JOM, Vol. 75, No. 12, 2023
https://doi.org/10.1007/s11837-023-06129-2
© 2023 The Minerals, Metals & Materials Society

o)

Check for
updates

ADDITIVE MANUFACTURING FOR HIGH TEMPERATURE ENERGY SYSTEMS: HARVESTING MATERIAL

DATA AND MODELING

Microstructure and Temperature Dependent Indentation
Response of Additively Manufactured Precipitation-
Strengthened Alg 3Tig 2Coq 7CrFeNiy > High Entropy Alloy

MOHAN SAI KIRAN KUMAR YADAV NARTU ®,%® SHRISTY JHA,2
ADVIKA CHESETTI,2 SUNDEEP MUKHERJEE,?
ISABELLA VAN ROOYEN,! and RAJARSHI BANERJEE?*

1.—Nuclear Sciences Division, Pacific Northwest National Laboratory, Richland, WA 99354, USA.
2.—Department of Materials Science and Engineering, University of North
Texas, Denton, TX 76207, USA. 3.—e-mail: m.nartu@pnnl.gov. 4.—e-mail: Raj.Banerjee@unt.edu

The temperature-dependent [from room temperature (RT) to 500°C] nanoin-
dentation behavior of a precipitation-strengthened Alj3Tig2Cog7CrFeNi; 7
high-entropy alloy (HEA) processed via two different additive manufacturing
(AM) techniques was investigated in the as-deposited and annealed condi-
tions. The hierarchically heterogeneous microstructures were achieved via
simple one-step annealing treatments, exploiting the residual stresses in the
AM-processed HEA to partially recrystallize the microstructure, performed
remarkably better than the nearly homogeneous microstructures in the as-
deposited state. The one-step annealed conditions revealed < 6.6% reduction
in hardness values at 500°C compared to RT, while the as-deposited conditions
showed a > 18% reduction in the hardness. The one-step annealed conditions
also exhibited significantly higher hardness than the as-deposited conditions
owing to their L1,-strengthened FCC microstructures. Furthermore, serrated
yielding or the Portevin-Le Chatlier effect indicative of microstructural
instability was observed during nanoindentation deformation (at 500°C) for
the as-deposited conditions but not for the one-step annealed conditions. This,
therefore, signifies the robustness of the hierarchically heterogeneous
microstructures at elevated temperatures presenting a strong avenue for
tuning the HEAs for future nuclear reactor applications.

INTRODUCTION

In recent times, there has been significant effort
in developing new structural materials such as bulk
metallic glasses (BMGs),"™ oxide dislpersion
strengthened (ODS) steels,”” ceramics,>! nano-
layered composites,'>'® and high-entropy alloys
(HEAs)'” for next-generation nuclear reactor appli-
cations. Structural materials need to sustain
against creep and void swelling and exhibit reason-
ably high mechanical strength and fracture
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toughness under irradiation at high temperatures
(> 300°C). According to Zinkle and Snead,'® there
are three main strategies for improving the radia-
tion tolerance in materials: (1) designing radiation-
resistant matrix phases, (2) immobilizing the vacan-
cies and interstitials, and (3) enhancing the sink
strength of the material. Among the new materials,
HEASs are shown to address all three design strate-
gies'” and thus form an integral part of the
advanced material development portfolio; they are
the reason for further exploration of the current
work.

High-entropy alloys (HEAs) with significantly
higher configurational entropy than conventional
alloys exhibit unusual lattice distortion and
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sluggish diffusion, which could potentially immobi-
lize the radiation-induced defects resulting in unde-
sired swelling and segregation, which are
detrimental to their mechanical and functional
properties.’®??” HEAs are worth considering, par-
ticularly for nuclear reactors, since the high levels
of transmutation in conventional alloys may already
produce compositionalgy complex alloys locally
resembling HEAs.'"?%2 While the first two strate-
gies, (1) and (2) mentioned previously, can only
augment the radiation resistance of the HEAs to a
limited extent, the third strategy, (3) enhancing the
sink strength of the material, can show multifold
improvement in the radiation resistance.?*=>? One
way to enhance the sink strength of the HEAs is to
have multiple interfaces by either secondary phase
precipitation or a multi-modal distribution of grain
sizes, including nano-structured grains. HEAs offer
significant potential for inducing such microstruc-
tural heterogeneities but the conventional process-
ing route involving casting is tedious and time-
consuming.??33-3% For instance, the microstructure
of a transformation-induced plasticity (TRIP)-en-
abled HEA has been innovatively engineered by
Agrawal et al.?° for enhanced radiation resistance.
The processing route involved a preliminary homog-
enization annealing of the cast HEA followed by a
hot rolling to eliminate the cast defects. The rolled
HEA was eventually descaled, heat treated at 500°C
(desired phase field), and then finally warm-rolled
to obtain a massively interfaced alloy.

In contrast, previous work by Nartu et al.
(2022)¢ on Al 5Tig2Coo7CrFeNi; ; HEA demon-
strates a straightforward one-step annealing
approach exploiting the residual stresses in addi-
tive manufacturing (AM) to successfully engineer
the heterogeneous microstructures. This L1, pre-
cipitation strengthenable Al 3Tig2Coq7CrFeNi; ;
HEA is reported to exhibit a yield strength of
~1600 MPa with decent ductility at room temper-
ature (RT) and is expected to have high-tempera-
ture stability up to ~1100°C.>* This HEA was
fabricated via two different AM techniques, direc-
ted energy deposition (DED) and selective laser
melting (SLM), and the evolution of the heteroge-
neous microstructures in the as-deposited (AD) and
subsequently annealed conditions and their tensile
properties [at room temgerature (RT)] has been
reported by the authors.?®3” However, the temper-
ature-dependent mechanical behavior essential for
nuclear applications was not yet investigated. This
article provides a discussion on the microstructural
differences as well as the temperature-dependent
(from RT to 500°C) nanoindentation behavior of
the heterogeneous microstructures obtained via
one-step annealing post DED and SLM-processing
of Al 3Tig2Cog ;CrFeNi; ; HEA. The differences in
the nanoindentation behavior between the as-de-
posited and the one-step annealed conditions of the
DED and SLM processed conditions are discussed.

MATERIALS AND METHODS

This study used the Optomec LENS-750 system
equipped with an IPG YLS-1500 fiber laser system
(with a maximum power output of 1500 W) for the
directed energy deposition (DED) and Trumpf Tru-
Print 1000 laser powder bed fusion system for
selective laser melting (SLM). Pre-alloyed powders
of Alg3Tip2Cop7CrFeNi;; HEA procured from
TOSOH and SMD were used for both DED and
SLM processing. The details of the processing
conditions employed are mentioned in our previous
studies.?®37

The as-deposited (AD) specimens from DED [re-
ferred to as DED(AD)] and SLM [referred to as
SLM(AD)] were sectioned using the KENT USA
(WSI-200) electric discharge machine (EDM). Sec-
tions from DED(AD) and SLM(AD) conditions were
then individually encapsulated in a quartz tube
backfilled with argon for the heat treatments (800°C
for 5 h followed by water quenching). These condi-
tions will be hereafter referred to as DED(HT) and
SLM(HT).

Scanning electron microscopy (SEM) imaging was
performed on all four conditions in an FEI-Quanta
Nova-Nano SEM 230. Nanoindentation tests (Hysi-
tron Inc., Minneapolis, MN, USA) were performed
at room temperature (RT), 250°C and 500°C, using a
Sapphire Berkovich tip. The tests were carried out
at 1000 mN load with a loading time of 5 s, holding
time of 2 s, and unloading time of 5 s; 50 ym spacing
between indents was used to avoid overlap of plastic
zones from adjacent indents. The high-temperature
indentations were done in Ar + H, atmosphere to
minimize oxidation of the samples, and the system
was allowed to stabilize at each temperature for at
least 15 min before performing the indentations. A
minimum of 25 good indents were used for hardness
calculations for statistics.

The phase fraction versus temperature plot for
Alj 3Tig 2Cog 7CrFeNi; ; HEA was simulated using
Thermo-Calc software (with TCHEAS3 database).

RESULTS AND DISCUSSION

The SEM backscattered images from the as-
deposited [DED(AD)] and the one-step annealed
conditions [DED(HT)] of the DED processed
Aly 3Tig2Cog 7CrFeNi; ; HEA are shown in
Fig. la—c and d-e, respectively. The DED as-
deposited condition shows a single-phase (FCC)
microstructure with reasonably large peculiar-
shaped®® grains often with jagged grain boundaries.
Additionally, some grains also exhibit solidification
cells presumably arising from compositional segre-
gation because of the high solidification rates
involved in DED processing. However, the possible
formation of early-stage nanoscale L1y precipitates
within the FCC matrix of the DED(AD) condition
was previously observed in high-energy synchrotron
x-ray diffraction results.®® The annealing heat
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Fig. 1. Low, Medium, and High magnification SEM backscattered images for (a—c) DED (AD) and (d—f) DED (HT or AD + 800°C) conditions of
DED processed Alg 3Tig 2C0q 7CrFeNi; 7z HEA.

treatment (800°C for 5 h) conducted on the DED- recrystallized FCC grains. The grain size of the non-
processed HEA led to the partial recrystallization of recrystallized grains increased from ~ 81 ym in the
FCC grains and a significant growth of the non- DED(AD) to ~ 159 um in the DED(HT) condition.¢
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The annealing heat treatment also resulted in the
formation of L1, precipitates with two different
morphologies within the FCC matrix. The SEM
images in Fig. 1d, e reveal the rod-like L1, precip-
itates in the recrystallized FCC grains, while the
SEM image in Fig. 1f shows the equiaxed/near-
spherical L1, precipitates in the non-recrystallized
grains. The precipitation mechanism fundamentally
differs between the two kinds of grains: continuous
precipitation in the non-recrystallized grains and
discontinuous precipitation in the recrystallized
grains, leading to different morphologies for the
L1, precipitates.>®

The SEM backscattered images from the as-
deposited [SLM(AD)] and the one-step annealed
conditions [SLM(HT)] of the SLM processed
Al sTip9Cop7,CrFeNi; s HEA are shown in
Fig. 2a—c) and d-e, respectively. The SLM(AD)
condition exhibits elongated FCC grains, possibly
growing epitaxially, with a significant fraction of
solidification cells involving substantial composi-
tional segregation (Fig. 2a, b). Unlike the DED(AD)
condition, the intercellular walls in the SLM(AD)
condition exhibited a BCC + B2 microstructure.®”
The high-magnification SEM image of the intercel-
lular region in Fig. 2c¢ clearly shows the fine-scale
B2 precipitates in the darker BCC phase inside the
cell wall. The SLM(AD) condition also showed early-
stage nanoscale L1y precipitates within the FCC
matrix.®” The microstructures of the one-step
annealed condition, SLM(HT), presented in Fig. 2d—f
appears to be identical to the DED(HT) condition
(Fig. 1d-f). However, the L1, precipitates in the
SLM(HT) condition are marginally more refined
than in the DED(HT) condition. The grain sizes in
the as-deposited (~50 ym) and one-step annealed
conditions (~20 ym) are also lower in the case
of the SLM-processed alloy compared to the DED-
processed counterpart.

In short, the as-deposited conditions of DED and
SLM-processed HEA exhibited predominantly sin-
gle-phase FCC microstructure with a negligible
fraction of L1, precipitates. Although the SLM(AD)
condition revealed B2 + BCC microstructure in the
intercellular regions between solidification cells, it
is shown to have an insignificant effect on the
mechanical properties owing to its low phase frac-
tion as well as large separation distances.>” On the
other hand, both heat-treated conditions, SLM(HT)
and DED(HT), exhibited hierarchically heteroge-
neous microstructures at multiple length scales;
finer recrystallized FCC grains with rod-like L1,
precipitates and coarser non-recrystallized FCC
grains with equiaxed/spherical L1, precipitates.

The nanoindentation tests were performed at
three different temperatures, RT, 250°C, and
500°C for all four AM processed HEA conditions.
The resultant hardness versus temperature plots
are presented in Fig. 3, and the corresponding
hardness values are listed in Table I. The % loss
(reduction) in hardness between the two

temperatures, RT and 500°C, is calculated for all
four conditions using the equation: % loss (reduc-

tion) = H‘"d”essl(,ﬁ%;g‘;zg’%e)”(soo ©) | and the calculated

values are listed in the last column of Table 1. The
heat-treated conditions [DED(HT) and SLM(HT)]
exhibited remarkably higher hardness values (> 4.3
GPa) at all three temperatures compared to the as-
deposited conditions of this AM-processed HEA.
This increase in the hardness can be attributed to
the significantly higher phase fraction of the L1,
precipitates in the heat-treated conditions as
opposed to the much lower fractions of precipitates
observed in the as-deposited conditions. The antic-
ipated decrease in the hardness with an increase in
the temperature from RT to 500°C is observed for all
four conditions (Fig. 3). However, the % reduction in
the hardness values for the as-deposited conditions
[23.1% for DED(AD) and 13.3% for the SLM(AD)] is
substantially higher than the heat-treated condi-
tions [6.5% for DED(HT) and 4.9% for SLM(HT)].
This large difference in the % reduction in the
hardness values can be attributed mainly to two
factors: (1) relieving of stored residual stresses in
the as-deposited conditions during the high-temper-
ature testing and (2) to the softer single-phase FCC
microstructure compared to the harder hierarchical
multi-phase microstructures in the heat-treated
conditions. It should be emphasized that the lower
values of % reduction in hardness with an increase
in temperature in the heat-treated conditions fur-
ther signify the stability of the hierarchically
heterogeneous  microstructures at elevated
temperatures.

While both DED and SLM as-deposited conditions
showed nearly identical hardness values at RT, the
SLM(AD) condition showed significantly higher
hardness than the DED(AD) condition at elevated
temperatures, especially at 500°C (Fig. 3c). How-
ever, the heat-treated conditions, DED(HT) and
SLM(HT), showed practically overlapping perfor-
mance at all three temperatures, as shown in
Fig. 3d. The load versus displacement (P-h) curves
obtained from the nanoindentation tests for all four
conditions are presented in Fig. 4. Serrated yielding
behavior, also known as Portevin-Le Chatlier (PLC)
effect, was observed in the loading portion of the (P-
h) curves for the DED(AD) and SLM(AD) conditions
tested at 500°C as shown in Fig. 4c. These pertur-
bations or discontinuities indicate the mechanical
instability of the microstructure during the defor-
mation process. The serrated yielding behavior in
metals or alloys is commonly associated with the
activation of a heterogenous dislocation source and
its multiplication under loading.?* However,
Schuh’s*’review on “Nanoindentation studies of
materials” additionally points out that phase trans-
formations that occur during the nanoindentation
process could also result in the serrated yielding or
the PLC effect.*! Therefore, microstructural char-
acterization was performed on DED(AD) and
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Fig. 2. Low, medium, and high-magnification SEM backscattered images for (a-c) SLM (AD) and (d-f) SLM (HT or AD + 800°C) conditions of
SLM processed Alg 3Tig 2C0g 7CrFeNi; ; HEA.

SLM(AD) conditions post-nanoindentation (at were present in both conditions demonstrating the
500°C), and the resultant SEM backscattered possibility of dynamic precipitation of the L1; phase
images are presented in Fig. 5a, b and ¢, d, within the FCC matrix during the nanoindentation

respectively. Features resembling L1, precipitates testing at 500°C. Moreover, the phase fraction
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Fig. 3. Hardness versus temperature plots comparing (a) DED (AD) and DED (HT) conditions, (b) SLM(AD) and SLM (HT) conditions, (c)

DED(AD) and SLM(AD) conditions, and (d) DED(HT) and SLM(HT) conditions of the AM processed Alg 3Tig 2C0o 7CrFeNi; ; HEA.

Table I. Nanoindentation hardness (in GPa) values for all four conditions of AM processed

A10_3Ti0_2CO()_7CI'FeNi 1.7 HEA

AM method Condition RT 250°C 500°C % Loss
DED AD 4.157 + 0.287 3.763 + 0.212 3.197 + 0.233 23.13 4
AD + 800°C (HT) 4.710 £ 0.123 4.663 + 0.183 4.387 £ 0.153 6.5
SLM AD 4.116 + 0.145 3.569 + 0.171 3.560 + 0.121 13.30
AD + 800°C (HT) 4.654 £+ 0.171 4.494 + 0.132 4.427 + 0.104 49|
versus temperature prediction for this HEA Notably, the same serrated behavior is not
(Alp 3Tig2Cog 7CrFeNi; ;) presented in Fig. 6 observed for SLM(AD) or DED(AD) conditions

revealed almost 40% for the L1, phase at 500°C. It
is envisaged that dynamic precipitation pins down
the mobile dislocations, restorin% the hardness
locally during the deformation.*?*® Therefore, the
serrated yielding observed in the DED(AD) and
SLM(AD) conditions during the nanoindentation
loading (at 500°C) could be mainly due to the
precipitation of the L1, phase within the FCC
matrix.

tested at RT or 250°C (Fig. 4c). The SEM investi-
gation also did not reveal any obvious precipitation
of the L12 phase in an independent study previously
conducted by the authors. The phase fraction versus
temperature plot (in Fig. 6) exhibits no significant
change in the L1y, phase fraction for tempera-
tures < 500°C. Therefore, it is intuitive that slug-
gish diffusion at lower temperatures makes the L1,
precipitation Kkinetically unfavorable. Hence, no
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Fig. 4. Representative load versus displacement (P-h) curves as a function of temperature comparing (a) DED (AD) and DED (HT) conditions,
(b) SLM (AD), and SLM(HT) conditions, (c) DED(AD) and SLM(AD) conditions, and (d) DED(HT)and SLM(HT) conditions of AM processed

A|0_3Ti0_2C00_7CrFeNi1 7 HEA.

serrations were observed in the P-h curves for
DED(AD) and SLM(AD) conditions tested at RT and
250°C. Similarly, the P-h curves in Fig. 4d for
DED(HT) and SLM(HT) conditions did not reveal
any signs of serrated yielding during nanoindenta-
tion, which again illustrates the stability of the
hierarchically heterogeneous microstructures dur-
ing deformation at elevated temperatures.

CONCLUSION

In summary, the temperature-dependent (from RT to
500°C) nanoindentation behavior of the DED and SLM
processed Alj3Tig2Cop7CrFeNi;; HEA was investi-
gated in the as-deposited and one-step annealed condi-
tions for this study. The hierarchically heterogeneous
microstructures obtained via simple one-step annealing
of the DED and SLM-processed HEA exhibited signif-
icantly better performance than the nearly homoge-
neous microstructures in the as-deposited state. The
one-step annealed conditions revealed < 6.6% reduc-
tion in hardness values at 500°C compared to RT, while
the as-deposited conditions showed > 18% reduction in
hardness between RT and 500°C. The one-step

annealed conditions also exhibited significantly higher
hardness than the as-deposited conditions owing to
their multi-phase (FCC + L1,) microstructures with a
substantial fraction of ordered L1, precipitates. Fur-
thermore, serrated yielding (PLC effect) indicative of
microstructural instability was observed during
nanoindentation deformation (at 500°C) for both SLM
and DED processed conditions but not after the one-step
annealing. Overall, the nanoindentation results signify
the stability of these hierarchically heterogeneous
microstructures developed via single-step annealing,
exploiting the residual stresses, in the AM processed
Al 5Tip2Coo ,CrFeNi; ; HEA. The results presented in
this study open up strong possibilities for applications of
HEAs in high-temperature nuclear reactors.

RECOMMENDATIONS

Future work may include investigating this mate-
rial’s behavior for a variety of environment, molten
salt corrosion behavior and air oxidation behavior at
temperatures > 800°C. The obtained results can be
compared with other high-temperature application
materials such asthe ODS (PM 2000) and AFA alloys.
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Fig. 5. SEM backscattered Images revealing the L1, precipitation post nano-indentation deformation at 500°C for (a, b) DED (AD) and (c, d)
SLM(AD) conditions of the AM processed HEA.
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