases, stronger barriers such as TBs are
overcome, reducing the difference between AM and wrought, leading to
a convergence of the data.

3.3. Dislocation structures of wrought and AM CrCoNi

In order to understand the origins of the difference in creep behav-
iors of wrought and AM CrCoNi, dislocation structures of the unde-
formed materials are presented in Figs. 8 and 9. The undeformed
wrought material (Fig. 8(a)) exhibits a very low dislocation density as a
result of the prior annealing (recrystallization) process. During the re-
covery stage of annealing, dislocation/dislocation annihilation and
dislocation absorption at grain boundaries leads to a decreased dislo-
cation density, which is further reduced during recrystallization. A twin

boundary is also observed in Fig. 8(a). In contrast, one region of the
dislocation structure in the undeformed AM material (Fig. 8(b)) reveals
a high dislocation density as well as (111) slip traces and stacking faults.
These dislocations are generated during the layer-by-layer build process
of AM because of differential thermal expansion/contraction during
heating and cooling of adjacent layers. Another region of the unde-
formed AM material (Fig. 9) shows a dislocation network, stacking fault
tetrahedra (SFT), and extended nodes. SFT were first observed by Silcox
and Hirsch in quenched gold and commonly originate from the collapse
of vacancy clusters [31]. The SFT in the AM material likely formed due
to the fast cooling rate of L-PBF which is similar to a quenching process.
Particles are also observed in Figs. 8(b) and 9 and are discussed in the
next section. Although both the wrought and AM materials were ther-
mally processed at similar temperatures, the additional pressure of the
HIPing process on the AM material does not allow for recovery of the
dislocation structure.

It is well known that in pure polycrystalline FCC metals the transition
from primary to secondary creep is caused by a decrease in mobile
dislocation density typically associated with dislocations clustering into
dense subgrain boundaries [32]. It is important to note that creep sub-
grain formation was not observed in either material, as is evident from

Fig. 8. Dislocation structure prior to creep testing of (a) wrought CrCoNi showing two dislocations (arrows 1) and a twin boundary (arrow 2) and (b) AM CrCoNi
showing a high dislocation density, (111) slip traces (arrows 3), and stacking faults (arrow 4).
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0.2 pm

Fig. 9. DCI-STEM images of the dislocation structure of uncrept AM CrCoNi showing a dislocation network, stacking fault tetrahedra (arrows 1), and extended nodes

(arrows 2).

Figs. 10-12, which show the dislocation structures of both materials
crept to steady state. Instead, the individual dislocations are broadly
curved and form multijunctions and jogs. Multijunctions are associated
with dislocation bowing from forest dislocation interactions and parti-
cles in the AM material. These arrangements are similar to the disloca-
tion structures observed in the Cantor alloy crept to steady state [10].
Slip bands blocked by boundaries are observed in Figs. 10 and 12; these
slip bands were not observed in the Cantor alloy. No evidence of slip
band emission from grain boundaries was observed. Additionally, these
blocked slip bands occur more frequently in the AM material. As seen in
Fig. 10, there are two sets of diffraction spots visible indicating that this
is a twin boundary. Also, unlike the Cantor alloy, the dislocation
structures of CrCoNi are not consistent with the room and cryogenic
temperature dislocation structures. The structure of wrought CrCoNi
deformed at room and cryogenic temperatures is characterized by the
glide of dislocations dissociated into Shockley partials with stacking
faults in between, and nanotwinning [33]. Some dislocations dissociated

into Shockley partials connected by stacking faults are observed in
Fig. 12, but these are much fewer in number than in the typical dislo-
cation structures observed following room and cryogenic temperature
deformation. Nanotwins are not expected to form at the relatively low
stresses involved in creep tests, and indeed none were observed [34].

3.4. Particle characterization in AM CrCoNi

Figs. 8(b), 9, 11, and 12, reveal that spherical and cuboidal particles
are present in the AM CrCoNi. STEM-EDS of the particles, as shown in
Fig. 13, indicates that they are Cr-rich oxides which have also been
observed in wrought CrCoNi by other authors [35,36]. There are three
distinct oxides in the AM material shown in Fig. 13. These oxides are
classified as bright cuboidal, dark cuboidal, and dark spherical based on
their physical appearance. The compositions of these oxides are reported
in Fig. 13 and reveal that the bright cuboidal oxides are CryO3 while the
other two are Cr-rich complex oxides. As observed qualitatively in the

Fig. 10. TEM images of dislocation structures in wrought CrCoNi crept to steady state at 1023 K and 80 MPa showing a slip band blocked by a twin boundary (arrow

1), multijunctions (arrows 2), and jogs (arrows 3).
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Fig. 11. TEM images of the dislocation structure in AM CrCoNi crept to steady state at 1023 K and 80 MPa, showing dislocation nucleation at an incoherent Cr,O3/
CrCoNi matrix interface (arrow 1), dislocation interactions with oxides such as detachment (arrow 2), multijunctions (arrows 3), and jogs (arrows 4).

-
.
~

Fig. 12. DCI-STEM images of the dislocation structure in AM CrCoNi crept to steady state at 1023 K and 80 MPa, showing slip bands blocked by a grain boundary
(arrows 1), dislocation generation at an incoherent Cr,03/CrCoNi matrix interface (arrow 2), and dislocation interactions with oxides such as bowing (arrow 3).

TEM images (Figs. 8-12), the fraction of Cr-rich oxides in AM CrCoNi is
much higher than in the wrought material, likely due to the oxygen
present on the powders prior to AM processing. It has also been specu-
lated that oxygen take-up occurs during laser melting because of the
presence of oxygen in the chamber [37]. The total area fraction of
Cr-rich oxides in the AM material was found to be 4 % as determined by
area measurements of 140+ particles over a total area of 74 pm? using
ImageJ. Assuming a uniform distribution of particles, the oxide volume
fraction is calculated to be 0.6 %. These incidental Cr-rich oxides are
another possible contributor to the superior creep resistance in the AM
CrCoNi compared to wrought. Fig. 11 illustrates that dislocations tend to
cluster near the oxides even though creep subgrains do not form. Indi-
vidual dislocations can also be seen interacting with particles in Figs. 11
and 12, both piling up at them and apparently detaching from them as in
the Rosler-Arzt model. These processes are characteristic of the

rate-controlling processes in dispersion strengthened metals [38-41]. In
addition, the CroO3/CrCoNi matrix interface is incoherent and serves as
a source of dislocations, as observed in Figs. 11 and 12, which is also
observed in ODS alloys [42]. The dislocation/oxide interactions are not
widespread and thus likely are not the primary deformation
rate-controlling mechanism in the AM material. However, the oxides
limit the glide distance of mobile dislocations after overcoming an
obstacle and thus contribute to the lower steady state creep rates in the
AM alloy. Additionally, these interactions may still inhibit creep defor-
mation and thereby increase creep resistance in the AM CrCoNi, despite
the present alloy not being designed to include strengthening particles.

3.5. Fracture characteristics after creep in wrought and AM CrCoNi

The average creep ductilities of wrought and AM CrCoNi were 17.5



G. Sahragard-Monfared et al.

Acta Materialia 261 (2023) 119403

Bright Cuboidal Dark Cuboidal Dark Spherical
Element Atomic % Element Atomic % Element Atomic %
Cr 37.62 Cr 40.24 Cr 39.21
(0] 59.26 O 32.42 O 9.84
Co 1.88 Co 13.82 Co 25.86
Ni 1.24 Ni 13:52 Ni 25.10

Fig. 13. STEM-EDS of Cr-rich oxides in AM CrCoNi and their corresponding atomic percentage.

+ 1.9 % and 7.2 + 0.8 %, respectively. The lower creep ductility of the
AM material stems from (1) the higher volume fraction of oxides acting
as cavity nucleation sites, (2) the lower LAGB length percentage limiting
easy propagation of deformation across grain boundaries, and (3) the
higher TB length percentage limiting the number of dislocation source at
boundaries, thereby reducing the possibility of slip transmission on the
other side of the boundary. Trace impurity levels are similar in the two
materials (except for the oxygen that forms oxides in the AM material),
hence cannot explain the difference in ductility. It is well known that,
during creep deformation, dislocation pile-ups against GBs (Zener-Stroh
mechanism), as well as hard particles on GBs lead to the nucleation of
voids which coalesce and result in intergranular fracture [43-47]. As
demonstrated by Dyson, creep ductility decreases as the rate of cavity
production increases [48]. The fracture surfaces of wrought and AM
CrCoNi in Fig. 14 illustrate that the higher volume fraction of oxides in
the AM material causes numerous small cavities to nucleate, which then
coalesce leading to fracture at a lower ductility than the wrought ma-
terial. Additionally, the lower LAGB length percentage in the AM ma-
terial causes the Zener-Stroh mechanism to be more prevalent than in
the wrought material. Since dislocation pile-ups are more likely to
propagate through LAGBs, Zener-Stroh induced cavities are less likely to
nucleate in the wrought material. However, since the LAGB length
percentage in the YZ plane is 0.9 % in the AM material and 3.2 % in the
wrought material, the oxides in the AM material likely make a larger
contribution to its lower ductility than the Zener-Stroh mechanism.
Fig. 15 shows the surfaces of fractured specimens of both materials
and verifies the intergranular fracture that is characteristic of creep
deformation and the previous description. Additionally, much more
extensive cracking is observed on the polished face of the wrought
CrCoNi compared to the AM material. This difference reflects the higher
creep ductility (and damage tolerance) of the wrought material and is
consistent with its larger tertiary creep regime compared to the AM

x

Fig. 14. Fracture surfaces of (a) wrought CrCoNi and (b) AM CrCoNi following
creep rupture at 1023 K and 130 MPa.

material (Fig. 4). The difference in the amount of cracking before failure
is shown for another combination of temperature and applied stress in
Fig. S3. Fig. S4 illustrates a comparison of the wrought and AM material
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Rolling and Tensile

crept to 4 % strain. This is in the middle of steady state creep for the AM
material and at the beginning of steady state creep for the wrought
material. As shown, there is minimal cracking in both materials at 4 %
strain indicating that most of the cracking occurs during tertiary creep.
Additionally, an EBSD map of the fractured wrought material shown in
Fig. 15 is presented in Fig. S5 from which it can be observed that cracks
do not form at TBs. It is important to note that since creep failure occurs
by intergranular fracture, and cracks do not form at TBs, the number and
type of transverse grain boundaries strongly influence creep ductility.
Despite the attempt to minimize differences in grain size of the two
materials, the elongated grains in the build direction of the AM material
lead to fewer transverse grain boundaries compared to the wrought
material which should be beneficial to the creep ductility of the AM
material. However, as observed from the fracture surfaces (Fig. 14), the
higher volume fraction of oxides dominates the creep fracture behavior
and limits ductility in the AM material.

The high initial dislocation density of the AM material could also
contribute to its lower creep ductility; however, these dislocations
annihilate during furnace heating and stabilization before creep testing,
which takes 3.5 h. Fig. S6 shows that there is a minimal number of
dislocations in the AM material after annealing at 1073 K for 6 h (which
is slightly longer than the normal heat-up period). Fig. S7 presents a log-
log plot of steady state creep rate vs applied stress for the annealed and
non-annealed AM material demonstrating that the steady state creep
rates are unaffected by annealing. Additionally, creep ductilities for
annealed and non-annealed AM CrCoNi were found to be within 1 % for
each set of testing parameters. These results show that the annealed and
non-annealed AM material have nearly identical creep resistance and
creep ductility, confirming that the high initial dislocation density of the
AM material does not affect the creep behavior for the given testing
procedures. The BSE SEM image in Fig. S8 shows the grain morphology
of the annealed AM material with crystallite size of 16.8 + 2.3 pm in the

|

Fig. 15. Surfaces of specimens following creep rupture at 1023 K and 80 MPa for (a) wrought CrCoNi and (b) AM CrCoNi.

Direction

Build and Tensile

10

Direction

Z-direction of the YZ plane and 14.9 + 2.3 pm in the Y-direction of the
YZ plane. The annealing process allowed the crystallites to become more
equiaxed; however the average size has not changed, suggesting that the
crystallites in the HIPed AM material have achieved a stable size [49,
50].

In a similar comparison of the high temperature properties of
wrought and additively manufactured nickel-base alloy IN625, Son,
et al. [51] observed that Mg is commonly added to this alloy to tie-up S.
Their results showed that Mg was vaporized during AM, leading to a
lower concentration in the alloy and suggesting that S was free to act as
an embrittling element. In the present study, the S content is much lower
than in the alloy studied by Son, et al. and below the threshold that they
suggested as the limit below which embrittlement is not of concern [51].
Furthermore, the S and Mg content of both alloys tested in the present
study are essentially the same, as shown in Table 1. From these obser-
vations, we conclude that S embrittlement cannot explain the differ-
ences in creep ductilities between wrought and AM CrCoNi.

3.6. Comparison of creep behaviors

A comparison of creep data for CrCoNi and Cantor alloy is shown in
Table 3. As discussed earlier, the activation energies of AM CrCoNi,
wrought CrCoNi, and Cantor alloy are sequentially lower, reflecting
differences in their respective creep resistance at a given stress and
temperature. However, the activation energy values for wrought CrCoNi
from Xie, et al. [35] exceed those for both the wrought and AM CrCoNi
of this study. This is likely due to the use of a constant load technique in
their study as opposed to the constant stress technique used in the
present study and that of Zhang, et al. [10] as well as the significantly
larger grain size of the material used in the study by Xie, et al.

One approach is to consider the AM material to be composite
strengthened by non-deformable particulates. An approach by Hong and



G. Sahragard-Monfared et al.

Table 3
Comparison of Creep Data for CrCoNi and Cantor Alloy.
Study GRAIN n Qc (kJ/ T RANGE 6 RANGE
SIZE mol) K) (MPa)
(mm)
Wrought CrCoNi 31.2 + 4.5 240-259 1023-1173 40-200
(THIS STUDY) 1.9 +
0.2
AM CrCoNi (THIS 57.9 + 5.9 320-331 1023-1173 40-200
STUDY) 2.5 +
0.1
Wrought CrCoNi 149 + 4 5.3 370 973-1073 30-130
[35] +
0.2
Wrought 24 +12 3.7 219-236 1023-1173 20-200
CrMnFeCoNi +
[10] 0.1

Chung [52] is adopted as given by Eq. (2), which is a simplified version
of the Nardone and Prewo model [53]. Eq. (2) has also been used by
Zhang, et al. for a similar purpose to describe creep deformation in a
rapidly solidified Al-Fe-V-Si alloy [54].

fx G

— 2 @
(§+ 1)+ (1-f)

gy = 0|1 —

In this expression, o is the effective stress after accounting for the
portion of the load carried by the particles, f is the volume fraction of
particles in the material, and S is the aspect ratio of the particles. It can
be observed that the use of 6 with constant f and S will simply shift the
log-log steady state creep rate vs applied stress plot along the stress axis
without changing its slope. While the oxides may carry a portion of the
applied load and thus lower steady state creep rates of the AM alloy
matrix, the different slopes (different values of n) between the AM and
wrought CrCoNi cannot be explained by this simple composite
approach.

Another important point regarding differences in creep rates and
stress exponents in both materials is that stress exponents for ODS alloys
in which dislocation/particle interactions control the deformation rate
typically range from 10 to 50 [55,56], with single crystal ODS alloys
reaching stress exponents as high as 75 [57]. Clearly, the stress exponent
of 5.9 + 0.1 of the AM CrCoNi, although slightly greater than is typical
for power law creep in pure metals, does not compare with these high
values commonly found in ODS alloys. Hence, a climb or bowing
mechanism to overcome the oxides is ruled out as a primary cause for
the better creep resistance and different stress dependence of the AM
material. Furthermore, the large size (approximately 100 nm) and low
volume fraction of oxides in the AM material (0.6 %) are generally not in
the range of values in which climb over particles, bowing between
particles, or dislocation detachment are expected to be rate controlling
processes. Additionally, as observed in Figs. 11 and 12, two CryO3 par-
ticles appear to generate dislocations at the particle/matrix interface.
This dislocation nucleation as well as dislocations interacting with and
clustering around oxide particles certainly contribute to the creep
strength of the AM material, but only isolated instances of dislocation
bowing or climb were found in the present study.

In summary, the lower steady state creep rate in the AM material
compared to wrought is attributed to a combination of a larger volume
fraction of oxides in AM CrCoNi which interact with dislocations and
limit the area swept by gliding dislocations after release from an
obstacle, the fact that these oxide particles carry a portion of the applied
load, and the lower length percentage of the relatively weak LAGB in the
AM material.
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4. Conclusions

A comparative study of the influence of processing methods on the
creep properties of a CrCoNi MPEA was conducted. Material was tested
in the annealed vacuum arc melted and HIPed additively manufactured
conditions and both were chemically and microstructurally character-
ized to observe differences contributing to their distinct creep behaviors.
Constant stress creep tests were performed on both materials in the
ranges of 1023-1173 K and 40-200 MPa. TEM was used to observe the
steady state creep behavior and BSE SEM was used to characterize the
fracture behavior in these materials.

1 Stress exponents of 4.5 + 0.2 and 5.9 + 0.1 and activation energies
ranging from 240 to 259 and 320-331 kJ/mol were found for
wrought and AM CrCoNi, respectively. These stress exponents are in
the range commonly associated with the dislocation climb mecha-
nism of creep deformation, although no creep subgrains were
observed in the CrCoNi as would be expected for typical metals with
stress exponents in this range.

2 Cr-rich oxides were observed in the AM material in greater numbers
than in the wrought material. The incoherent CryO3/matrix interface
results in the generation of dislocations. Interactions of gliding dis-
locations with these oxide particles are not rate controlling, although
the ability of these particles to bear a portion of the applied load may
contribute to the increased creep resistance of the AM material.
Additionally, these oxides contribute to the lower steady state creep
rates of the AM alloy by limiting the glide distance of mobile dislo-
cations after overcoming an obstacle.

3 A lower LAGB length percentage was found in the AM material
compared to wrought. Since more energy is required for a dislocation
to move through TBs and HAGBs than LAGBs, this difference also
leads to increased creep resistance of the AM material.

4 Both CrCoNi materials have better creep resistance than CrMnFe-
CoNi (Cantor alloy) at similar stresses and temperatures. The steady
state dislocation structures were similar in both CrCoNi materials
with individual curved dislocations with dislocation multijunctions
and jogs, similar to the Cantor alloy. However, slip bands, which
have not been reported in the Cantor alloy after creep, were observed
in the CrCoNi. Neither material exhibited subgrains which are typical
of pure polycrystalline FCC metals.

5 The average creep ductilities were 17.5 & 1.9 % and 7.2 + 0.8 % for
wrought and AM CrCoNi, respectively. The higher volume fraction of
oxides in the AM material provided additional cavity nucleation sites
leading to more rapid void coalescence and consequent fracture. The
lower number of dislocation pile-ups in the wrought material sug-
gests that the higher LAGB length percentage allowed deformation to
propagate more readily, reducing cavity nucleation at GBs and pro-
longing creep life. In addition, the higher TB length percentage limits
the number of dislocation sources, thereby reducing the possibility of
slip transmission on the other side of the boundary. The difference in
creep ductility was reflected by a larger amount of stable cracking
before fracture in the wrought material.
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