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Abstract

The precipitation of new phases during long-term service at elevated temperatures is a concern for
the thermal stability of engineering alloys. In Ni-Cr-based alloys, e.g., Alloy 690, the formation of long-
range ordered Ni,Cr causes embrittlement and may impact the lifetime of nuclear power plant components.
In this work, we quantify the formation and evolution of Ni>Cr precipitation in eleven Ni-Cr-Fe model
alloys with 0, 5, 7, and 10 wt. % Fe contents, and with Ni/Cr atomic ratios of 1.8, 2.0, 2.2, 2.4. These alloys
were isothermally aged up to 10,000 h at temperatures between 330-475 °C. The alloys were characterized
by synchrotron-based x-ray diffraction and Vickers hardness testing to quantify Ni,Cr precipitate size, and
the impact of precipitate size on the mechanical properties as a function of Fe content. After 10,000 h of
aging at 475 °C and 418 °C, the formation of Ni»Cr was observed in all alloys with 0 and 5 wt. % Fe. After
10,000 h of aging at 418 °C, Ni»Cr precipitates were also observed in the 7 wt. % Fe containing Ni/Cr=2.0
sample. No clear evidence of NixCr was observed in any of the 10 wt. % Fe samples at any time and
temperature combination. We find that the face-centered cubic matrix lattice contraction and Vickers
hardness are correlated with the Ni>Cr formation. The greatest change in hardness and lattice contraction
occurs in stoichiometric alloys (Ni/Cr=2.0) with 0 wt. % Fe at 475 °C. The rate of change in the material
properties for the 5 wt. % Fe alloys is reduced, however the magnitude of changes is similar to 0 wt. % Fe
alloys. A precipitation hardening model developed for Ni-Cr alloys based on critical resolved shear stress
with weakly coupled dislocations shows a clear link between Ni,Cr precipitate size and hardness. This trend
held across all alloys with NiCr formation regardless of Fe concentration. This important structure-
property relationship can potentially help define Ni-Cr-Fe-based component lifetimes directly through an
understanding of how Ni,Cr formation impacts mechanical properties as a function of Fe content.
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1. Introduction

High-strength and corrosion-resistance are intrinsic material properties that make Ni-based alloys
attractive structural materials for the extreme environments of the nuclear power and other industries.
However, license extensions for reactor operations beyond the initial 40 year time period raises concern for
material integrity [1]. One particular concern for Ni-based alloys is the embrittlement from long-range order
(LRO) phase transformations including those that occur after long time periods at elevated temperatures.
This has prompted research into Ni-based alloy 690 (58-62 wt. % Ni, 27-31 wt. % Cr, 7-11 wt. % Fe, and
minor alloying additions), a material used for steam generator tubing, baffles and replacement of other
components of alloy 600 that operate in a temperature range of 270-325 °C [2]-[5]. In the Ni-Cr-Fe system,
LRO phase formation of Ni>Cr, and subsequent mechanical property changes after long-term isothermal
aging at temperatures between 330-600 °C have been investigated by the global metallurgy community [4],
[6]-[14]. Previous investigations have found that after 60,000 h of aging at 420 °C, LRO is observed in
alloy 690 with 7 wt. % Fe, but not in 10 wt. % Fe. Further aging to 90,000 h at 360 °C showed no evidence
of LRO in either the 7 or 10 wt. % [2]. These studies concluded that LRO would not be expected at 325 °C
after 60 years in high Fe containing 690, while 690 with lower amounts may form [2]. However, there is
limited data at lower temperatures and longer times of interest to industry.

The kinetics of long-range ordering in the Ni-Cr-Fe ternary alloys, the time-temperature-
transformation diagram and phase diagram for Ni-Cr-Fe ternary alloys are less understood than the Ni-Cr
binary system, especially at lower temperatures [6], [7], [9], [10]. Previous research suggests that increased
Fe acts to lower the temperature at which the LRO phase is stable, however the activation energy does not
appear to be influenced based on the limited available isothermal data [4], [15]. In model Ni-Cr binary
alloys, LRO is readily found after 500 h of aging at 475 °C [10], [ 14], which is near the peak transformation
temperature in these alloys. LRO in a ternary model alloys (59.4 at. % Ni, 30.2 at.% Cr, 10.4 at. % Fe) is
observed after 32,000 h at 475 °C from changes in electrical resistivity, microhardness, and transmission
electron microscopy (TEM), while above 500 °C the microhardness and lattice parameter variation were
not observed [6], [7]. However, the critical temperature, the peak transformation temperature, and phase
boundary of LRO for ternary alloys with respect to Fe content is less understood. Ni,Cr phase formation
was studied using proton irradiation in 12 commercial alloys with Fe contents ranging 2 to 50 wt. %. [16]
LRO was found in alloy 690 (10.38 wt. % Fe) after irradiation to 2.5 dpa at 360 °C, indicating that Ni,Cr
is thermodynamically preferred, but kinetically constrained in purely thermal conditions. Alloys containing
Fe contents higher than 18 wt. % showed no LRO [16]. This discrepancy between the rate of ordering of
alloy 690 and comparable model alloys requires further research [16]. Furthermore, these previous studies
highlight that there is still a need to systematically understand LRO as a function of composition to better
explain differences between model binary, ternary, and commercial Ni-Cr-Fe alloys.

The formation of Ni,Cr precipitates in Ni-Cr-Fe model and commercial alloys can take thousands
of hours of isothermal aging and is dependent on temperature, composition, and material history. The most
frequent technique used to gauge LRO is hardness testing [2], [S], [6], [8]-[10], [16] as LRO leads to
measurable increases in hardness. However, other factors can contribute to material hardening (i.e.
radiation, cold work, residual stress, other precipitates, grain orientation). Tensile data from a near
stoichiometric (Ni/Cr=2.0) binary model alloy isothermally aged for 2000 h at 475 °C shows ductility loss
compared to the as-received (AR) condition. Additionally, yield strength and hardness were found to
correlate linearly [9]. Previous results from Ni-Cr binary model alloys (Ni/Cr=1.8, 2.0, 2.2, and 2.4) in [14]
show evidence that the hardness and Ni>Cr precipitate size correlate linearly and agree well with the critical
resolved shear stress precipitation hardening model of weakly coupled dislocations. Thus, Ni,Cr research
that measures hardness or other properties are typically paired with a microstructure observation technique
to confirm LRO is present in the materials.



Here, we quantify the structure-property relationship in a series of Ni-Cr-Fe ternary model alloys
as functions of aging time, temperature, and composition. We focus on finding Ni»Cr at lower temperatures
and the connection between the model binary and ternary alloys comparable to commercial alloys with
relevant Fe concentrations. Eleven Ni-Cr-Fe ternary model alloys of various stoichiometries (Ni/Cr = 1.8,
2.0,2.2,2.4) with 0, 5, 7, and 10 wt. % Fe were investigated following isothermal aging campaigns up to
10,000 h at four temperatures (330, 360, 418, and 475 °C) . The evolution in microstructure and mechanical
properties were determined from synchrotron-based x-ray diffraction (XRD) and Vickers hardness testing,
respectively. The evolution of the microstructure including the Ni-matrix face-centered cubic (FCC) lattice
parameter, and the size of Ni»Cr ordered precipitates were correlated with hardness data. These results serve
to aid Ni-based alloy service life predictions at elevated temperatures by understanding the formation of
LRO Ni,Cr and mechanical property impacts in Ni-Cr-Fe ternary model alloys.

2. Experimental Methods

2.1. Alloy Fabrication and Aging

The Ni-Cr-Fe ternary alloys were fabricated via vacuum induction melting and cast into an ~8 kg
cylindrical ingot. All ingots were made from high purity raw materials and prepared with different
stoichiometries for Ni/Cr atomic ratios from 1.8 to 2.4 with Fe content of 0, 5, 7, or 10 wt. %. Minor
amounts of C were added for grain size control to better mimic commercial alloys. After casting, the ingot
hot top was removed, and heat treated in a vacuum furnace, based on computationally optimized
homogenization [17], [18], to reach a uniformity within 1 % of target composition. The ingots were then
hot worked at approximately 900 °C into plate forms with a final thickness of ~16 mm through a series of
forging and rolling operations, then air cooled to room temperature. The chemical composition of the ingot
was verified through x-ray fluorescence and following ASTM E1621. The alloy compositions are given in
Table 1. The rolled plates were then cut via electrical discharge machining into 12x12x16 mm?® cuboid
samples. The samples were then isothermally aged in box type furnaces at temperatures of 330, 360, 418,
and 475 °C in air with aging times of 3,000 and 10,000 h, followed by furnace cooling to room temperature.
Additional details on the temperature monitoring and calibration of the furnace system can be found in ref.
[10]. The isothermal aging temperatures were maintained at +5 °C of target temperatures, and the time
accrued for aging campaigns are estimated to be £1 % of target times.



Table 1. Chemical composition (wt. %) of alloys investigated.

Alloy Name: Letter + Ni Cr Fe Nb Ti Al C other*
Target Ni-Cr Atomic ratio

+ wt. % Fe

A (Ni/Cr=1.8+0 Fe) 66.88 33.00 0 0.003  0.023  0.020 0.051 <0.023
K (Ni/Cr=1.8+5 Fe) 63.71 3125 496 0.003  0.019 0.015 0.025 <0.018
M (Ni/Cr=1.8+10 Fe) 60.26 29.60 10.08 0.002 0.001 0.015 0.023 <0.019
B (Ni/Cr=2.0+0 Fe) 69.46 3048 0 0.003  0.003  0.018 0.023 <0.013
F (Ni/Cr=2.0+5 Fe) 6590 29.09 4.94 0.002  0.005  0.021 0.023 <0.019
G (Ni/Cr=2.0+7 Fe) 64.44 28.50  7.00 0.003  0.007  0.013 0.023 <0.014
H (Ni/Cr=2.0+10 Fe) 6225 27.63 10.06 0.002 0.010 0.012 0.023 <0.013
C (Ni/Cr=2.2+0 Fe) 7141 2852 0 0.006 0.014 0.018 0.024 <0.008
J (Ni/Cr=2.2+5 Fe) 67.70 27.22 499 0.004 0.014 0.014 0.023 <0.035
L (Ni/Cr=2.2+10 Fe) 64.03 25.82 10.07 0.003 0.009 0.012 0.024 <0.032
D (Ni/Cr=2.4+0 Fe) 73.05 2686 0 0.002  <0.001 0.047 0.023 <0.017

other*- P <0.001: Cu, Mn, Si, Co, Mo, W, Ta, V <0.010

Optical microscopy images of alloys B (Ni/Cr=2.0+0 Fe) and H (Ni/Cr=2.0+10 Fe) after aging for
10,000 h at 475 °C are shown in Figure 1. The surface was polished as described in the hardness testing
section and then etched with waterless Kailing #2 solution for 10-30 s to reveal the grain structure. Alloy
B etched with less time than the alloy H. The Abrams three circle procedure was applied to compare the
grain size [19], [20]. No significant difference between average grain size is observed and the average grain

size of the alloys is 2948 microns.

Figure 1. Optical micrographs for (a) alloy B (Ni/Cr=2.0+0 Fe) and (b) alloy H (Ni/Cr=2.0+10 Fe) after
isothermal aging at 475°C after 10,000 h.



2.2. Hardness testing

Vickers hardness testing was performed on a top side of the cuboid samples, i.e., the plate face.
The surface finish for testing was achieved via wet polishing on standard 8-inch polishing wheels using
SiC (240 to 1,200 grit), and then using alumina polishing solutions from 1 um to 0.05 um on felt polishing
pads. Hardness measurements were performed using a Leco 400 A hardness tester with pyramidal diamond
tip and a load of 500 gf (or 4.9 N) applied for 15 s. An M55x objective lens with a 0.65 numerical aperture
was used to measure the diagonals of the residual imprints. Ten indentations were performed at independent
locations on each sample following standard procedures for microhardness testing. The number of indents
selected follows statistical analysis procedures of Vickers hardness research [21]. There were two
independent cuboid samples from each condition for a total of twenty indents per condition. The average
standard deviation of Vickers hardness values for all samples was £7.3 HV.

2.3. X-ray diffraction (XRD)

Samples for XRD measurements were cut with electrical discharge machining from the side of
cuboid samples to 5 x 5 x 0.1 mm? in size and mechanically polished. XRD measurements were performed
at the Pair Distribution Function beamline 28-ID-1 [22], [23] at the National Synchrotron Light Source II.
All samples were measured in transmission-mode geometry with an amorphous silicon-based flat panel
detector. The sample-to-detector distance was calculated to be 1078.65 mm. The incident wavelength and
of the x-ray beam was 0.1665 A (74.47 keV). The samples were subject to a grid array for measurements
to improve powder averaging. Count times for each pattern were 0.1 s with 600 individual frames collected
from the grid array for a total exposure of 60 s per sample condition. These individual frames are then
averaged together. A single dark image [600, 0.1 s exposures] was taken before the data collection of each
sample. The sample-to-detector distance, tilts of the detector relative to the beam were determined using a
LaBs NIST powder standard (reference material 660c). The two-dimensional detector images were radially
integrated, and background subtracted to obtain powder diffraction patterns for refinement. Following
standard refinement practices for polycrystalline materials. These operations were completed with the
NIKA and IRENA programs [24], [25].

Refinements of the one-dimensional powder diffraction patterns were performed in MAUD [26].
The XRD peak profiles were modeled using a modified pseudo-Voigt function. The instrument contribution
to the broadening of the measured profiles was quantified by fitting the LaBs powder standard, with known
crystalline-domain size and negligible strain contribution. The Gaussian and Lorentzian-based broadening
parameters were subsequently fixed during the analysis of the alloys under investigation. The precipitate
sizes, and lattice parameters were allowed to vary during the refinements for the FCC matrix and Ni,Cr.
The weight fractions of Ni>Cr precipitate phase were initially allowed to refine and were subsequently fixed
to 9.0 % after minor variability from this refined value was found, consistent with weight fractions
quantified in Ni-Cr binary alloys in ref. [14]. The microstrain parameter was allowed to be refined for the
FCC host only (thus, the refined precipitate size parameters are lower limits for the Ni,Cr phase). The 3,000
and 10,000 h specimens were selected to enhance and compliment results and discussion of available TEM
literature on Ni,Cr helping to collaborate our results with previous observations in comparable alloys [5],
[9], [10]. The Ni/Cr stoichiometric atomic ratios (Ni/Cr=1.8, 2.0, 2.2, 2.4) with Fe compositions will help
to understand the evolution of Ni,Cr as a function of composition. The temperatures selected for the
experiment serve to both bridge relevant industry conditions with key results of previous literature, i.e.,
other long term isothermal experiments of Ni-based alloys [2], [6]. This research covers 99 XRD
measurements across the 11 Ni-Cr-Fe ternary model alloy compositions at 4 temperatures (330, 360, 418,
475 °C) and 3 times (0, 3,000, 10,000 h).



3. Results

In section (3.1), the qualitative XRD results are discussed for stoichiometric alloys B, F, G, and H
(Ni/Cr=2.0+0, 5, 7, 10 Fe) in the AR condition and after 10,000 h aging at temperatures between 330-475
°C. The off-stoichiometric alloys A, K, and M (Ni/Cr=1.8+0, 5, 10) and C, J, and L (Ni/Cr=2.2+0, 5, 10)
XRD patterns are also shown. In section (3.2) the quantitative microstructural results from the XRD
refinements are discussed together with the hardness results for stoichiometric alloys with various Fe
contents alloys B, F, G, and H (Ni/Cr=2.0+0, 5, 7, 10). In section (3.3) the quantitative results for the off-
stoichiometric alloys A, K, and M (Ni/Cr=1.8+0, 5, 10) and C, J, and L (Ni/Cr=2.2+0, 5, 10) are presented.
Any samples not discussed in the text are presented in the supplemental materials section. The results for
the AR specimen FCC matrix lattice parameters and hardness values are listed in Table 2. The alloys with
notable Ni,Cr formation are also given in Table 2 along with their Ni.Cr precipitate size. The complete
table of sample data is given in the supplementary materials section. The symbols in the figures of the result
section use a circle for 0 wt. % Fe, a downward triangle for 5 wt. % Fe, an upward triangle for 7 wt. % Fe,
and a square for 10 wt. % Fe.



Table 2. Summary of AR samples and select Ni-Cr-Fe model alloys: FCC matrix lattice parameter, Ni;Cr
precipitate size (if detected) and hardness.

Name Temp  Time Lattice parameter ~ Precipitate-size Hardness Value
°C hr. A+ nm + HV=std
A (Ni/Cr=1.8+0 Fe) AR - 3.55651 (0.00004) - 188.4 (4.5)
B (Ni/Cr=2.0+0 Fe) AR - 3.55282 (0.00007) - 180.1 (6.3)
C (Ni/Cr=2.2+0 Fe) AR - 3.54998 (0.00004) - 184.0 (5.1)
D (Ni/Cr=2.4+0 Fe) AR - 3.54669 (0.00005) - 177.3 (5.5)
K (Ni/Cr=1.8+5 Fe) AR - 3.55775 (0.00005) - 183.0 (4.1)
F (Ni/Cr=2.0+5 Fe) AR - 3.55639 (0.00004) - 184.4 (5.4)
J (Ni/Cr=2.2+5 Fe) AR - 3.55148 (0.00014) - 178.1 (4.4)
G (Ni/Cr=2.0+7 Fe) AR - 3.55687 (0.00005) - 176.7 (5.3)
M (Ni/Cr=1.8+10 Fe) AR - 3.55881 (0.00004) - 179.0 (6.2)
H (Ni/Cr=2.0+10 Fe) AR - 3.55848 (0.00005) - 173.0 (3.4)
L (Ni/Cr=2.2+10 Fe) AR - 3.55652 (0.00006) - 177.3 (5.5)
A (Ni/Cr=1.8+5 Fe) 418 3000 3.55535 (0.00003) 3.9(1.0) 231.2 (10.7)
A (Ni/Cr=1.8+5 Fe) 418 10000 3.54907 (0.00007) 159 (24) 344.5 (20.2)
B (Ni/Cr=2.0+5 Fe) 418 3000 3.55034 (0.00012) 5.7(1.7) 241.3 (7.4)
B (Ni/Cr=2.0+5 Fe) 418 10000 3.54575 (0.00004) 12.8 (0.9) 295.0 (13.7)
C (Ni/Cr=2.2+5 Fe) 418 3000 3.54765 (0.00004) 6.3 (0.5) 244.7 (11.1)
C (Ni/Cr=2.2+5 Fe) 418 10000 3.54577 (0.00004) 9.1(1.2) 277.6 (13.2)
D (Ni/Cr=2.4+0 Fe) 418 3000 3.54546 (0.00011) 6.3 (0.8) 235.7 (10.0)
D (Ni/Cr=2.4+0 Fe) 418 10000 3.54399 (0.00005) 8.9 (0.7) 255.7 (8.0)
K (Ni/Cr=1.8+5 Fe) 418 10000 3.55578 (0.00004) 4.1 (0.5) 225.9 (13.8)
F (Ni/Cr=2.0+5 Fe) 418 10000 3.55168 (0.00003) 7.9 (0.5) 254.2 (8.2)
J (Ni/Cr=2.2+5 Fe) 418 10000 3.54758 (0.00004) 7.6 (1.1) 240.3 (10.0)
G (Ni/Cr=2.0+7 Fe) 418 10000 3.55500 (0.00003) 3.9(0.7) 212.8 (4.9)
A (Ni/Cr=1.8+0 Fe) 475 3000 3.55172 (0.00003) 13.2 (0.8) 317.5 (10.0)
A (Ni/Cr=1.8+0 Fe) 475 10000 3.54955 (0.00005) 15.0 (0.6) 334.2 (16.6)
B (Ni/Cr=2.0+0 Fe) 475 3000 3.54576 (0.00003) 15.4 (0.9) 315.8 (15.5)
B (Ni/Cr=2.0+0 Fe) 475 10000 3.54415 (0.00004) 16.3 (0.7) 334.1 (14.0)
C (Ni/Cr=2.2+0 Fe) 475 3000 3.54411 (0.00003) 11.9 (1.1) 298.2 (11.7)
C (Ni/Cr=2.2+0 Fe) 475 10000 3.54385 (0.00004) 14.3 (0.7) 319.9 (11.3)
D (Ni/Cr=2.4+0 Fe) 475 3000 3.54260 (0.00004) 10.9 (0.9) 281.2 (8.2)
D (Ni/Cr=2.4+0 Fe) 475 10000 3.54280 (0.00004) 11.6 (0.7) 293.6 (9.1)
K (Ni/Cr=1.8+5 Fe) 475 3000 3.55694 (0.00005) 4.4(1.2) 216.2 (7.3)
K (Ni/Cr=1.8+5 Fe) 475 10000 3.55195 (0.00004) 14.7 (0.6) 328.7(7.9)
F (Ni/Cr=2.0+5 Fe) 475 3000 3.55477 (0.00004) 10.9 (0.9) 281.2 (8.2)
F (Ni/Cr=2.0+5 Fe) 475 10000 3.54957 (0.00004) 12.2 (0.9) 313.9 (22.7)
J (Ni/Cr=2.2+5 Fe) 475 3000 3.54830 (0.00003) 8.5(1.2) 267.9 (8.2)
J (Ni/Cr=2.2+5 Fe) 475 10000 3.54517 (0.00004) 14.6 (1.0) 312.6 (10.7)




3.1. Qualitative XRD analysis

The XRD patterns for the Ni-Cr-Fe model alloys are shown Figure 2 for the stoichiometric AR and
aged samples after 10,000 h at 330-475 °C. Patterns are offset as functions of temperature to show the
effects of increased Fe. The FCC matrix is labeled for reference. No alloy in the AR condition show LRO
NixCr peaks. The body-centered orthorhombic Ni,Cr phase precipitates are observable at lower two theta
angles before the (111) and between the (200) and (220) matrix peaks. In Figure 2 (a) the LRO Ni,Cr peaks
are labeled for reference. These peak locations give the best qualitative results for clear LRO identification
and are extensively used in quantitative refinement of the Ni,Cr phase. No body-centered cubic Cr peaks
were observed in any alloy. The XRD patterns for the Ni-Cr-Fe model alloys are shown in Figure 3 for the
off-stoichiometric AR and aged samples after 10,000 h at 330-475 °C. Patterns are offset as functions of
temperature to show the effects of increased Fe.

In Figure 2 (a) the XRD patterns for alloy B (Ni/Cr=2.0+0 Fe) show Ni>Cr peaks at both 418 and
475 °C after 10,000 h. In Figure 2 (b) the XRD patterns for alloy F (Ni/Cr=2.0+5 Fe) show Ni,Cr peaks at
418 and 475 °C after 10,000 h. In Figure 2 (c) the XRD patterns for alloy G (Ni/Cr=2.0+7 Fe) show early
formation of Ni,Cr at 418 °C after 10,000 h but not at 475 °C. In Figure 2 (d) the XRD patterns for alloy H
(Ni/Cr=2.0+10 Fe) do not show Ni>Cr peaks at any temperature. In Figure 3, the results for alloys A, K,
and M (Ni/Cr=1.8+0, 5, 10 Fe), and C, J, and L (Ni/Cr=2.2+0, 5, 10 Fe) are similar to those of the
stoichiometric alloy with similar Fe content. The alloy D (Ni/Cr=2.4+0 Fe) is shown in the supplemental
materials section. The absence of distinct Ni»Cr peaks at the lower temperatures of 330 and 360 °C across
all alloys is indicative of sluggish kinetics, and the formation after longer periods should not be ruled out.
The exception to this are the hypo-stoichiometric alloy A (Ni/Cr=1.8+0 Fe) which does show Ni,Cr peaks
as shown in Figure 3 (b). These results show that increased Fe content acts to slow the kinetics, as the
formation with 5 wt. % Fe is less developed compared to the 0 wt. % Fe alloys at the same temperature.
Visually identifying the Ni,Cr peaks in alloy G (Ni/Cr=2.0 + 7 Fe) at 418 °C, but not at 475 °C show
evidence that the critical temperature is depressed with increased Fe content. These results show that
increased Fe content either slows the formation, and/or lowers the critical temperature for Ni,Cr formation.
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Figure 2 —XRD patterns for stoichiometric alloys after isothermal aging for 10,000 h at 330, 360, 418, 475
°C for alloy (a) B (Ni/Cr=2.0+0 Fe), (b) F (Ni/Cr=2.0+ 5 Fe), (¢) G (Ni/Cr=2.0+ 7 Fe), (d) H (Ni/Cr=2.0+
10 Fe). FCC peaks and Ni>Cr peaks are labelled for reference in panel (a).
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3.2, Quantitative XRD results and hardness testing for stoichiometric alloys

The quantitative results from the XRD refinements and Vickers hardness testing for stoichiometric
alloys are discussed in this section. Figure 4 shows the results for the FCC matrix lattice parameter and
Vickers hardness after 3,000 and 10,000 h of aging at temperatures between 330-475 °C relative to the
change in material property from the respective AR alloy. Both the FCC lattice parameter and Vickers
hardness testing show changes occur after isothermal aging.

The greatest lattice contractions and change in hardness are quantified at the isothermal aging
temperature 475 °C for stoichiometric alloy B (Ni/Cr=2.0+0 Fe). Alloy F (Ni/Cr=2.0+5 Fe) has the next
largest amount of material property change after 10,000 h. The stoichiometric alloys with 7 and 10 wt. %
Fe change less than the lower Fe containing alloys, with minor change in FCC matrix lattice parameter and
no change in hardness at 475 °C. Alloy H (Ni/Cr=2.0+10 Fe) shows only marginal change in the matrix
lattice parameter at each temperature and do not show notable change in hardness.

Across the compositions investigated here, there is less total change in the lattice parameters and
hardness at 418 °C compared to 475 °C at both 3,000 and 10,000 h. At 330 and 360 °C there is less change
across the stoichiometric alloys. After 3,000 h there is a noticeable difference in the formation between 0
and 5 wt. % Fe alloys in the stoichiometric alloys with the 0 wt. % Fe alloys having greater change in
material property. The FCC matrix lattice parameter at 330 and 360 °C after 3,000 h shows some degree of
variation across the compositions, which is potentially due to short-range order (SRO). In Figure 1 (a) the
structure of alloy B (Ni/Cr=2.0+0 Fe) and Figure 1 (b) alloy H (Ni/Cr=2.0 +10 Fe) are shown after aging
at 475 °C for 10,000 h. The similarities in grain size reveals that the difference in hardness are not attributed
to grain boundary strengthening, recrystallization, efc.
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Figure 4- Quantitative XRD lattice parameters and hardness results for stoichiometric alloys. In Figure 4
(a) and (b) the lattice contraction from stoichiometric alloys after isothermal aging for 3,000 and 10,000 h
at temperatures 330-475 °C are shown, respectively. In Figure 4 (c) and (d) the change in hardness from
3,000 and 10,000 h, respectively. Each figure shows only the stoichiometric (Ni/Cr=2.0) alloys with all Fe
contents 0, 5, 7, and 10 wt. % Fe, alloys B, F, G, and H, respectively.
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3.3. Quantitative XRD results and hardness testing for off-stoichiometric alloys

The quantitative results from the synchrotron XRD refinements and Vickers microhardness for off-
stoichiometric alloys are presented in this section. Figure 5 shows the FCC matrix lattice parameter and
Vickers hardness testing after 3,000 and 10,000 h at temperatures between 330-475 °C, relative to the
change in material property from the AR alloys. Like the stoichiometric results in section 3.2, the off-
stoichiometric alloys show significant changes occur after isothermal aging.

The quantitative changes in the FCC matrix lattice parameter and hardness show that after 10,000
hours of isothermal aging at 418 °C or 475 °C, alloy A (Ni/Cr=1.8+0 Fe) has the greatest change followed
by alloy C (Ni/Cr=2.2 + 0 Fe). However, at 360 and 418 °C alloy A (Ni/Cr=1.8+0 Fe) has a notable increase
over alloy C (Ni/Cr=2.2 +0 Fe). Following the 0 wt. % Fe alloys, alloy K (Ni/Cr=1.8 +5 Fe) and J
(Ni/Cr=2.2+5 Fe) have the next largest amount of material property change after 10,000 h. Across the
compositions there is less total changes at 418 °C compared to 475 °C at both 3,000 and 10,000 h. However,
after 3,000 h there is a noticeable difference in the formation between 0 and 5 wt. % Fe alloys. Figure 5
shows the 0 wt. % Fe alloys have the greatest change in material properties. At the isothermal aging
temperature 330 and 360 °C there is less change across the off-stoichiometric alloys. The 10 wt. % Fe alloys
show only marginal change in the FCC matrix lattice parameter and do not show significant change in
hardness at each temperature. The FCC matrix lattice parameter at 330 and 360 °C after 3,000 h again
shows some degree of variation for the off-stoichiometric alloys, which may be signs of SRO as opposed
to experimental scatter, or error.

The quantitative XRD and hardness results across the composition, time and temperatures show
that isothermal aging for extended periods of time promote changes in the material properties. As the aging
time increases from 3,000 to 10,000 h there is an increase in hardness and contraction in the FCC matrix
lattice parameter at each temperature. However, the lower isothermal aging temperature of 418 °C has a
larger change between aging times than 475 °C. Across the compositions there is less total change at 418
°C in comparison to 475 °C at both 3,000 and 10,000 h with the exception being the A (Ni/Cr=1.8+0 Fe)
alloys, which changes slightly more at 418 °C after 10,000 h. The hypo-stoichiometric alloy A (Ni/Cr=1.8)
has a significant change in hardness after 10,000 h at both 330 °C and 360 °C. Increasing Fe from O to 5
wt.% has a substantial impact on the contraction of hypo-stoichiometric alloys as observed in both the FCC
matrix lattice contraction and change in hardness.
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Figure 5 — Quantitative XRD and hardness results for off-stoichiometric alloys Ni/Cr = 1.8 and 2.2. Figures
5 (a) and (b) show the lattice contraction from 3,000 and 10,000 h of aging, respectively. Figures 5 (c) and
(d) show the change in hardness from 3,000 and 10,000 h of aging, respectively. Each figure shows the off-
stoichiometric alloys A, K, and M (Ni/Cr=1.8+ 0,5,10 Fe), blue open symbol, and C, J, and L (Ni/Cr=2.2+
0, 5, 10 Fe), gray closed symbols.
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4. Discussion

4.1. Agreement between quantitative analysis and previous literature

In section 3 above we show that when Ni>Cr peaks are observed in XRD patterns, there is a
concomitant change in the FCC matrix lattice parameter and hardness. Our findings show that Ni,Cr
precipitates are observable after a change of ~30 HV, or a 0.06 % change in the FCC matrix lattice
parameter. At this degree of formation, Ni,Cr precipitates are 3-5 nm in size. Sharper Ni>Cr peaks are
observed with even higher changes in hardness (~60 HV) and larger lattice contractions (0.08 to 0.11 %)
depending on the composition. At this more developed stage, the Ni>Cr precipitates are 6-9 nm in size. The
NixCr peaks continue to develop with both increased time and temperature indicating further increases in
Ni,Cr precipitates size. Similar development was noted in ref. [9], where an increase in precipitate size was
observed with TEM from 3,000 to 10,000 h. We find that above a change of 100 HV, or around 0.19 to
0.23% lattice contraction, Ni»Cr precipitates have sizes in excess on >10 nm. Prior to Ni»Cr precipitate
formation, there are likely regions of SRO that act as nucleation sites for NioCr formation. These results are
in agreement with ref. [9] where a lattice parameter contraction of 0.05% was coincident with the formation
of Ni,Cr precipitate formation for near (Ni/Cr=2.0) alloys. These last observations highlight the ability of
synchrotron XRD to confirm the presence of LRO Ni,Cr in early formation.

Table 2 shows that the FCC matrix lattice parameter and hardness in the AR conditions are
dependent on the composition of Ni, Cr, and Fe. The AR FCC matrix lattice parameters increase with Cr
content such that the stoichiometry is ordered 1.8 > 2.0 > 2.2 > 2.4 in agreement with Vegard’s law and
past works [6], [10], [14], [27]-[29]. As the Fe content increases the FCC matrix lattice parameters increase
across each of the AR alloys, as observed in past work [6]. The hardness of the AR alloy softens with higher
Fe contents. The change in hardness and starting Vickers hardness show good agreement with previous
literature [9], [14], [29]. The lattice contraction quantified via XRD here agree with previous findings [4],
[6], [10], [30], [31], that report 0.25% lattice contraction as the saturation value in near stoichiometric
(Ni/Cr = 2.0) alloys. The precipitate sizes reported agree with previous TEM observations of LRO Ni,Cr
precipitates from a (Ni/Cr=2.0) sample isothermally aged at 475 °C [10]. The precipitate sizes reported here
also agree with results in [14].

The FCC lattice parameter contracts upon aging at all temperatures. In general, the amount of
contraction increases with aging temperature (i.e., 475 > 418 > 360 >330 °C). This trend does not hold for
alloys containing 7 wt. % Fe or for the hypo-stoichiometric alloy A (Ni-Cr=1.8 + 0 Fe). In both cases, we
believe this is due to a lowering of the critical temperature for LRO formation.

The intensity and shape of the Ni,Cr XRD peaks vary with time, temperature, and composition
XRD peak broadening for the Ni,Cr precipitates at lower temperatures and shorter time periods has
previously been observed [10], [ 14]. The lower intensity and broad peaks are due to the low weight fractions
and small precipitate sizes. In our previous research, the phase fraction of Ni,Cr reaches a maximum value
after 500 h at 475 °C for (Ni/Cr=1.8, 2.0, 2.2, 2.4) stoichiometries and plateau at a value of 9 % [10], [14].
This suggests the phase fraction is insensitive to temperature and composition, within the range of Ni/Cr
ratios investigated. Therefore, we adopt the conclusion that the phase fraction saturates after early aging
times and use the 9 % value proposed in [14] for our XRD refinements and in further analysis of LRO
NizCr.

4.2. Critical resolved shear stress as function of Fe content

To explore the structure-property relationship in Ni-Cr-Fe model alloys we directly compare
changes in hardness with Ni,Cr precipitate size. In binary Ni-Cr model alloys, a linear correlation between
the change in hardness and Ni>Cr precipitate was previously quantified [14]. A critical resolved shear stress
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(CRSS) model [14] was found to be effective in describing the increase in hardness with increasing Ni>Cr
precipitate size. CRSS models are commonly applied to describe weak or strong coupled dislocations
cutting or shearing through precipitates [32]-[35]. Here, we extend the use of the same CRSS model to
understand the role Fe has in the increase in hardness.

In equation (1), zcrss, is the critical resolved shear stress, " is the anti-phase boundary energy, b is
the burger’s vector, d is the precipitate diameter (Ni>Cr precipitate size), f'is the volume fraction, and 7T is
the line tension of the dislocation. The line tension is calculated from equation (2) [32], where G is the shear
modulus. The shear modulus, G, is calculated from equation (3), where E is the modulus of elasticity, and
v is Poisson’s ratio. The numerical factor, 4, describes the morphology of precipitates and is 0.72, based on
the assumption the Ni>Cr precipitates are spherical [36].

1,r.2 pdf .t 1(r
Atcpss =5 (;)Z(Tf)ZA -3 (g) f (1
T =2Gb? (2)
_1 E
G= 2 (1+v) 3)
AHardnessValue = 3\/§TCR55 4)

This model, and the linear relationship found between hardness and yield strength [9] combine to
predict the hardness from the estimated CRSS as a function of the precipitate size. This is shown in equation
(4) where Tabor’s relationship [37] and Von Mises flow rule [38] are used to calculate the yield strength
from the CRSS, as demonstrated in previous research to calculate the change in hardness [14], [33], [37]-
[39]. We report the values used for these equations in Table 3.

Table 3. Model values from this study use the CRSS precipitate hardening model of weakly coupled
dislocations to describe Ni;Cr precipitation.

Parameter Unit Model Value Note

r Jm™? 0.139 Molecular dynamics of model alloy [11]
b nm 0.254 Ni-based commercial alloy [33], [36]

f % 9 Ni-Cr model alloy [14]

E MPa 221 Ni-based commercial alloy [34], [40]

v - 0.35 Ni-based commercial alloy [34]

A - 0.72 Ni-based commercial alloy [36]

d nm varies This work

The CRSS model is shown as a solid gray line in Figure 6. The model shows good agreement with
the experimental measurements in capturing both the change in hardness and precipitate size in the Ni-Cr-
Fe model alloys investigated here. Figure 6 also includes the previous binary Ni-Cr model alloy LRO Ni,Cr
data shown as small solid magenta circles [14]. The effectiveness of the CRSS model provides further
evidence that the size of Ni,Cr precipitates has notable impacts on the mechanical properties of both Ni-Cr
and Ni-Cr-Fe alloys up to 7 wt. % Fe. These results show that LRO Ni,Cr will likely continue to change
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the material property outside of the changes observed in this research. This assertion assumes that the size
of the precipitates will continue to grow with increasing aging times. Here the CRSS model predicts that
increased precipitate size will continue to harden the material. The model predicts that around the size of
40 nm that the deformation mode will change from precipitate shearing to the classical Orowon or looping
mechanism. However, this is only an estimate based on extrapolating the precipitate sizes.
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Figure 6 — The precipitate size of LRO Ni,Cr versus the change in hardness. The solid gray line shows the
critical resolved shears stress precipitation hardening model of weakly coupled dislocations.

As we have shown in Figure 6, the fundamental mechanism of thermally induced changes in the
mechanical properties of ternary Ni-Cr-Fe alloys is identical to that for the binary Ni-Cr alloys. The
formation of Ni,Cr precipitates in the ternary alloys studied here are hardening centers and pin dislocations.
This is abundantly clear from the linear correlation of hardness and Ni,Cr precipitate size. While minor
alloying elements in commercial alloys can trap vacancies and stem the formation of Ni>Cr [41] (shifting
the onset of the formation and growth of Ni>Cr precipitates), the mechanism by which dislocations are
pinned by precipitates does not change. This relationship is a critical step in understanding the differences
in LRO formation and evolution between binary, ternary and commercial Ni-based alloys. The results
presented here, including the CRSS model, have applications in predicting hardening in commercial alloys,
like Alloy 690, whose major components are Ni, Cr, and Fe. The CRSS model described here could be
leveraged in future kinetic analysis of Ni,Cr in commercial alloys where the mechanical performance and
material property degradation after long term exposure to elevated thermal environments can be better
understood based on the average Ni,Cr precipitate size.

5. Conclusion

The formation and evolution of long-range ordering was investigated in 11 Ni-Cr-Fe model alloys
with 0, 5, 7, and 10 wt. % Fe, after isothermal aging up to 10,000 h at temperatures between 330-475 °C.
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The alloys were characterized by hardness and XRD to quantify the impact of Ni,Cr precipitate size on
mechanical properties as a function of Fe content. After 10,000 h at 418°C and 475 °C, the formation of
Ni>Cr was observed in 0 and 5 Fe wt. % alloys. After 10,000 h at 418°C, the same is found with the addition
of the alloy G (Ni/Cr=2.0+7 Fe). No clear evidence of Ni,Cr was observed in any of the 10 wt. % Fe samples
at any temperature. No body-centered cubic Cr was observed in any samples. We found that the change in
FCC matrix lattice contraction and hardness value both agree with qualitative signs of Ni,Cr observed in
synchrotron XRD patterns. The greatest change in general occurs in stoichiometric alloys with 0 wt. % Fe
at 475 °C. The rate of change for 5 wt. % Fe alloys for all stoichiometries is reduced, however the magnitude
is similar to 0 wt. % Fe alloys depending on the temperature. The alloy G (Ni/Cr=2.0+ 7 Fe) shows the
greatest change at 418 °C, providing evidence that increased Fe lowers the critical temperature. In the off-
stoichiometric alloys, we find that the hypo-stoichiometric alloy A (Ni/Cr = 1.8 + 0 Fe) also shows the
greatest change at 418 °C. This suggests that increased Cr in these alloys also can significantly decrease
critical temperature.

We find that a precipitation hardening model for critical resolved shear stress with weakly coupled
dislocations shows good agreement with the material property changes quantified from experimental
measurements. Notably finding that the Fe containing alloys are well described by the model. Our results
highlight that changes in hardness correlate linearly with Ni»Cr precipitate size regardless of Fe content to
5 wt. %. To understand if the model fits higher Fe contents, additional isothermal aging time is required.
However, the limited data from alloy G (Ni/Cr=2.0) with 7 wt. % Fe is captured with the model. This
important structure-property relationship can potentially help define Ni-Cr-Fe-based component lifetimes
directly through an understanding of how Ni,Cr formation impacts strength and ductility as a function of
Fe content. These findings highlight the importance of using advanced characterization techniques sensitive
to the minor phase populations and capable of quantifying microstructure to assist complex material
observations and decisions.
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