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ARTICLE INFO ABSTRACT

Keywords: The creep behavior of an additively manufactured (AM) yttrium oxide dispersion strengthened (ODS) CrCoNi
CrCoNi multi-principal element alloy (MPEA) is investigated in this study. Tests were conducted over a constant tensile
Creep stress range of 40-200 MPa and a temperature range of 973-1173 K. A stress exponent of 6.5 + 0.1 and acti-
Ig;gzI:;;I;C:;le:?:sgttiggi}:g vation energies in the range of 335-367 kJ/mol were measured. Compared to its non-ODS counterpart and its
Additive manufacturing parent alloy (CrMnFeCoNi), AM ODS CrCoNi has superior creep resistance at all tested stresses and temperatures.
The mechanism contributing to the excellent creep resistance of AM ODS CrCoNi is attributed to the interaction
of mixed character dislocations with oxide particles. The creep ductility of AM ODS CrCoN:i is higher than its non-
ODS counterpart due to a large percentage of low angle grain boundaries associated with its columnar grain
structure. It was also found that creep ductility is significantly greater at the highest applied stress of 200 MPa
compared to lower stresses. The steady state dislocation structure of AM ODS CrCoNi consists of long arrays of
dislocations, which is different from that observed in non-ODS CrCoNi which consists of individual curved

dislocations.

1. Introduction

Multi-principal element alloys (MPEA), often referred to as high
entropy alloys or compositionally complex alloys, are materials in which
high proportions of three to five elements are present, typically with a
minimum threshold of 10 at% of each element. FCC MPEAs such as
equiatomic CrMnFeCoNi (Cantor alloy) and a ternary derivative,
CrCoNi, have been studied extensively and exhibit excellent strength
and ductility at cryogenic and room temperatures [1-4]. Of the Cantor
alloy derivatives, CrMnCoNi has the highest yield strength while the
Cantor alloy itself achieves the highest ductility, although CrCoNi
generally displays the best combination of strength, ductility, and
damage tolerance [5,6]. The formation of nanotwin-HCP lamellae in
CrCoNi at moderate temperatures partitions grains into much smaller
structural units that can sustain large lattice rotations, which contributes
to extensive strain hardening and to which the superb combination of
properties in this material is ascribed [4]. However, poor strength at
elevated temperatures has limited the range of applications of MPEAs in

areas such as gas turbine engines and thermal energy conversion systems
[7,8].

To overcome this limitation, several investigators have added Ti, Al,
and other elements to enhance high temperature strength and other
material properties of MPEAs and have essentially created high entropy
superalloys [9-13]. However, the addition of these elements alters the
MPEA matrix and thus does not take advantage of its unique attributes.
Other investigators have used oxide dispersion strengthening (ODS) to
increase the high temperature strength and compression creep resis-
tance of MPEAs. For example, Hadraba, et al. added O, gas, Y, and Ti to a
blend of pure Cantor alloy powders during mechanical alloying with
subsequent spark plasma sintering (SPS) of the alloyed powders [14].
Through this process, they demonstrated that it is possible to retain the
MPEA matrix with the addition of dispersoids that interact with low
angle dislocation boundaries and individual dislocations to improve
creep resistance [15]. Smith, et al. have also successfully manufactured
an ODS MPEA by laser powder bed fusion (L-PBF) of acoustically mixed
yttria-coated CrCoNi particles followed by a hot isostatic pressing (HIP)
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cycle to cost effectively create additively manufactured (AM) ODS
CrCoNi with minimal residual stress [16]. The addition of yttria to the
CrCoNi matrix significantly increased the room and high temperature
tensile strength of this alloy after HIPing.

Materials manufactured via different processing methods commonly
have dissimilar mechanical properties. Substantial differences in
microstructure, mechanical properties, and strengthening mechanisms
were found by Yang, et al. for an FeCrNiAl medium entropy alloy
fabricated by vacuum arc melting, SPS, and hot-press sintering [17].
Sahragard-Monfared, et al. investigated the effect of processing methods
on tensile creep properties of wrought and additive manufacturing (AM)
CrCoNi and found the latter exhibited higher creep resistance and lower
creep ductility than the former. This difference was attributed to the
higher volume fraction of Cr-rich oxides and fewer low angle grain
boundaries (LAGB) in the AM material. It was also found that the CrCoNi
MPEA in both the wrought and AM forms exhibited superior creep
resistance compared to the wrought Cantor alloy [8]. With the
advancement of AM as a novel, economically viable method for intro-
ducing dispersoids into a metal matrix, the new feasibility of ODS makes
it an excellent option for overcoming the high temperature strength
limitations of FCC MPEAs. Although the elevated temperature strength
of BCC MPEAs is currently of great interest, the superior oxidation
resistance of FCC MPEAs makes them more suitable for certain appli-
cations without requiring high temperature coatings [18-20]. Addi-
tionally, the tensile ductility of FCC MPEAs is significantly greater than
that of BCC MPEAs [21]. In order to more fully explore the opportunities
afforded by the addition of ceramic dispersoids, this study focuses on the
creep properties of AM ODS CrCoNi produced by additive
manufacturing.

2. Experimental methods

The AM ODS CrCoNi was fabricated by L-PBF of acoustically mixed
pre-alloyed equiatomic CrCoNi and 1 wt% of Y503 powder with a
diameter sizes ranging between 10-45 pm and 100-200 nm, respec-
tively, as described by Smith, etal. [16]. However, even though 1 wt% of
oxide was used to coat the powder, the volume fraction of yttria in the
final material is 0.6 vol% [16]. Two blanks of AM ODS CrCoNi with a
geometry of 88.9 (L) x 15.875 (W) x 15.875 (T) mm were fabricated as a
single build and then HIPed at 1458 K to relieve residual stress and
densify the material, resulting in 99.9% dense builds. The use of acoustic
mixing as opposed to mechanical alloying processes such as high energy
ball milling was chosen to ensure the powders did not deform and
retained flow properties amenable to AM. A secondary benefit of this
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approach is its lower cost compared to conventional mechanical alloying
processes [16]. Specimens were electrical discharge machined from the
build such that their creep tensile axis (Z-direction) is parallel to the
build direction. Fig. 1 illustrates an isometric view of a tensile creep
specimen with gage section dimensions of 35.56 (L) x 2.54(W) x 1.00(T)
mm. The surfaces and edges of the gage sections of each specimen were
polished using 600 grit SiC paper to minimize the risk of surface defects
influencing creep properties.

Scanning electron microscopy (SEM) was performed on a Thermo
Fisher Quattro S ESEM 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 ESEM
was used in backscatter electron mode to characterize the fractured
specimens. The Scios FIB/SEM was used to characterize atomic
composition via energy dispersive x-ray spectroscopy (EDS) and the
grain orientations and boundary misorientations via electron back-
scatter 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 employed of
Broyles, et al. such that unreasonably small grains are removed and
unindexed data points are filled based on the orientations of their
neighbors [22]. The processed EBSD data were used to calculate a grain
average Taylor factor. Average grain size was determined from the
boundary misorientation maps using the line intercept method.

Diffraction contrast imaging (DCI)-STEM was performed on an FEI
monochromated F20 UT Tecnai S/TEM at an accelerating voltage of 200
kV to observe the dislocation structure of HIPed, annealed, and crept
specimens and to determine the character of dislocations interacting
with particles through g e b analyses. STEM-EDS was carried out on an
FEI TitanX 60-300 at an accelerating voltage of 300 kV to identify the
composition of particles. TEM specimens from creep samples before
deformation and interrupted at steady state deformation 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 elec-
tropolished at —20 °C using a Fischione Model 110 Automatic Twin-Jet
Electropolisher in a 70% methanol, 20% glycerol, and 10% perchloric
acid solution.

Constant stress tensile creep tests were performed under vacuum (<
3 x 107 torr) to avoid oxidation, following the procedures described in
previous studies [8,23]. Tests were performed in the ranges of
1023-1173 K (0.6-0.7 Ty,) and 40-200 MPa and were conducted until
fracture to clearly identify the steady state creep rate except for those

Fig. 1. Isometric view of a creep specimen. All dimensions are in mm.
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terminated after steady state for TEM observation. The dislocation
structure of those samples was preserved by furnace cooling the spec-
imen under the same creep load.

3. Results and discussion
3.1. Characterization of initial microstructure

Although a uniform distribution of elements has previously been
observed in AM CrCoNi, it is important to examine the distribution of
elements in this ODS material to confirm this uniformity after the
addition of yttria [8,24,25]. Fig. S1 illustrates the initial chemical
composition of AM ODS CrCoNi as determined by SEM-EDS and shows
an equiatomic composition with a uniform distribution of the three
principal elements. Yttrium and oxygen are not included in Fig. S1 due
to resolution limitations of the FEI Scios Dual Beam FIB/SEM and the
small amount of yttria. However, Smith, et al. have demonstrated that
the yttria is well distributed in the microstructure of this material [16].

The EBSD inverse pole figure (IPF) color maps and contour plots
displayed in Fig. 2 illustrate that there is slight texture favorable to the
[111] direction in the YZ plane and the [001] direction in the XZ plane,
although the XY plane shows no texture. However, the intensities of
these observed textures are low at a maximum value of three for the YZ
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plane while heavily textured materials exhibit much higher values.
Additionally, the calculated Taylor factors for each of these EBSD maps
are within 4% of each other (Table 1) and thus the texture observed is
not expected to significantly affect the creep properties of AM ODS
CrCoNi. As noted by Smith, et al., the formation of annealing twins was
suppressed in this material, which is unusual for CrCoNi [8,16,26,27].
The lack of twin boundaries (TB) in AM ODS CrCoNi compared to its
wrought and non-ODS counterparts is likely due to the pinning of grain
boundaries (GB) by the yttria particles, which suppresses
recrystallization.

Figure 3 shows boundary misorientation plots of the XY and YZ
planes of AM ODS CrCoNi from which grain sizes were determined. The
AM ODS CrCoNi grains are elongated in the build direction with an
aspect ratio of approximately 4:1 such that the grain size is 23.8 + 1.8
pm in the Z-direction of the YZ plane and 6.5 + 1.8 pm in the Y-direction
of the YZ plane. As noted by Smith, et al., the yttria suppressed recrys-
tallization and grain growth during the L-PBF build process and subse-
quent HIP cycle by pinning the grain boundaries. Fig. 3 illustrates the
large percentage of LAGBs in the AM ODS CrCoNi; the distributions of
misorientation angles for the YZ and XY planes are plotted on histograms
in Fig. S2. Table 1 lists important quantitative descriptors of the mi-
crostructures of the materials studied in this investigation (wrought,
AM, and AM ODS CrCoNi), including the percentages of the different
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Fig. 2. EBSD-IPF color cube and IPF contour plots of AM ODS CrCoNi.
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Table 1

Percentages of Low Angle Grain Boundaries, High Angle Grain Boundaries and Twin Boundaries.

TB

HAGB

LAGB

Taylor Factor

Vol% Oxides

Grain Aspect Ratio

Grain Size Z-direction (pm)

Material

3.6%
73.3%
54.9%

38.8%
25.8%
41.9%

57.6%
0.9%
3.2%

3.39
3.27
3.32

1.2%

0.6%
~ 0%

4:1

23.8+ 1.8
74.3 £ 2.6
31.2+1.9

AM ODS CrCoNi (YZ)

1.8:1
~1:1

AM CrCoNi (YZ)
Wrought CrCoNi
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Fig. 3. Boundary misorientation plots of (a

The AM ODS CrCoNi exhibits creep behavior typical of pure metals and

types of boundaries. LAGBs, high angle grain boundaries (HAGB), and
TBs are defined as follows: 1-15° (LAGBs), greater than 15° excluding

TBs (HAGBs), and 60 + 3° (TBs).

alloys that behave like pure metals with distinct normal primary, sec-

ondary, and tertiary regions. However, the tertiary regime is signifi-

cantly shorter in AM ODS CrCoNi compared to its non-ODS counterpart,

indicating a rapid failure after cracks have formed [8]. Additionally, it is
noted that the creep ductility is substantially higher at an applied stress

of 200 MPa.

3.2. Creep results

Creep curves for representative temperatures and applied stresses are
presented in Fig. 4, illustrating the effects of these testing conditions.

Steady-state creep rates were calculated from the slopes of the sec-
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Fig. 5. Log-log plot of steady state creep rate vs applied stress for AM
ODS CrCoNi.

ondary region 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. The power law
equation (Eq. (1)) describes the relationship between steady state creep
rate, éss, and applied stress, 6, where A is a material constant that in-
cludes dislocation structure, Q¢ represents the creep activation energy,
R is the gas constant, T is temperature, and n is the stress exponent [28].

. Oc
&ss = Adexp <7ﬁ) (€8}

An average stress exponent of 6.5 + 0.1 was found for AM ODS
CrCoNi. This value is slightly above the range commonly associated with
the dislocation climb mechanism of creep deformation in subgrain
forming metals and below the range for ODS alloys in which dislocation/
particle interactions control the deformation. Stress exponents for ODS
alloys typically range from 10 to 50, reaching as high as 75 for single
crystal ODS alloys [29-31]. Although the alloy in this study is oxide
dispersion strengthened, the inclusion of only 0.6 vol% yttria is likely
too low to achieve high stress exponents classically associated with this
strengthening method. However, this stress exponent is slightly higher
than that of non-ODS AM CrCoNi (5.9 + 0.1) revealing that the addition
of yttria changes the stress dependence of the creep behavior [8]. The

stronger MPEA matrix compared to a pure matrix leads to synergistic
control of dislocation motion by both the matrix and particles.

It is noted that strain rates at the highest stress and temperatures are
essentially in the range of those measured in conventional tensile tests
(1 x 1073 s71). These test conditions were included to explore the
possible onset of power law breakdown characterized by an increasing
stress exponent with increasing stress (an upward curvature of the data
in Fig. 5). However, the data remain linear on the double logarithmic
plot and do not exhibit power law breakdown. Of equal importance, the
data do not exhibit any tendency towards a threshold stress sometimes
observed in ODS alloys at the lowest applied stresses.

To visualize the improved creep resistance of AM ODS CrCoNi
compared to its non-ODS AM and wrought counterparts and wrought
parent (Cantor) alloy, Fig. 6a illustrates a comparison of the steady-state
creep rates and applied stresses of each of these alloys at a single tem-
perature of 1023 K [7,8]. These data illustrate that AM ODS CrCoNi has
better creep resistance than the other alloys. The stress exponent of the
AM ODS CrCoN:i is also higher than its non-ODS variants and the Cantor
alloy when tested under similar conditions, implying different
rate-controlling creep deformation mechanisms in these alloys. Fig. 6b
illustrates a comparison of the constant stress tensile creep behavior of
AM ODS CrCoNi from the present work to constant load compression
creep behavior of SPS ODS Cantor alloy [15]. This comparison shows a
significantly improved creep resistance in the AM ODS CrCoNi by three
to four orders of magnitude.

The activation energy of AM ODS CrCoNi was determined from a
semi-log plot of steady state creep rate versus 1/T as shown in Fig. 7. The
values range from 335 to 367 kJ/mol for this material. The activation
energy of non-ODS AM and wrought CrCoNi have been reported as being
lower, ranging from 320 to 331 kJ/mol for AM and 240 to 259 kJ/mol
for wrought, reflecting the increased temperature resistance provided by
the AM process and the addition of yttria in the ODS material [8].
Additionally, the activation energy of the wrought Cantor alloy has been
reported as 219-236 kJ/mol, again reflecting the better creep resistance
of its derivative alloy [7].

The AM process and addition of oxides also affects the distribution of
grain boundary misorientations which have an effect on creep resis-
tance. For a LAGB, grain orientations on each side of the boundary are
similar such that a lower stress concentration is required for the prop-
agation of deformation to occur between these grains than those with a
HAGB [32,33]. One contributing factor to the lower creep resistance of
wrought CrCoNi compared to the AM version is reported to be a smaller
percentage of LAGB in the AM material [8]. Although the high per-
centage of LAGBs in the AM ODS CrCoNi may have a negative impact on
its creep resistance, the large number of vertical GBs provides a slight
positive resistance to the propagation of strain across grains.
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One factor that may impact the above interpretation is the occur-
rence of dynamic recrystallization (DRX) at the highest creep rates.
However, mechanically, none of the strain-time creep curves for AM
CrCoNi or AM ODS CrCoNi exhibited the characteristic strain oscilla-
tions that are commonly observed when dynamic recrystallization oc-
curs during a creep experiment. Furthermore, the stress exponents for
the two materials are not significantly different. The strain-time curves
and similar stress exponents suggest that dynamic recrystallization does
not affect the measured results.

Microstructurally, the AM ODS CrCoNi specimen tested at 1123 K
and 200 MPa (one of the short tests with a high strain rate) did not
exhibit evidence of significant dynamic recrystallization. A figure
showing an EBSD map, a GB misorientation map, and an IPF contour
plot is presented in Fig. S3. The grains remain elongated after testing
with a grain size of 22.6 + 3.5 pm in the Z-direction of the YZ plane and
7.4 + 2.4 pm in the Y-direction of the YZ plane. These dimensions are
statistically indistinguishable from those of the undeformed material.
Some equiaxed grains are observed in the deformed material as is the
case in the undeformed material. Additionally, it was observed that the
percentage of LAGB is slightly lower (44.7%) and the percentage of
HAGB is slightly higher (48.9%) in the specimen crept at 1123 K and
200 MPa. A slight change in texture between the undeformed and
deformed material was observed, resulting in a Taylor factor of 3.17 in
the deformed material compared to the Taylor factor of 3.39 in the

undeformed material. These results suggest that any dynamic recrys-
tallization that occurred was limited in extent.

These mechanical and microstructural results indicate that dynamic
recrystallization may have occurred to a small extent but did not
significantly influence the measured creep results.

3.3. Characterization of dislocation structure and oxides in AM ODS
CrCoNi

The AM ODS CrCoNi in the HIPed, annealed, and crept condition was
examined by TEM to understand the evolution of the dislocation struc-
ture in this material and characterize the oxides present and their in-
teractions with dislocations. The dislocation structure of the HIPed
condition is illustrated in Fig. 8, showing a moderate dislocation density,
dislocation/oxide interactions, extended nodes, and stacking fault
tetrahedra (SFT). Extended nodes are a low energy dislocation config-
uration and are present in this alloy due to its low stacking fault energy
of 22 + 4 mJ m~2 [34]. SFT form as a result of vacancy condensation,
which is a process that is assisted by low stacking fault energy. Silcox
and Hirsch first observed SFT in quenched gold [35]. The SFT in the AM
material likely formed during the rapid cooling associated with the
L-PBF process which occurs at rates that are similar to or higher than
quenching.

The dislocation structure of AM ODS CrCoNi after annealing at 1023
K for 3.5 h is observed in Fig. 9. This annealing temperature and time
were chosen to imitate the process that takes place before creep testing
in which the furnace temperature is allowed to equilibrate, leading to
changes in dislocation structure immediately before the start of the test.
STEM-EDS of the annealed material revealed yttrium and chromium rich
oxides as seen in Fig. 10. The latter were also observed in the non-ODS
CrCoNi [8]. Annealing the AM ODS CrCoNi resulted in the reduction of
stored energy via dislocation network formation since dislocations were
pinned at yttria particles and unable to move to annihilate with dislo-
cations of the opposite sign. This mechanism of reducing stored energy
during annealing is unlike that of the non-ODS CrCoNi in which dislo-
cations are able to annihilate, leading to a very low dislocation density at
the start of the creep tests [8]. Dislocation/oxide interactions, extended
nodes, and SFT are present in the annealed material with SFT being
more prevalent than in the HIPed material. Fig. S4 shows additional
STEM-EDS of the annealed material illustrating dislocations that are
pinned by yttria.

The dislocation structure of AM ODS CrCoNi at steady state for a
temperature of 1023 K and a stress of 80 MPa is shown in Fig. 11 and
displays a high dislocation density. Long arrays of relatively straight
dislocations are observed in the crept material, which is significantly
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100 nm

Fig. 9. Dislocation structure of annealed CrCoNi showing dislocation/oxide interactions (arrows 1), extended nodes (arrows 2), and SFT (arrows 3).

different from the lower density of individual curved dislocations
observed in non-ODS CrCoNi [8]. The presence of dislocation arrays that
are perpendicular suggests that they may represent incipient subgrain
formation. STEM-EDS of the specimen crept to steady state at 1023 K
and 80 MPa, as seen in Fig. 12, illustrates dislocation interactions with
an yttria particle. To determine the character of dislocations interacting
with oxides, g e b analysis was implemented as illustrated in Fig. S5.
Dislocation/oxide interactions were imaged from seven different g
vectors. Burgers vectors resulting in g ¢ b = 0 for g vectors in which
dislocations were not visible were projected onto the TEM images to
determine if the dislocation line vectors and Burgers vectors were par-
allel (screw dislocation), perpendicular (edge dislocation), or at an in-
termediate angle (mixed dislocation). The character of these
dislocations is mixed necessitating that they interact with and climb
over oxides rather than cross slipping to another glide plane.

3.4. Post creep fracture characteristics of AM ODS CrCoNi

The creep ductilities of AM ODS CrCoNi over the range of tested
applied stresses are shown in Fig. 13. The overall average creep ductility
of this material was found to be 11.1 + 5.0%. The large standard devi-
ation associated with this creep ductility stems from a significantly
greater value at an applied stress of 200 MPa, shown in Fig. 13. For tests
at 130 MPa and lower, the average creep ductility is 8.5 + 2.0% which is
slightly higher than the average creep ductility reported for the non-ODS
material (7.1 £ 1.2%) tested in the same range of applied stress and
temperature [8]. For comparison, the creep ductilities of wrought
CrCoNi and Cantor alloy have been reported as 17.6 + 1.6% and 30.7 +
2.6%, respectively [7,8], which reveals that the AM process decreases
creep ductility.

Creep ductility is generally related to stress concentrations on GB
triple points due to GB sliding, dislocation pile-ups against GBs (Zener-
Stroh mechanism), and hard particles on GBs that lead to the nucleation
of voids which coalesce and result in intergranular fracture [36-40]. The
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Fig. 10. High angle annular dark field (HAADF) and STEM-EDS of annealed AM ODS CrCoNi revealing yttrium and chromium rich oxides.

Fig. 11. Dislocation structure of AM ODS CrCoNi crept to steady state at 1023 K and 80 MPa showing dislocation/oxide interactions (arrows 1), extended nodes

(arrows 2), SFT (arrows 3), and slip traces (arrows 4).

fracture surface of AM ODS CrCoNi is shown in Fig. 14 illustrating the
cavities that have nucleated around oxides. The addition of yttria in the
AM ODS CrCoNi provides a larger number of hard particles in this ma-
terial compared to its non-ODS counterpart leading to the expectation
that its creep ductility will be lower. This interpretation is supported by
a study conducted by Dyson demonstrating that creep ductility

decreases as the rate of cavity production increases [41]. However,
non-ODS AM CrCoNi has a lower creep ductility than AM ODS CrCoNi
[8]. Thus, the higher creep ductility of the AM ODS material can be
attributed to the higher percentage of LAGBs that enable easy propa-
gation of deformation across grains and the elongated grains along the
loading direction. The higher percentage of LAGBs in the AM ODS
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Fig. 12. HAADF and STEM-EDS of AM ODS CrCoNi crept to steady state at 1023 K and 80 MPa illustrating dislocation/oxide interactions.
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Fig. 13. Plot illustrating creep ductility of AM ODS CrCoNi showing an increase
at an applied stress of 200 MPa.

material reduces the prevalence of the Zener-Stroh mechanism
compared to the non-ODS material. Since dislocation pile-ups are more
likely to propagate deformation through LAGBs, Zener-Stroh induced
cavities are less likely to nucleate in the ODS material. Additionally, the
elongated grain structure resulted in fewer adjacent transverse grain
boundaries making the propagation of transverse cracks more difficult.
This effect can be observed in Fig. 15, which shows the surface of a
fractured AM ODS CrCoNi specimen and illustrates the presence of a
highly tortuous intergranular crack path.

Fig. 14. Fracture surfaces of AM ODS CrCoNi following creep rupture at 1023
K and 130 MPa.

4. Conclusions

Constant stress creep tests in the ranges of 1023-1173 K and 60-200
MPa were conducted on an additively manufactured (AM) oxide
dispersion strengthened (ODS) CrCoNi multi-principal element alloy to
determine its creep behavior. SEM and TEM were used to observe the
initial microstructure and dislocation structure, steady state dislocation
structure, and fracture surface after rupture to understand the under-
lying creep deformation mechanisms of this material.

1. A stress exponent of 6.5 & 0.1 and activation energies in the range of
335-367 kJ/mol were measured. This stress exponent is below the
value of 10 or greater normally associated with ODS materials



G. Sahragard-Monfared et al.

Acta Materialia 255 (2023) 119032

Fig. 15. Surface of AM ODS CrCoNi specimen following creep rupture at 1123 K and 80 MPa.

suggesting the 0.6 vol% of yttria is most likely too low to cause
significant dislocation/oxide interactions typical of ODS materials.
However, the AM ODS CrCoNi did exhibit an 84% lower steady state
creep rate than its non-ODS counterpart at similar stresses and
temperatures.

2. The average creep ductility of tests with an applied stress of less than
130 MPa was 8.5 + 2.0%. Creep ductility is significantly greater at
an applied stress of 200 MPa. The yttria and Cr-rich oxides act as
cavity nucleation sites leading to void coalescence which is expected
to decrease creep ductility while the high percentage of LAGBs allow
easy propagation of deformation across grain boundaries avoiding
the Zener-Stroh mechanism of cavity formation, which should in-
crease creep ductility. The dynamic balance of these two mecha-
nisms appears to favor the easy propagation of slip across LAGBs at
the highest applied stress leading to higher ductility.

3. The steady state dislocation structure of AM ODS CrCoNi consists of
long arrays of relatively straight dislocations with numerous dislo-
cation/oxide interactions, extended nodes, and SFT. This dislocation
structure is significantly different than its non-ODS counterpart
which exhibits individual curved dislocations with dislocation mul-
tijunctions and jogs.
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