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Abstract

High entropy alloys (HEAs) demonstrate high strength, thermal stability, and irradiation
resistance, making them desirable for applications in nuclear reactors and other harsh
environments. Many existing HEAs contain cobalt (Co), which makes them unsuitable for nuclear
applications due to the long-term activation of Co. A previously studied Co-free alloy,
(Feo.3Niop3Mno 3Cro.1)sgTisAlg, exhibits high strength but compromised ductility due to its network
of brittle precipitates upon aging. This work investigates the formation mechanism and evolution
of the precipitates, including L1> (NisTi type, ordered face-centered cubic structure), B2 (NiAl
type, ordered body-centered cubic structure), and Chi (FeCr-rich ordered a-Mn structure), in this
alloy at 650 °C, the aging temperature that yields the alloy’s peak strength after 120 hours. Using
ex-situ scanning electron microscopy, transmission electron microscopy, and atom probe
tomography, the precipitates were characterized in terms of their composition, morphology, and
crystal structure at various aging times. In addition, synchrotron-based, in-situ X-ray diffraction
was used to probe the evolution of precipitates in the bulk during key phases of in-situ aging. The
L1, precipitates exhibit complex growth and coarsening behavior — their coarsening starts after
just 24 hours, and competition between the L1, and B2 phases arises after 72 hours leading to a
decrease in L12 volume fraction. Conversely, B2 and Chi precipitates exhibit delayed nucleation
and growth, and do not form in observable quantities until after 24 hours. Once formed, however,
these precipitates quickly dominate the microstructure, with >50% volume fraction after 120
hours, leading to the previously observed mechanical properties. This study provides a
foundational understanding of the evolution of multi-precipitate structures in HEAs and guides
future alloy development and optimization by tailoring the precipitates.

1. Introduction

High entropy alloys (HEAs) are a new and intriguing class of alloys with multiple principal
elements. The typical definition of HEA is five or more elements with concentrations of 5-35 at%
each [1-3]. This compositional complexity leads to severe lattice distortion, sluggish diffusion
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kinetics, and high mixing entropy [1, 4]. Existing literature shows that HEAs possess unique
properties, such as high strength and good ductility [5-9], good thermal and irradiation stability
[10], and excellent oxidation resistance [11-12]. Although most studies have focused on single-
phase structures, many recent studies have explored precipitation strengthening and intermetallic
formation in HEAs [13-20]. For example, He et al [21] fabricated an (FeCoNiCr)esTi2Al4 alloy
with a strength of 1100 MPa and a ductility of 40% by inducing L1> precipitation in a face-
centered cubic (FCC) matrix with a combination of cold-rolling and aging. The L1, precipitates
are ~20 nm diameter spherical particles evenly distributed in the matrix. In addition, a Co-free
alloy AlpsCrooFeNizsVo.2 has been shown to possess an FCC+L1, spinodal structure with 1900
MPa strength and 9% ductility, also manufactured by cold-rolling and aging [22, 23]; in this alloy,
the L1, precipitates are ~20 nm thick semi-continuous lamellae. These two alloys show that even
with the same matrix and precipitate phases and similar processing, the microstructures, hence the
mechanical properties, can vary greatly.

The unique properties of HEAs, such as sluggish diffusion and lattice distortion, lead to
unusual precipitation kinetics. Some alloys, such as the (FeCoNiCr)osTi2Al4 previously discussed,
show typical L1, coarsening kinetics, though with a much slower coarsening rate than Ni
superalloys [18, 24-25]. Some of these alloys, such as the (FeCoNiCr)osTi2Als[24, 26] or Ni-30Co-
13Fe-15CR-6Al1-6Ti-0.1B [25], can form the L2;, or Heusler phase, given enough time or a
sufficient aging temperature. Therefore, understanding the kinetics involved is crucial to prevent
the formation of this undesirable phase.

Often, given the large supersaturations of alloying elements, nucleation, growth and coarsening
overlap [27, 28]. Other phases commonly studied, such as B2 and o, can also be affected by the
unusual thermodynamics and kinetics in HEAs [29-35]. For example, the nucleation and growth
of ¢ phase in CrasMnaoFe20Co20Nii4 matched the Johnson-Mehl-Avrami-Kolmogorov (JMAK)
model almost perfectly, but their diffusion and coarsening kinetics were more complex [31-32].
Adding Al and Ti in different ratios to Co1.sCrFeNiis HEA can produce needle-shaped B2,
cuboidal y’, and cellular n [33]. While B2 and vy’ fit a power law coarsening model,  consumes y’
to coarsen and its kinetics does not fit a normal coarsening model. These studies also show that
different ratios of Ti and Al addition can result in other undesirable phases, such as B2 or 1, in
systems that were intended to be purely L1, strengthened [36-39].

In addition to the complexity induced by the nature of HEAs, systems with multiple
precipitates can have complex precipitation mechanisms and pathways, such as competitive
precipitation. Zhang et al [40] studied the simultaneous formation of L1, and L2; in an
FeCoCrNiTiAl alloy system and observed that the phases competed for the Al in the alloy. With
Ni content held constant at 30% or 35%, L1> was preferred over L2, with increasing Al content,
but this trend was reversed with 25% Ni. Gwalani et al [41] showed a similar competition between
L1, and B2 in an Alp3CoCrFeNi system. For more traditional alloys, this phenomenon has been
modeled [27, 42-44]. For example, competition between 0 and y’ in Ni-Al-V alloys was studied
with phase field kinetic models [42], and competition between different carbides in steels was
predicted using diffusion models [43]. The kinetics of the competing phases interact with each
other, making traditional single-phase kinetic models like JMAK invalid, but typically one phase



is kinetically favored, and the other thermodynamically favored [27]. The kinetically favored phase
is only a metastable phase to be replaced by the thermodynamically favored phase over time. In
addition, there can often be competition between continuous and discontinuous forms of the same
precipitate phase. For example, Fang et al [45] indicated a competition between continuous and
discontinuous (or homogeneously and heterogeneously nucleated) forms of L1, precipitation.
Whether homogeneous or heterogeneous precipitation is favored depends on the system diffusion,
the predicted phases, the heat-treatment temperature and the pre-existing strain and microstructure
[46-48].

Our previous work [49] showed an wunusual precipitate microstructure in the
(Feo.3Nip3Mno 3Cro.1)sgTisAlg alloy. This alloy exhibited nanoscale L1, in the FCC region and a
network of B2 and Chi intermetallics after aging at 650 °C for 120 hours. This microstructure led
to high strength but low ductility, with the low ductility most likely originating from the
intermetallic network. Further development of this Co-free alloy requires mitigation of the network
formation of these intermetallics, demanding a comprehensive understanding of the precipitation
microstructure and its evolution. To meet this need, we explore the evolution of the precipitates in
this alloy at 650 °C. The precipitation kinetics will be modeled and the unusual precipitation
behavior will be explained based on thermodynamics. Using this knowledge, new alloys and aging
treatments can be designed to avoid harmful precipitates and encourage the L1> precipitates.

2. Experimental Procedures

Bulk (Feo.3Nig3Mng 3Cro.1)ssTiaAlg was fabricated via vacuum induction melting of 99.9% pure
elements. To ensure compositional homogeneity and a single-phase FCC structure, the cast was
homogenized at 1100 °C for 48 hours, using carbon filled stainless steel bags to prevent oxidation.
The homogenized sample was sectioned and aged at 650 °C for 0.5 to 244 hours. The samples
were mechanically polished to a final step of 0.02 um colloidal silica for characterization

Characterization of samples from various aging times was performed using scanning electron
microscopy (SEM), electron backscatter diffraction (EBSD), transmission electron microscopy
(TEM), and atom probe tomography (APT). SEM and EBSD were performed using a Helios Dual-
Beam Nanolab SEM operating at 30 kV. TEM samples were prepared using focused ion beam
(FIB) lift-out on the Helios and TEM characterization was performed using an FEI F20 TEM
operating at 200 kV. Additional TEM was also performed on a JEOL JEM 2100F operating at 200
kV. The FIB on the Helios SEM was also used to prepare APT tips as described by Thompson et
al. [50]. APT experiments were performed using a CAMECA local electrode atom probe (LEAP
4000XHR) in laser mode with a 30K sample base temperature and a 50 pJ laser energy.
Reconstructions were created and analyzed with CAMECA’s IVAS 3.8 software.

The evolution of precipitates phases during aging was also characterized using synchrotron-
based X-ray diffraction measurements in the transmission mode. The measurements were
conducted at the ultra-small-angle scattering facility of the Advanced Photon Source, Argonne
National Laboratory [51]. 21 keV X-rays were used, with a photon flux density of ~10'3
photon/mm?/s. The samples were ~80 pm in thickness to ensure X-ray transmission. A Pilatus 300
KW single photon counting device was used to collect the XRD data. A combined 30 s acquisition



time and the usage of Pilatus detector ensure that the weak diffraction signal from secondary
phases is captured. A Linkam 1500 in-situ heating stage was used to age the sample and induce
precipitation, while the precipitate evolution during the aging treatment was monitored by the X-
ray diffraction. The heating rate was 150 °C/min, and the aging temperature was 650 °C with a
holding time of 8 hours. More details about this type of measurements can be found elsewhere
[52].

Chemical potentials of the elements and phases in thermodynamic equilibrium were calculated
using Thermo-Calc, using the Ni 12.1 database. Hardness testing was performed using a Struers
Duramin 5 Vickers hardness tester by applying a load of 4.91 N for a duration of 10 s. 10 data
points were measured and averaged for hardness of each aging condition. Samples for SEM,
EBSD, and hardness testing were mechanically polished with a final step of 0.02 um colloidal
silica.

3. Results
3.1 L1, precipitate evolution

The primary precipitates that form in (Feo.3Nio.3Mno3Cro.1)ssTiaAlg based on previous work
[49] are nanoscale L1, (NisTi type, ordered FCC structure), microscale B2 (NiAl type, ordered
body-centered cubic structure), and Chi (FeCr-rich ordered a-Mn structure). The L1 precipitates
provide a considerable strengthening contribution, especially at short aging times. Figure 1 shows
the evolution of L1, precipitates as observed via APT as defined by a 40 at.% Ni isoconcentration
surface. The values for size, volume fraction in FCC phase, and number density of the L1
precipitates as determined by APT are shown in Figure 2. The L1, precipitates start very small,
about 5 + 1 nm in diameter at 2 hours and grow to 14 + 3 nm after 24 hours. Their sizes continue
to increase throughout the aging; however, the increase is significantly slower later, with the
average diameter reaching 22 + 7 nm after 120 hours and 25 + 8 nm after 244 hours of aging. Note
the dramatic change in slope for all three values (Figure 2d-f) from 12 to 24 hours. At this point,
the rate at which the volume fraction and size increase and the number density decreases all
decline, with different trends after the time for the different metrics. The volume fraction also
shows a drop from 48 hours to 72 hours, with a minimum of 21 + 4% reached at 120 hours. After
this minimum, the volume fraction of L1, in the FCC matrix returns to 30 + 1% after 244 hours.
These volume fraction results are consistent between both tips of each aging condition. This trend
is due to the competition between L1, precipitation and B2 precipitation, which will be elaborated
on further in the discussion section.
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Figure 1: APT reconstructions from (Feo3Nig3Mno3Cro.1)ssTisAlg aged at 650 °C for (a) 2 hours,
(b) 6 hours, (c) 12 hours (d) 24 hours, (e) 48 hours, (f) 72 hours, (g) 120 hours, and (h) 244 hours.
40% Ni isosurface in each shows growth of L12 precipitates during aging.



(a) 18 (d)g
—glﬁ -
14 _gs :
S22} £,
© g L
‘;:U 10 F E
L 8 r 2}
©
b6
a
o g4 F 0
4 0 10 15 20 25
o 2 Time (hours)
O L 1 L L
50 100 150 200 250
Time (hours)
(b)0.35 (e)o.35
03 f
0.3 =
- % 025 |
S 0.25 8 i
'43 E 02
3]
g 0.2 50.15 -
= 01
(0] o
0.15 >
g 0.05 |
O ‘1 1 1 L L
> & 0
0 5 10 15 20 25
0.05 F Time (hours)
0 1 1 1 L
50 100 150 200 250
Time (hours)
(c)1E+25 (f) 1E+25
£ =
= B3
= 1E+24 >
é‘- = 1E+24
z &
S o
e g
T 1E423 | £ |
< S 1E+23 L L L
= =z
= 10 15 20 25
= Time (hours)
1E+22 . : : :
0 50 100 150 200 250
Time (hours)

Figure 2: APT Analysis of L12 precipitate evolution in (Feo3Nio3Mno3Cro.1)ssTi4Als under 650
°C aging showing change in (a,d) radius, (b,e) volume fraction, and (c,f) number density. Notice
the abrupt change in growth at 12 hours, illustrated in (d-f). Volume fraction of L1> is in the FCC

region, not the alloy as a whole.
3.2 B2 and Chi evolution

In addition to the L1, nanoprecipitates, (Feo3Nio3Mno3Cro.1)ssTisAlg also exhibits a
network of B2 and Chi phases. This network starts to form after 24 hours of aging and grows to



dominate the microstructure during the subsequent aging, as shown in the secondary electron SEM
images in Figure 3. It can be seen in Figure 4d that B2 and Chi co-precipitate, with B2 initially
dominating. These precipitates grow together to form the network observed at 120 hours and 244
hours, however, the formation of Chi occurs quickly. The network becomes increasingly occupied
by the Chi phase from 120 to 244 hours, as Chi increases from 22.14% =+ 5.39% to 24.52% +
1.97%, while B2 falls from 28.95% =+ 3.19% to 25.75% + 3.11%.

~m |

B2+Chi

Figure 3: Secondary electron SEM images of (Feo3Nio.3Mno3Cro.1)ssTisAlg aged at 650 °C for (a)
24 hours, (b) 120 hours, and (c) 244 hours. Dark regions on all images are Chi, adjacent light
regions are B2. (d) EBSD phase map after 24 hours aging, pink=FCC, blue=Chi, yellow=B2.
B2+Chi form as distinct precipitates. (e), (f) Al and Cr EDS maps after 120 hours aging, showing
Al-rich B2 and Cr-rich Chi. (g) EBSD phase map after 244 hours aging, blue=FCC, yellow=Chi,
pink=B2. Chi increasingly occupies the network at longer aging times.

TEM images of the microstructure are shown in Figure 4. The B2 precipitate shows a lined
structure, especially when it grows past a certain size. In addition, B2, unlike Chi, forms smaller
isolated precipitates within the FCC matrix, as labeled in Figure 4a and 4b. This indicates that the
B2 phase is the originator of the B2-Chi group, with Chi forming on existing B2. To further confirm
this theory, STEM was taken of the B2 and Chi after 24 hour aging as shown in Figure 5. The B2
phase, otherwise isolated in the FCC matrix, shows Cr enrichment on its edges, which likely serves
as a nucleation site for the Chi phase to form. This suggests that the B2 and Chi network is the
result of chemical segregation around the B2 precipitates as they form and grow. In addition, the
increasing prevalence of Chi in the structure as aging continues suggests that the Chi phase is more
thermodynamically favorable than the B2 phase. This will be further elaborated in the discussion
section.
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Figure 4: TEM images of (Feo.3Nio.3Mno3Cro.1)ssTisAls aged at 650 °C for (a) 24 hours, (b) 120
hours, and (c) 244 hours. Examples of each phase are labeled. The 24 hours samples show some
large B2+Chi structures, but mostly consists of smaller (100 nm) B2. The 120 and 244 hours
samples show larger B2 and Chi and less of the smaller B2, although it is still present. B2 phases
can be easily identified through their lined structures under TEM.

Figure S: Scanning TEM (STEM) images of (Feo.3Nio.3Mno3Cro.1)ssTisAlg aged at 650 °C for 24
hours. (a) Dark-field STEM image showing an isolated B2 precipitate, confirmed by (b) Al map.
(c) Cr map showing enrichment at the edges of the B2, approaching 25 at%. This enrichment
likely serves as a seed for forming Chi.



3.3 Hardness evolution during aging

The hardness evolution in Feo3Nio3Mno3Cro.1)ssTisAlg during aging at 650 °C is shown in
Figure 6. Aging leads to rapid hardening in the first 24 hours, followed by gradual rise to the peak
hardness of 535 HV after 120 hours. Extending aging up to 244 hours exhibits marginal reduction
in hardness. The different hardness regimes appear to match changes in the precipitation behavior,
with the dramatic rise in hardness likely caused by the rapid growth of L1> precipitation, and the
more gradual hardness increases caused by the growth of B2 and Chi after 24 hours.
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Figure 6: Vickers hardness of (Feo3Nio.3Mno3Cro.1)ssTisAls aged at 650 °C for different times up
to 244 hours. Hardness increases rapidly up to 24 hours aging, then slowly increases to a peak of
535 HV at 120 hours. Overaging causes little reduction in hardness.

3.4 Phase evolution during in-situ aging revealed by XRD

In-situ aging of (Feo.3Nio3Mno3Cro.1)ssTisAls was performed with simultaneous XRD
analysis to determine the precipitation kinetics at 650 °C aging. Aging was performed on both the
homogenized sample, to highlight the early growth of L1> in Figure 7, and a sample pre-aged at
650 °C for 24 hours, to show the growth of B2 and Chi and the coarsening of L1 in Figure 8.
Figure 7a displays the XRD patterns used for analysis, with major peaks from each phase labeled.
By 200 minutes, only FCC and L1> have multiple visible peaks, with only the strongest B2 and
Chi peaks visible, indicating that their volumes are small. More peaks appear as the phases
continue to form. The volume fraction (Figures 7b, 8b) evolution trend was determined by the
changes in integrated peak intensity to be discussed in Section 4.1, with the absolute numbers
corrected to the known volume fraction from EBSD and APT. The number correction was
necessary because the FCC matrix has very large grains (400 pm, larger than interaction volume)



and the Chi phase is highly textured, making quantitative results from XRD unreliable. The texture
was determined based on the 2D XRD intensity map shown as a subset of Figure 7a, with the Chi
peaks visible as individual spots as opposed to the rings for FCC matrix (and L1;) showing that
the Chi phase orientation is not random. In addition, average size (Figures 7c, 8c) is crystallite
size, not precipitate size as observed from APT and EBSD, but the trend can also be assumed to
be analogous for both. L1, shows consistent increases in both volume fraction (in FCC matrix)
and size at early aging times. B2 and Chi do not form until after 3.3 hours of aging and show
similar trends. Their volume fractions increase at a similar rate to each other, though at a noticeably
slower rate than L1>. Their sizes barely change during aging, suggesting that these precipitates are
primarily nucleating at this stage. The noise in the B2 size curve in Figure 7c is due to the low
intensity of the B2 peaks shown in Figure 7a, which makes peak width calculations unreliable. At
early times, the average measurement error goes up due to these weak peaks as well, making any
trends in size difficult to determine. After 24 hours of aging before in-situ aging, all three phases
are well-established, and their further evolution is of interest. L1, slightly decreases in volume
fraction and size, suggesting that the additional growth of B2 and Chi occurs at the expense of the
L1, precipitates. B2 and Chi both grow slightly in size but Chi grows slightly more than B2 in
volume fraction, suggesting that B2 may have reached the coarsening stage, while Chi is still
growing. The average errors for Figure 8 and later times in Figure 7 are ~7% for volume fraction
and ~5% for size.
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Figure 7: XRD analysis of (Feo.3Nio3Mno3Cro.1)ssTisAlg during in-situ aging at 650 °C, starting
from the homogenized state: (a) XRD patterns of selected timesteps during the in-situ aging, with
important peaks highlighted; the subset in (a) shows the 2D XRD plot for 484 min, with strong
peaks labeled to show Chi phase texture(b) volume fraction of the three precipitate phases, using
arbitrary units so trends are highlighted; (c) size of the three precipitate phases taken from
Williamson-Hall analysis of bold labeled peaks in (a) assuming minimal strain.
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Figure 8: XRD analysis of (Feo.3Nio3Mno3Cro.1)ssTisAls during in-situ aging at 650 °C, starting
from the 650 °C 24 hours aged state: (a) XRD patterns of selected timesteps during the in-situ
aging, with important peaks highlighted; (b) volume fraction of the three precipitate phases, using
arbitrary units so trends are highlighted; (c) size of the three precipitate phases taken from
Williamson-Hall analysis of bold labeled peaks in (a) assuming minimal strain.

4. Discussion

4.1 XRD Analysis

Volume fraction was calculated from the integrated peak intensity using the following
equation derived from the equation for peak intensity under XRD [53]:
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Where I is the integrated intensity, M is the multiplicity of the peak, V is the unit cell volume for
1+cos?(20)cos?(20m)
sin226 cos 6
with Om being the monochromator diffraction angle, v is the volume fraction, and i and j refer to

any two phases whose volume fractions are being compared. However, the XRD calculated volume
fractions do not match the known volume fractions of phases as established by APT and EBSD
due to the large FCC grains and the textured nature of the Chi phases, as determined based on the
2D XRD intensity maps. Nevertheless, the trend was still of interest and was examined in Figures
7b and 8b, with the exact numbers corrected based on known volume fractions determined from
APT and EBSD. It is worth noting that the APT volume fraction has some error due to local
magnification aberration, but the APT data is still useful as a comparison. The known volume
fractions at 6 hours (B2 and Chi assumed to be 2 and 1.5%, respectively) and 24 hours were taken
from Figure 2 and Table 1, and the volume fractions obtained from the XRD intensity equation
were multiplied by a constant factor to get them to match the known values at the known times.

the phase, F is the structure factor of the peak and phase, is the Lorentz factor

Crystallite size of the precipitate phases was estimated based on the peak broadening
determined from XRD patterns using the Williamson-Hall equation:

K2
BcosO = 53 + (4sinf)

Where f is the peak broadening, K=0.9, A=0.5904 is the wavelength used in the synchrotron, D is
the precipitate size, and ¢ is the lattice strain. Considering that the alloy was cast, homogenized,
and aged, the lattice strain term is assumed to be negligible, so the equation reduces to the Scherrer
equation:

KA
PcosO = 53
The XRD estimated crystallite sizes do not match the precipitate size measured from APT and
EBSD because these methods measure different dimensions of precipitates (XRD: dimensions of
coherent scattering domain; Precipitate size from APT or EBSD: physical dimensions of the
secondary phase particles within a matrix). In principle, the precipitate size shall always be the
same or greater than the crystallite size. In our case, the presence of internal defects is evident in
the TEM data (Figure 5), rendering the coherent scattering domain size provided by the Scherrer
equation consistently smaller than the physical precipitate size observed by APT and EBSD.
Nevertheless, the trends for size change are still relevant to gain insight regarding the kinetics of
precipitation.

4.2 L1, precipitation kinetics



To understand the precipitation kinetics, the Lifshitz-Slyozov-Wagner (LSW) coarsening
model [27, 54, 55] was used to fit the precipitate size data from APT, with 13 plotted versus t,
assuming diffusive growth, graph shown in Figure 9. Although the traditional LSW model involves
constant volume and pure coarsening, the apparent predominance of coarsening after 24 hours in
the L1; precipitates and relatively minor changes in volume fraction from 24 to 120 hours renders
the use of this model appropriate. [54, 55]. Nucleation and growth do not fit the LSW model, so
these regions will not fit the line. The coarsening rate k appears to be relatively constant from 24-
120 hours with a slight slope change at 72 hours, but severe deviations are observed before 24
hours and after 120 hours. Aging before 24 hours can be attributed to mixed nucleation, growth
and coarsening, thus the deviation from linear behavior, but the deviation from LSW model for
aging after 120 hours remains unexplained. Given the increase in volume fraction (Figure 2b) and
slight increase in number density (Figure 2¢) after 120 hours of aging, it is possible that a second
round of nucleation occurs after long aging times. This is likely due to the dissolution of B2 at
longer times leading to more Ni atoms released into the matrix, allowing additional L1, to form,
likely homogeneously in the FCC matrix. The complex interplay between the L1, and B2
formations poses substantial obstacles to accurately modeling the precipitation kinetics of these
phases. This becomes particularly challenging when the B2 phase becomes more volumetrically
significant [27].
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Figure 9: Fitting of L1> precipitate sizes from APT to the LSW coarsening model.

Additional explanations can be made for why the LSW model does not fit perfectly to the
kinetics of the L1, precipitates beyond the interaction between B2 and L1». Specifically, in this
alloy, nucleation, growth and coarsening cannot be separated. Robson’s 2004 study [28] showed
that the nucleation, growth, and coarsening can overlap given a low enough interfacial energy



between the precipitate and matrix, or a high enough supersaturation of alloying elements in the
initial matrix. While the interfacial energy is not known exactly for this alloy, it can be assumed to
be low considering the coherent interface between the FCC matrix and L1> precipitates. The
supersaturation for both Al and Ti is high, as the alloy contains 8 at% and 4 at% of them
respectively, while the equilibrium matrix composition after aging contains only ~1 at% of each
based on APT results from our prior works [49]. This indicates that the alloy is in the regime where
L1; would simultaneously nucleate, grow and coarsen for a significant amount of the aging time,
which can explain the trends in Figure 2. This could also explain the continuous decrease of the
number density of L1> shown in Figure 2c, which would be expected of coarsening, but not of
growth.

4.3 Thermodynamics and kinetics for B2 and Chi precipitation

Table 1 gives precipitate statistics for B2 and Chi under 3 different aging conditions. Only
limited data points were recorded for the precipitation of B2 and Chi, so no kinetics models were
tried, but the kinetics will be discussed. The total volume fraction of B2 and Chi grow from less
than 10% of the structure after 24 hours to over 50% of the structure after 120 hours, but do not
grow further after that. However, the amount of the structure that is B2 or Chi changes constantly.
B2 is continually the majority of the network but its size is always smaller than Chi in the network.
In addition, the number density of B2 continually decreases while that of Chi continually increases.
Figure 8c shows that B2 volume fraction remains constant while Chi volume fraction increases,
suggesting that Chi precipitates continually nucleate and grow off B2 precipitates, while B2
precipitates continually coarsen and eventually disappear, if aging time is long enough, due to the
growth of Chi precipitates. The precipitation process is shown schematically in Figure 10.

The reasons for why continuous Chi growth would cause B2 to decrease as well as why B2
growth causes L1 to dissolve, can be examined based on thermodynamics. L1> forms early due to
fast precipitation kinetics, as L1, (2.13x107!? J) has a lower nucleation barrier for formation in an
FCC matrix than B2 (4.23x10!° J) based on calculations from Thermo-Calc using the Ni 12.1
database. However, B2 is thermodynamically favorable over L1», as illustrated by Figure 11a-b
illustrating Ni and Al’s preference for B2 over Ni3Ti, which is used as a stand-in for L1,. As B2
grows, Chi grows along with it, consuming the Fe and Cr in the matrix until both phases reach
saturation. However, once saturated, Chi is thermodynamically favorable over B2, as shown in
Figure 11c-d, as the Ti and Mn, which are in relatively equal proportions in both B2 and Chi based
on previous results [49], nevertheless have a chemical potential driving force to form Chi over B2.
It is worth noting that Chi phase was not included by Thermo-Calc HEA 6.1 or Ni 12.1 databases,
the latter of which was used for the calculations, so two stand-ins were used: Sigma, which is the
equilibrium predicted phase as reported in our previous work [49], and a-Mn, which has the same
structure as Chi. The preference especially of Ti for Chi over B2 causes Chi to grow at B2’s
expense, as shown in Table 1. This partial dissolution of B2 will introduce more Ni to the matrix,
favoring L1» precipitation as shown by Liu et al [56]. This explains the increase in L1> volume
fraction from 120 hours to 244 hours observed in Figure 2. This hypothesis is also supported by
the histogram in Figure 10f, which shows an increase in small (0-5 nm) precipitates from 120 hours
to 244 hours, indicating new precipitate nucleation.
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Figure 10: (a-d) Schematic of precipitation procedure in (Feo.3Nio3Mno3Cro.1)sgTisAlg, with
blue=L1,, Green=B2, Red=Chi: (a) early aging (0-24 hours) with only L1, present; (b) 24-48
hours, B2 and Chi appear, L1> is coarsening; (c) late aging (72-120 hours) with B2 and Chi having
grown and some L1 dissolving in favor of B2; and (d) overaging (244 hours) with Chi consuming
B2, and the Ni from B2 forming new L1, precipitates. (¢) APT reconstruction of 72 hours aged
sample, with 40% Ni isosurface showing B2 and L1,. Note the absence of L1, around B2. (f) and
(g) Histograms of L1, precipitate sizes at 120 hours and 244 hours aging, respectively, determined
from APT. Note the increase in small (0-2.5 nm) precipitates indicating nucleation of new
precipitates.
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Figure 11: Chemical potential of selected elements and phases in (Feo.3Nio3Mno.3Cro.1)ssTisAlg
using the Thermo-Calc Ni 12 database: (a) Ni and (b) Al show a clear preference for B2 over L1,
at lower temperatures, including 650 °C; (c) Ti shows a clear preference for sigma and a-Mn, two
Chi stand-ins, over B2; (d) Mn shows a slight preference for sigma over B2, but not a-Mn over B2
at 650 °C.



Table 1: Precipitate statistics for B2 and Chi under 3 different aging conditions

Aging Condition | Average Number Density | Area Fraction
Radius (nm) | (/m?) (%)

650 °C 24 hours

B2 172 + 36 2.01 £0.64E12 | 4.67+1.74

Chi 240 + 93 7.84 £2.50E11 | 3.58+1.33

650 °C 120 hours

B2 330+ 56 1.93 £0.66E12 | 28.95+3.19

Chi 360 + 72 1.14+ 0.29E12 | 22.14+5.39

650 °C 244 hours

B2 434+ 216 1.74+£0.18E12 | 25.75+3.11

Chi 502 +£96 1.24 £ 0.51E12 | 24.52+1.97
S. Conclusions

A precipitation strengthened (Feo.3Nio3Mno3Cro.1)ssTisAls HEA was fabricated by vacuum
induction melting and casting, and the precipitation behavior during aging at 650 °C was
investigated. The following conclusions are drawn:

1y

2)

3)

4)

The L1, precipitates showed a clear increase in size and decrease in number density during
observed aging (2-244 hours), as determined by APT. There is likely an increase in number
density associated with nucleation which occurs prior to 2 hours. The volume fraction
fluctuates over time due to competition with B2. The APT results and LSW coarsening
model show a transition from primarily nucleation and growth to primarily coarsening after
aging for 24 hours, though both are present throughout the aging process. The growth
kinetics deviated from other classical models due to interactions with the growing B2
phase, making the precipitation behavior complex.

The B2 and Chi phases did not form in amounts visible in SEM until 24 hours aging. Later,
both phases grow to take up over half the structure at 120 hours. With longer aging times,
the Chi phase begins to outgrow the B2 phase, although at 244 hours B2 still outnumbers
Chi (25.75% vs 24.52%). In addition, early aging shows that Chi phase forms from Cr-
enrichment around the B2 precipitates.

XRD analysis during in-situ aging verified the trends determined by APT and EBSD.
Specifically, it shows a clear growth in size and volume fraction of L 1> at early times, while
B2 and Chi have just started nucleating. Later, after 24 hours of aging, the L1 volume
fraction in the alloy decreases slightly while B2 coarsens and Chi grows during in-situ
aging.

The cause of the increase of Chi at longer times and the interactions between B2 and L1
was rationalized based on the chemical potential of the elements in the alloy. Ni and Al
show affinity to B2, causing B2 to be favored over L1>. Thus, as B2 grows, L1 around it
dissolves, causing the decrease in L1, volume fraction after 48 hours. Ti and Mn show
affinity to Chi over B2, causing the Chi to grow at B2’s expense. This re-introduces Ni into
the matrix, allowing additional L1> to form.
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