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Abstract 

Ni-based alloys containing significant amounts of Cr, may precipitate new phases during long-term service 
at elevated temperatures. In Ni-Cr model alloys, the formation of Ni2Cr has been found to impact the 
material properties, including the strength and ductility after isothermal aging below the critical temperature 
of 590 °C. In this work, we quantify the formation and evolution of long-range ordering in four Ni-Cr binary 
model alloys (Ni/Cr = 1.8, 2.0, 2.2, 2.4) after isothermal aging up to 10,000 h at temperatures between 373-
475 °C. The alloys were characterized by hardness testing and synchrotron-based x-ray diffraction to 
quantify the impact of Ni2Cr phase fraction and precipitate size on mechanical properties. After 500 h of 
isothermal aging, the formation of Ni2Cr was detected in all four alloys at 475 °C. In the stochiometric alloy 
samples (Ni/Cr = 2.0), the formation of Ni2Cr was found after 500 and 3,000 h aging at 418 and 373 °C, 
respectively. We found that the matrix lattice contraction and Ni2Cr phase fraction both saturate after early 
aging times. This is in stark contrast to the hardness and Ni2Cr precipitate size that both continue to increase 
with increasing aging time. Our results highlight that changes in hardness correlate linearly with Ni2Cr 
precipitate size rather than phase fraction. This important structure-property relationship can potentially 
help define Ni-Cr-based component lifetimes directly through an understanding of how Ni2Cr formation 
impacts strength and ductility. 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. 
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1. Introduction 

Ni-based superalloys are well known for their excellent material properties and are frequently selected for 
industrial applications with elevated temperatures, corrosive environments, high strength, and/or fracture 
toughness service requirements. The performance and development of Ni-based superalloys and their model 
alloy counterparts has been the focus of an extensive amount of research [1]–[14]. Changes in Ni-based 
superalloys microstructure from exposure to service environments are therefore of interest to the global 
community. In the nuclear industry, interest in the long-range order (LRO) Ni2Cr phase formation has been 
motivated by service conditions (i.e., elevated service temperatures and harsh environments) for decades 
[15]–[17]. Commercial alloy 690 (58-62 wt. % Ni, 27-31 wt. % Cr, 7-11 wt. % Fe) has been investigated 
with respect to Ni2Cr formation to understand the potential impacts on use as a structural component 
material in pressurized water reactors [8]–[10]. Previous research focused on the Fe content to bridge 
understanding from model to commercial alloys [9], [11], [13]. Here in our research we focus on the 
compositional differences in a series of four Ni-Cr binary model alloys (Ni/Cr = 1.8, 2.0, 2.2, 2.4) to 
understand differences in stoichiometry as they relate to the precipitate nucleation and growth and 
mechanical behavior. 

Ni2Cr phase formation in Ni-Cr alloys occur at temperatures below 590 °C [3]. In isothermal aging 
experiments of model Ni-Cr alloys near the Ni2Cr stoichiometry (Ni/Cr = 2.0), Ni2Cr phase formation 
results in an increase in hardness [4], [9], [10], contraction of the face-centered cubic (FCC) lattice 
parameter [10], [11], and degradation in ductility [9], [10] and susceptible to stress corrosion cracking with 
a peak transformation rate near 475 °C [9], [18]. However, the degree of Ni2Cr phase formation and the 
rate of the transformation, responsible for the changes in material properties are yet to be comprehensively 
addressed with respect to the Ni and Cr composition. Furthermore, the phase boundary for Ni2Cr formation 
is poorly defined below 450 °C in the Ni-Cr binary system due to lack of experimental data. Most recent 
efforts show the Ni2Cr boundary, as defined with CALPHAD method, displays a peritectoid reaction that 
narrows sharply toward stoichiometric compositions at low temperatures [3].  

One common way to model the ordering kinetics in Ni-Cr alloys, as functions of time and temperature, is 
the utilization of the Arrhenius form of the Kolmogorov-Johnson-Mehl-Avrami (KJMA) equation, which 
has been widely used in previous studies [4], [8], [9], [13], [19]–[24]. The KJMA equations have been fit 
to changes in material behavior, where the change in behavior is assumed to be equivalent to the 
transformed fraction of Ni2Cr or ordered material. Changes in hardness [4], [8], [9], [11], electrical 
resistivity [8], [13], and FCC lattice parameters [4], [11] have been analyzed with the KJMA method to 
estimate the activation energy, and formation characteristics of Ni2Cr in various Ni-based alloys. A 
limitation of using this method is that the amount of material transformed is an assumed value, and changes 
in the microstructure and mechanisms for nucleation and growth are not directly accessed. Therefore, it is 
critical to investigate the actual phase fraction of Ni2Cr to align Ni-based component lifetime predictions 
with real material responses to their respective service conditions and environments.  

Quantifying the phase fraction of Ni2Cr presents a number of challenges depending on the technique 
employed. Transmission electron microscopy (TEM), atom probe tomography (APT), and X-ray diffraction 
(XRD) are all capable in determining the phase fraction. However, TEM and APT both examine limited 
amounts of material making the phase fraction of Ni2Cr difficult to determine from these techniques and 
requires extensive effort with large systematic studies. Additionally, the poor contrast between Ni and Cr 
(e.g., similarities in atomic number) adds to the complexity of this task, particularly for APT where the 
boundary of Ni2Cr is difficult to distinguish due also to the limited compositional difference between the 
fully coherent Ni2Cr phase and the Ni-Cr matrix [14]. With TEM, Ni2Cr precipitates can only be viewed in 
a few crystallographic equivalent variants [1], [4], [5], which makes finding precipitates at early nucleation 
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times from thermal aging particularly cumbersome and highly dependent on the grain orientation and tilt 
range. Furthermore, the LRO phase is not visible in bright field TEM. The only way to image it is using 
dark field imaging by selecting the secondary diffraction pattern of LRO only. Contrast of the image is poor 
due to the described difficulties, which makes the phase fraction measurements to be imprecise. Phase 
fractions of Ni2Cr with TEM and APT can be determined directly from 2D images (TEM) and 3D volumes 
(APT). In contrast, XRD determines the phase fraction from a structural refinement from experimental 
patterns. Here the advantage of XRD over TEM and APT lies in the amount of material probed (TEM: < 
10-8 mm3, XRD: ~0.5 mm3). Therefore, synchrotron-based XRD offers a comprehensive and rapid means 
to identify and determine the phase fraction for large systematic studies [4], [12], [14] due to the large 
sampling volumes and sensitivity to minor precipitate populations stemming from high flux available at 
synchrotron sources. Additionally, transmission-mode geometry available with synchrotron XRD allows 
for excellent measurement of average global material properties and would minimize the impact of any 
potential residual stress in samples from thermal gradients present in material processing and/or in sample 
preparation.  

The purpose of this research is to quantify the structure-property relationship of Ni2Cr phase formation and 
growth in a series of Ni-Cr binary alloys as functions of aging time, temperature, and composition. The 
evolution in microstructure and mechanical properties were determined from synchrotron-based XRD and 
Vickers microhardness testing, respectively. Four Ni-Cr binary model alloys (Ni/Cr = 1.8, 2.0, 2.2, 2.4) 
were investigated following isothermal aging campaigns at three temperatures (373, 418, and 475 °C) for 
up to 10,000 h. The evolution of the microstructure including the phase fraction, lattice parameters, and 
size of Ni2Cr ordered precipitates were determined through refinement and correlated with hardness data. 
These efforts serve to aid Ni-based alloy service life predictions at elevated temperatures by understanding 
the formation of Ni2Cr and mechanical property impacts in Ni-Cr model alloys from isothermal aging 
campaigns for long exposure periods.  
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2. Experimental Methods 

 
2.1. Model alloys 

The Ni-Cr binary model alloys were fabricated via arc-melting to create buttons of ~300 g. The buttons 
were re-melted three times, homogenized in a furnace for 24 h at 1093 °C, hot rolled into plates and water 
quenched to room temperature. Individual buttons were prepared with different stoichiometries for Ni/Cr 
atomic ratios from 1.8 to 2.4. The compositions of these alloys are given in Table 1. The rolled plates were 
cut into 10×10×5 mm3 samples via electrical discharge machining. The samples were then isothermally 
aged in air in box type furnaces at temperatures of 373, 418, and 475 °C and aging times: 500, 1,000, 3,000, 
5,000, and 10,000 h, and water quenched to room temperature. Additional details on the chemical analysis, 
temperature monitoring and calibration can be found in ref. [4]. 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 

Ni-Cr 
Atomic ratio 

Ni Cr P S C other* 

Ni-Cr 1.8 1.80 67.30 32.65 0.007 0.002 0.01 <0.005 
Ni-Cr 2.0 2.01 69.36 30.62 0.006 0.002 0.01 <0.005 
Ni-Cr 2.2 2.21 71.40 28.58 0.006 0.002 0.01 <0.005 
Ni-Cr 2.4 2.35 72.58 27.36 0.006 0.001 0.01 <0.005 

other*- Fe, Mo, Nb+Ta, Co, Mn, Si, Cu, Al, Ti, Mg, B, Ca 

2.2. Hardness testing 

The microhardness testing was performed on flat surfaces of the bulk samples. The surface finish for testing 
was achieved with wet polishing on standard 8-inch polishing wheels using SiC papers from 240 to 1,200 
grit, and then using alumina polishing solutions from 1 µm to 0.05 µm on felt polishing cloths. Vickers 
hardness measurements were performed by 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. A M55x objective lens with a 0.65 numerical aperture 
were used to measure the diagonal of the residual imprint. Ten indentations were performed in independent 
locations on each sample, following statistical analysis suggestions of Vickers Hardness research [25]. The 
average standard deviation of Vickers hardness values for all samples was ±8.5 HV. 

 

2.3. X-ray diffraction (XRD) 

Samples for the XRD measurements were cut from the bulk samples and mechanically polished to 5 × 5 × 
0.1 mm3 in size. XRD measurements were performed at the X-ray Powder Diffraction beamline 28-ID-2 
[26], [27] at the National Synchrotron Light Source II. All samples were measured in transmission-mode 
geometry with an amorphous silicon-based flat panel detector (Perkin-Elmer). The sample-to-detector 
distance was calculated to be 1420.16 mm. The incident wavelength and of the x-ray beam was 0.1875 Å 
(66.11 keV). The samples were rotated during measurements to improve the powder averaging. Typical 
count times for each sample were 10 s. The sample-to-detector distance, tilts of the detector relative to the 
beam were determined using a NIST standard reference material 660c, LaB6 powder standard. The two-
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dimensional detector images were radially integrated, and background subtracted to obtain powder 
diffraction patterns. These operations were completed with the NIKA and IRENA programs [28], [29]. 
Refinements on the one-dimensional powder diffraction patterns were performed in MAUD [30]. 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 LaB6 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 volume 
fractions, precipitate sizes, and lattice parameters were allowed to vary during the Rietveld refinements for 
the FCC matrix and Ni2Cr (MoPt2 -type crystal structure). The precipitate size was refined with the Scherrer 
formula, shown in equation (1), where d is the precipitate size, K is a constant based on the geometry of the 
crystallography, λ is the wavelength, ω is the width, and θ is the angle of the Bragg reflection [31], [32]. 
The quantitative phase analysis performed to determine the phase fraction uses the Hill and Howard (ZMV) 
approach shown in equation (2), where Wp is the weight fraction of phase p, Sp is the Rietveld scale factor, 
Z is the number of formula units per unit cell, M is the mass of the unit cell, and V is the unit-cell volume 
[31], [33]. The lattice parameters were determined with the standard application and refinement of Bragg’s 
law based on the peak location and intensity, where a known crystal structure is fit to the refined inter 
atomic spacing [34]. The microstrain parameter was allowed to refine for the FCC host only (thus, the 
refined precipitate size parameters are lower limits for the Ni2Cr phase). These operations performed within 
MAUD.  

𝑑𝑑 = 𝐾𝐾 𝜆𝜆
𝜔𝜔 cos𝜃𝜃

       (1) 

𝑊𝑊𝑝𝑝 = 𝑆𝑆𝑝𝑝(𝑍𝑍𝑍𝑍𝑍𝑍)𝑝𝑝
∑ 𝑆𝑆𝑖𝑖(𝑍𝑍𝑍𝑍𝑍𝑍)𝑖𝑖𝑖𝑖

       (2) 

Table 2 shows the test matrix for XRD characterization. Previous alloys from ref. [4] are also shown in 
Table 2 to clarify the added contributions in this work. To quantify the evolution of Ni2Cr at lower 
temperatures, a series of (Ni/Cr = 2.0) samples aged at 373, 418 and 475 °C, up to 10,000 h were 
investigated. To understand the evolution of Ni2Cr as a function of stoichiometry, off-stoichiometric Ni/Cr 
= 1.8, 2.2 and 2.4 samples were investigated after aging at 475 °C, near the peak transformation temperature. 

 

Table 2. Test matrix for XRD. Tested stoichiometry is shown in each table cell. 

Temperature 
(°C) 

Isothermal Aging Time (h) 
500 1000 3000 5000 10,000 

373 2.0 2.0 2.0 2.0 (2.0)* 
418 2.0 2.0 2.0 2.0 (2.0)* 
475 1.8, 2.0,  

2.2, 2.4 
(2.0)* 

1.8, 2.0,  
2.2, 2.4 
(2.0)* 

 
2.2, 2.4 
(2.0)* 

1.8, 2.2,  
2.4 

(2.0)* 

1.8, 2.2 
(1.8, 2.0, 2.2, 

2.4)* 
* - Preformed previously in Teng et al. [4]  

 

3. Results and Discussion 

The XRD results are presented in four sections to systematically describe the experiment: (3.1) the 
qualitative behavior of the XRD patterns, (3.2) the quantitative microstructural results from XRD 
refinements and hardness results to explore the role of stoichiometry in Ni-Cr model alloys, (3.3) the 
quantitative microstructural results and hardness results for the (Ni/Cr = 2.0) samples after aging campaigns 
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at 373, 418, and 475 °C, and finally (3.4) correlating the Ni2Cr precipitate sizes and increase in hardness 
determined for all samples investigated. 

 

3.1. Qualitative XRD analysis  

The XRD patterns for the Ni-Cr model alloys investigated here are shown in this section. Figure 1 shows 
XRD patterns for the (Ni/Cr = 2.0) samples after (a) 500 h and (b) 10,000 h aging at 373, 418 and 475 ºC. 
An as received (AR) Ni/Cr=2.0 sample is also shown in Figure 1 (b) for reference. Figure 1 also shows the 
XRD patterns for the different Ni-Cr stoichiometries investigated after (c) 500 h and (d) 10,000 h aging at 
475 ºC. The patterns are offset from one another to show multiple samples on a single plot. The XRD data 
from ref. [4] are also included in (b) and (d) for completeness (peak positions are slightly shifted due to the 
smaller wavelength used in ref. [4]). All samples show dominant FCC matrix peaks. No body-centered 
cubic Cr peaks were detected. The body-centered orthorhombic phase Ni2Cr, commonly referred to as 
MoPt2, are observable as low angle peaks in (a)-(d). All four stoichiometries confirm the formation of Ni2Cr 
with peaks after 500 h at 475 °C. At lower temperatures, the (Ni/Cr = 2.0) sample aged at 418 °C also shows 
Ni2Cr diffraction peaks after 500 h whereas the (Ni/Cr = 2.0) sample aged to 500 h at 373 °C does not. The 
Ni2Cr diffraction peaks are visible after 3000 h for this sample. The XRD peaks for the Ni2Cr phase vary 
in intensity and width across the different stoichiometry, time, and temperatures investigated, indicating 
differences in precipitate size. The Ni2Cr peak intensity generally increases and the full width at half 
maximum decrease with continued aging time regardless of composition. As plots (a) and (b) show for the 
(Ni/Cr=2.0) samples, the increasing intensity and decreasing width of the Ni2Cr peaks closely follow the 
aging temperate with 475 > 418 > 373 °C. XRD peak broadening of Ni2Cr at lower temperatures has 
previously been observed [4]. In addition, Gwalani et al. show in their Ni-33Cr At. % model alloy aged at 
475 °C that Ni2Cr diffraction peaks are observed after 240 h with synchrotron-based XRD[14]. Likewise, 
Verma et al. show in their Ni-32Cr At. % model alloy aged at 500 °C that Ni2Cr peaks are observed after 
1000 h with neutron diffraction [12].  
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Figure 1. Synchrotron XRD of Ni-Cr model alloys showing(a) Ni/Cr=2.0 after 500 h at 373, 418, and 475 
°C, (b) Ni/Cr=2.0 after 10,000 h at 373, 418, 475 °C and in as received sample, (c) all alloys after aging 
500 h at 475 °C and (d) all alloys after aging 10,000 h at 475 °C. Note that, arrows and vertical miller 
indices indicate distinct Ni2Cr phase peaks, other peaks are associated with the FCC matrix phase and 
have horizontal miller indices, and that the patterns are offset to show similar aging times on the same plot. 

 

 

3.2. Role of stoichiometry at isothermal aging temperature 475 °C 

The quantitative XRD and hardness results for all stoichiometries isothermally aged at 475 °C are presented 
in this section. Figure 2 shows the quantitative XRD results, including: (a) the change in FCC lattice 
parameter, (b) Ni2Cr precipitate size, (c) phase fractions of the Ni2Cr phase, and (d) hardness for the four 
Ni-Cr alloys (Ni/Cr = 1.8, 2.0, 2.2, and 2.4) isothermally aged at 475 °C for up to 10,000 h. Figure 2 shows 
that after 500 h of isothermal aging at 475 °C, Ni2Cr is detected and results in appreciable changes in both 
the microstructure and hardness. The microstructural results, including lattice parameter, phase fraction, 
and precipitate size from the XRD refinements, are listed in Table 3. 

The lattice parameter in the as received condition from the alloys vary and are dependent on the composition 
of Ni and Cr. The lattice parameters increase with Cr content such that stoichiometry 1.8 > 2.0 > 2.2 > 2.4 
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in agreement with Vegard’s law and past works [35], [36]. A lattice contraction is quantified for all 
stoichiometries with isothermal aging at 475 °C. The largest contractions occur in alloy compositions close 
to stoichiometric conditions (i.e., 2.0 > 1.8 ≥ 2.2 > 2.4). The overall contraction agrees with previous 
findings [4], [10], [11], [14], [37], that report -0.25% lattice contraction in (Ni/Cr = 2.0) alloys. The trend 
in contraction shows that at 475°C, the majority of the lattice contraction occurs within the first 1,000 h, 
and then plateaus. The lattice contraction from ref. [14] for a single Ni-Cr model alloy (Ni/Cr = 2.03) are 
also shown in Figure 2 (a) for comparison. Gwalani et al. show the majority of the lattice contraction 
happens between 90 and 240 h for near stoichiometric samples at isothermal aging temperature 475 °C.  It 
is worth noting the average reported grain size in ref. [14] was ~25 µm, compared to ~150 µm in the present 
research.  

In Figure 2 (b), the Ni2Cr precipitate size determined from the XRD analysis is shown for all stoichiometries 
after isothermal aging up to 10,000 h at 475 °C. After 500 h, Ni2Cr precipitates have already nucleated with 
sizes in the range of 8-10 nm (depending on stoichiometry). With increasing aging time, the Ni2Cr 
precipitates increase in size with the (Ni/Cr = 2.0) having the largest Ni2Cr precipitates (19 nm), and still 
possibly increasing. The Ni2Cr precipitate size in the off-stoichiometric conditions range from 13-15 nm 
and appear to have plateau after 1,000 h of aging. The sizes reported here agree with previous TEM 
observations of Ni2Cr cluster for sample at 475 °C [4]. Gwalani et al. and Verma et al. do not report Ni2Cr 
size in the refinements of their Ni-Cr model alloy [12], [14].  

Figure 2 (c) shows the trends in the phase fractions of Ni2Cr for all stoichiometries. Interestingly, the phase 
fraction of Ni2Cr reaches a maximum value after 500 h for all stoichiometries and appears to plateau at a 
value of 9 %. In similar Ni-Cr model alloys near stoichiometric compositions there is contrasting data in 
the literature, where APT findings of volume fraction are <5 % from isothermal aging at 475 °C between 
90 and 8,000 h, while neutron diffraction refinement places volume fractions around 40 % from isothermal 
aging at 500 °C for 1,000 h [12], [14]. It is worth mentioning that previous synchrotron-based XRD 
experiments did not quantify phase fractions but focused on lattice parameters derived from in-situ 
experiments [14]. In commercial alloys, TEM observations from proton irradiation experiments, e.g. in 
alloy 625 indicate volume fractions of 7 % [1]. Additionally, when comparing the XRD patterns from 
previous research [12], [14] and our current results, despite differences in reported phase fraction, the 
relative peak intensities from Ni2Cr peaks are comparable. We propose that due to the large test matrix 
employed in our research that contain numerous samples showing clear observations of Ni2Cr peaks, >20 
samples, versus 3 [14],  versus 2 [12],  that the phase fraction reported here reflects the most up to date 
values for Ni2Cr in Ni-Cr-based alloys. 

Figure 2 (d) shows the evolution of hardness from the Vickers indentation campaign for the four 
stoichiometries investigated after isothermal aging at 475 °C. All Ni-Cr stoichiometries show an increase 
in hardness with time, with rapid increases in hardness after 1,000 h. At longer aging times the hardness 
continues to increase in value. The (Ni/Cr = 2.0) samples show a greater increase in indentation hardness 
when compared to the off-stoichiometric alloy (Ni/Cr = 1.8, 2.2, and 2.4) samples. The change in hardness 
and starting Vickers hardness number shows good agreement with previous literature [9], [12].  

There is a clear correlation between the indentation hardness and the ordered precipitate size (i.e., plots (d) 
and (b)). This correlation is explored further in section (3.4). It is worth noting that there does not appear 
to be a strong correlation between the phase fractions determined from the XRD analysis and the indentation 
hardness. More specifically, the phase fractions saturate after 1,000 h, while the hardness continues to 
increase with further aging time. This is evidence that the change in hardness is less dependent on the 
amount of Ni2Cr present, and more correlated to the Ni2Cr precipitate size. The change in the FCC matrix 
lattice parameters and phase fraction of Ni2Cr do appear to be correlated, potentially due to the depletion 
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of Cr from the matrix needed to form Ni2Cr precipitates but may also be due to the change in volume 
between the matrix and precipitate. It is an open question if the indentation hardness and precipitate size 
have indeed reached saturation, requiring further isothermal aging beyond 10,000 h investigated in this 
research. 

 

 
Figure 2. Quantitative XRD and hardness results for the four Ni-Cr alloys as a function of time after aging 
at 475 °C: (a) Change in FCC matrix lattice parameter; (b) the Ni2Cr ordered precipitate size; (c) phase 
fraction of Ni2Cr phase; (d) Vickers indentation hardness. 

 

 

  

(a) 
(b) 

(c) (d) 
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Table 3. Summary of Rietveld refinements on Ni-Cr model alloys. 

Ni/Cr Temp Time Lattice parameter Phase fraction Precipitate- size 
Ratio °C h Å ± Ni2Cr (%)  ± nm ± 
2.0 373 500 3.56598 (0.00003) - - - - 

  1000 3.56402 (0.00002) - - - - 
  3000 3.56228 (0.00003) 10.7 (4.8) 4.3 (0.4) 
  5000 3.56164 (0.00002) 10.4 (2.3) 4.8 (0.4) 

*  10000 3.56158 (0.00010) 6.6 (0.2) 4.0 (1.0) 
         

2.0 418 500 3.55852 (0.00003) 16.3 (2.8) 4.6 (0.3) 
  1000 3.55974 (0.00003) 13.7 (1.2) 5.4 (0.5) 
  3000 3.56008 (0.00003) 11.4 (3.0) 7.0 (1.1) 
  5000 3.55890 (0.00003) 11.6 (3.0) 8.7 (0.7) 

*  10000 3.55954 (0.00010) 9.5 (0.3) 6.7 (1.0) 
1.8  AR 3.57068 (0.00010)     
1.8 475 500 3.56299 (0.00002) 9.9 (2.9) 11.0 (0.9) 

  1000 3.56284 (0.00003) 8.0 (1.9) 12.6 (1.3) 
  5000 3.56167 (0.00003) 7.7 (1.5) 15.6 (1.3) 
  10000 3.56231 (0.00004) 7.5 (1.2) 14.5 (1.5) 

2.0  AR 3.56721 (0.00005)     
2.0 475 500 3.56031 (0.00002) 8.0 (1.0) 10.4 (0.7) 

  1000 3.55875 (0.00002) 8.8 (0.7) 12.6 (0.4) 
  3000 3.55861 (0.00003) 8.0 (1.1) 12.4 (0.2) 
  5000 3.55853 (0.00002) 8.3 (1.4) 15.0 (0.2) 

*  10000 3.55791 (0.00003) 8.6 (1.5) 19.0 (1.1) 
2.2  AR 3.56368 (0.00005)     
2.2 475 500 3.55824 (0.00013) 9.4 (0.6) 10.2 (0.8) 

  1000 3.55577 (0.00008) 9.6 (2.4) 13.5 (0.6) 
  3000 3.55596 (0.00007) 10.0 (0.9) 14.0 (0.5) 
  5000 3.55470 (0.00006) 7.6 (1.1) 14.1 (0.3) 
  10000 3.55558 (0.00009) 8.6 (2.5) 15.5 (0.6) 

2.4  AR 3.55963 (0.00004)     
2.4 475 500 3.55547 (0.00003) 10.8 (0.9) 8.5 (0.9) 

  1000 3.55467 (0.00003) 10.2 (0.5) 9.9 (0.3) 
  3000 3.55457 (0.00003) 10.9 (0.6) 12.4 (0.3) 
  5000 3.55488 (0.00003) 8.4 (2.2) 13.7 (0.3) 

*  10000 3.55470 (0.00003) 6.8 (0.5) 15.0 (0.4) 
* - Teng, et al. – Data was analyzed and refined again or directly from ref. [4] 
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3.3. Temperature-dependent evolution for the Ni/Cr = 2.0 samples 

The quantitative XRD and hardness results for stoichiometric (Ni/Cr = 2.0) alloys aged at different 
temperatures are presented in this section. The alloys were isothermally aged at 373, 418, and 475 °C for 
up to 10,000 h to determine the effects of temperature on the evolution of Ni2Cr. Figure 3 shows the 
quantitative XRD results, including in plot (a) the change in FCC lattice parameter, (b) Ni2Cr precipitate 
size, (c) phase fractions of the Ni2Cr phase, and (d) Vickers hardness. The formation of Ni2Cr precipitates 
is clearly observed after 500 h of aging at 418 °C and 475 °C. At 373 °C, Ni2Cr precipitates were not 
observed until after 3,000 h of aging. Figures in the supplemental results show the synchrotron-based XRD 
evolution of (Ni/Cr=2.0) samples at 373 and 418 °C to aid the identification of Ni2Cr phase from our 
experiments. The quantitative XRD results for this section are also given in Table 3.  

Figure 3 (a) shows the change in FCC matrix lattice parameter as a function of aging temperature and time. 
Like the results in section (3.2), the FCC matrix contracts upon aging at all temperatures, and the amount 
of contraction increases with aging temperature (i.e., 475 > 418 > 373 °C). The contraction for the 418 and 
475 °C temperatures show that lattice contraction plateaus after 1,000 h. For the 373 °C isothermal aging 
temperature, lattice contraction plateaus after 3,000 h. However, whether or not these lower temperatures 
have reached true saturation would require further aging past 10,000 h. Young et al. show similar lattice 
contraction at similar temperatures, also finding after 10,000 h that contraction increases with increasing 
temperature (i.e., 475 > 418 > 373 > 333 °C) [9].  

Figure 3 (b) shows the Ni2Cr ordered precipitate size after aging at the different time and temperature 
combinations. The results show a general increase in Ni2Cr precipitate size with aging time and temperature 
(i.e., 475 > 418 > 373 °C). At 475 °C the precipitate size increases from 12nm at 1,000 h to 19nm at 10,000 
h. At lower isothermal aging temperatures, the precipitate sizes are smaller in value (compared to the 475 
°C) but the phase fraction is similar in Figure 3 (c), suggesting a trade-off between nucleation and growth. 

Figure 3 (c) shows the Ni2Cr phase fraction with time for different isothermal aging temperatures. The 
results are similar to those in Figure 2 (c), for the off-stoichiometry samples, and plateau around 9%. This 
suggests the phase fraction relatively insensitive to temperature or composition, within the range explored 
in this work. At 373 °C at 500 and 1000 h, there is likely some small amount of Ni2Cr phase present, but it 
was below the detectable levels of the synchrotron-based XRD.  

Figure 3 (d) shows the time- and temperature-dependent evolution of indentation hardness. The changes in 
indentation hardness at lower temperatures shows similar trends to those given in Figure 2 (d). Rapid 
hardening again occurs in the first 500 h for both 418 and 475 °C, followed by a gradual increase in 
hardening with extended aging time. However, at 373 °C where the kinetics of transformation are reduced, 
there is only a slight change in hardness in the first 1,000 h. Between 1,000 and 3,000 h there is a higher 
increase in the hardness that gradually increases to 10,000 h, similar to the higher temperature trends. The 
amount of hardening increases with aging temperature (i.e., 475 > 418 > 373 °C).  

A similar correlation between the hardness and precipitate size described in section (3.2) is found here for 
the (Ni/Cr = 2.0) samples after aging at 373, 418, and 475 °C. Again, the correlation with the phase fraction 
of the ordered Ni2Cr phase with the indentation hardness is less apparent, as the lower temperatures phase 
fraction also appear saturated with further isothermal aging time after the initial detection of Ni2Cr. 
Nucleation of the Ni2Cr phase clearly occurs at early aging times for both 418 and 475 °C. We find these 
results support that Ni2Cr is following a diffusion-based growth process [24]. 
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Figure 3. Quantitative XRD and hardness results for the Ni/Cr =2.0 samples as a function of aging time 
and temperature (a) Change in FCC matrix lattice parameter; (b) Average Ni2Cr precipitate size; (c) phase 
fraction of Ni2Cr phase; (d) Vickers indentation hardness. 

  

3.4. Correlation between Ni2Cr precipitate size and indentation hardness  

The results shown in sections 3.2 and 3.3 highlight that the increase in hardness and Ni2Cr precipitate size 
are clearly correlated. To explore this correlation further, the hardness and Ni2Cr precipitate size are 
compared in Figure 4. A linear regression with an intercept set to zero was applied to all data (indicating 
no Ni2Cr precipitates are present in the AR conditions). The linear relationship of the particle size and 
hardness is clear, revealing a positive association between the precipitate size of Ni2Cr and the indentation 
hardness. This information may potentially be leveraged in future kinetic analysis of Ni2Cr, where the 
mechanical performance and material property degradation of commercial Ni-Cr alloys in elevated thermal 
environments can be better understood based on the average Ni2Cr precipitate size.  

Previous studies have applied KJMA analysis to measured changes in material properties (i.e., hardness 
[4], [9], [14], lattice contraction [9], [11]) to describe the evolution of Ni2Cr. A critical assumption in these 
past KJMA studies was the phase fraction of Ni2Cr was directly compared to the change in material 
property, or the material property change is then directly related to the amount of transformation that has 
occurred in the alloy. Our results here are in contrast to these studies and illustrate that the phase fraction 
of Ni2Cr does not correlate as strongly with material property changes (e.g., hardness, which correlates 
linearly with yield strength [10] and precipitate size) in these Ni-Cr model alloys. Furthermore, our results 
show that the phase fraction of Ni2Cr saturates after early aging times, while the hardness continues to 

(a) (b) 

(c) (d) 
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increase with aging times reached in this research. Future analysis should consider use of the precipitate 
size for characterizing the development of Ni2Cr and its impact on mechanical properties. A limitation in 
using the precipitate size over the phase fraction in modified KJMA analysis is when the evolution of the 
Ni2Cr in Ni-Cr alloys has reached equilibrium. It is not known if further Ni2Cr precipitate growth is going 
to continue to transform the material properties outside of the current aging times in this research.  

While there has been a number of studies on the kinetics of Ni2Cr formation [4], [8], [9], [11], [23], there 
is also a need to combine with research on the precipitation strengthening mechanisms of Ni2Cr. It has been 
established that the size of precipitates has a direct correlation with dislocation motion. A critical resolved 
shear stress (CRSS) is commonly employed to describe weak or strong coupled dislocations cutting or 
shearing through precipitates [38]–[41]. Due to the small size of the Ni2Cr precipitates, we apply a critical 
resolved shear stress model of weakly coupled dislocations for precipitation hardening, shown in equation 
(3). In equation (3), τCRSS, is the critical resolved shear stress, Γ is the anti-phase boundary energy, b is the 
burger’s vector, d is the precipitate diameter (precipitate size of Ni2Cr), f is the volume fraction, T is the 
line tension of the dislocation, shown as equation (4) [38], where G is the shear modulus. The shear 
modulus, G, is calculated from equation (5), where E is the modulus of elasticity, and ν is Poisson’s ratio. 
The numerical factor, A, describes the morphology of precipitates and is 0.72, based on the assumption the 
Ni2Cr precipitates are spherical [42].  

∆𝜏𝜏𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 1
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𝐺𝐺 = 1
2

𝐸𝐸
(1+𝜈𝜈)

        (5) 

∆𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = 3√3𝜏𝜏𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶      (6) 

 

We then use this model, and the linear relationship found between hardness and yield strength, as previously 
found in similar Ni-Cr model alloys [10] to be able to predict the hardness from the estimated critical 
resolved shear stress. This relationship is shown in equation (6) where we apply Tabor’s relationship [43] 
and Von Mises flow rule [44] to calculate the yield strength from the critical resolved shear stress, as done 
in previous Ni-based alloy research to calculate the change in hardness [33], [37], [38]. We report our values 
from the results and those of previous Ni-based alloys using CRSS or equivalent precipitate strengthening 
models based on precipitate shearing in Table 4.  

The parameters for our CRSS model use both values from literature, using model alloy values when possible 
and commercial Ni-based alloys when there is no model data available, and from our results. The anti-phase 
boundary energy is from molecular dynamics in model Ni-Cr alloys and is 0.139 [J / m2] [5]. The burger’s 
vector is from literature on Ni-based alloys and is 0.254 [nm] [33], [37]. The particle diameter is assumed 
to be the average precipitate size of Ni2Cr from our work, which we plot on the x-axis of Figure 4. The 
volume fraction is taken from an average of our results shown in Table 3 for the saturated value. We use a 
linear assumption with time to account for early increases in volume fraction before reaching the saturated 
value. The modulus of elasticity is also from literature on Ni-based alloys and taken as 221 [MPa] [40], 
[46]. The Poisson’s ratio is also from literature for Ni-based alloys and taken as 0.35 [40] thus making the 
shear modulus 81.85 [GPa], which is in close agreement with molecular dynamics simulations [5]. The 
effectiveness of the CRSS model provides further evidence that the size of Ni2Cr precipitates has notable 
impacts on the mechanical properties of Ni-Cr alloys. 
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Table 4. Values from this study using the critical resolved shear stress for precipitate hardening model of 
weakly coupled dislocations for gamma prime precipitation. 

Parameter Unit Model Value Note 

Γ Jm-2 0.139 Molecular dynamics of model alloy [5] 
b nm 0.254 Ni-based commercial alloy [39], [42] 
f % 9* This work 
E MPa 221 Ni-based commercial alloy [40], [46] 
ν - 0.35 Ni-based commercial alloy [40] 
A - 0.72 Ni-based commercial alloy [42] 
d nm varies This work 

* Saturated value.  

 

The CRSS model from equations (1) and (4) is shown as a solid gray line in Figure 4. The model shows 
good agreement with the experimental measurements in capturing both the change in hardness and 
precipitate size in Ni-Cr model alloys. The fit of the model could be marginally improved by fitting the 
parameters directly to the data instead of using existing independent values in the literature, e.g. the anti-
phase boundary energy could be experimentally refined to the data. However, the agreement of the model, 
shown in our research, with the molecular dynamics results supports previous literature findings in 
understanding the deformation behaviors in Ni-based alloys. Our matching experimental results adds 
confidence to the molecular dynamics simulation with macroscopic material behavior and microstructure 
observation presented in this research that go beyond the boundary of the recent performed simulations. 
Additionally, there could be minor improvements to the model if the young’s modulus and Poisson’s ratio 
were explicitly known for these specific alloys. However, the values used are representative of Ni-based 
alloys. Further minor improvements could be made to the linear assumption in volume fraction before 
reaching the saturated value, however this data is limited in the literature, would not improve the fit of our 
current data where the volume fraction is considered saturated, and is not accessible in our data sets, i.e. 
requires aging time points between 0 and 500 h for higher temperatures.  
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Figure 4. Ni2Cr precipitate size versus change in hardness. Dashed black line shows linear fit to data. Solid 
gray line shows the critical resolved shear stress precipitation hardening model of weakly coupled 
dislocations 

 

 
4. Conclusion 

The development of the Ni2Cr precipitate phase was investigated in four model Ni-Cr alloys (Ni/Cr = 1.8, 
2.0, 2.2, 2.4) isothermally aged at 475 °C for up to 10,000 h. The Ni2Cr precipitates were also investigated 
in (Ni/Cr =2.0) alloys isothermally aged at 373, 418, and 475 °C for up to 10,000 h. Results from hardness 
testing and synchrotron-based XRD were combined to systematically investigate the evolution in hardness 
and microstructure (Ni2Cr phase fraction, Ni2Cr precipitate size, and FCC host lattice contraction) with 
time, temperature and composition. We find that after 500 h of isothermal aging at 475°C, all 
stoichiometries show clear Ni2Cr XRD peaks indicating that Ni2Cr can form in a wide range of 
compositions. At lower temperatures, the Ni/Cr=2.0 samples show temperature dependent Ni2Cr formation, 
with Ni2Cr precipitates quantified after 500 h when aged at 418 °C, but not until 3,000 h at 373 °C. We find 
these results support that Ni2Cr is following a diffusion based growth process. The Ni2Cr phase fraction 
was found to saturate after early aging times to a value around 9 wt.% for all stoichiometries and aging 
temperatures. We additionally show that there is a clear correlation between the average precipitate size 
and the change in indentation hardness. This was explained with the critical resolved shear stress model of 
precipitation hardening with weakly coupled dislocations. We believe this model is able to capture the 
mechanical behavior changes and estimate the impact on the yield strength from the development of Ni2Cr 
in Ni-Cr model alloys based on the precipitate size, which follow a diffusion-controlled growth process. 
These findings highlight the importance of using advanced characterization techniques sensitive to the 
minor phase populations and capable of quantifying microstructure. 
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Supplemental material  

The figures presented as supplemental material help to show: an example of the entire XRD patterns, the 
(Ni/Cr=2.0) patterns at 1000 h at all temperatures to show in detail the timepoint before detection of Ni2Cr 
at temperature 373 °C, the same time point for all stoichiometries at 475 °C for comparison, the evolution 
of patterns collected for (Ni/Cr=2.0) at 373 and 418 °C, and finally AR patterns to show there is no Ni2Cr 
detected before the isothermal aging campaigns. These AR specimens were not rotated during collection, 
and taken at a different time, with different beamline conditions, thus the FCC peaks are shifted with 
different intensities.  

 

 

 
Figure S1. Example of the entire XRD patterns from isothermal aging at 475 °C for 500 h. 
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Figure S2. XRD patterns of Ni/Cr=2.0 sample from all isothermal aging temperatures at 1000 h. 

 

 
Figure S3. XRD patterns of all stoichiometries from isothermal aging at 475 °C for 1000 h. 
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Figure S4. XRD patterns of stoichiometric Ni/Cr=2.0 sample at isothermal aging 373 °C after aging from 
top pattern downward 500, 1000, 3000, and 5000 h.  

 

 
Figure S5. XRD patterns showing evolution of isothermal aging at 418 °C from stoichiometric Ni/Cr=2.0 
from top pattern downward 500, 1000, 3000, and 5000 h. 
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Figure S61. XRD patterns of AR samples from all stoichiometries.  
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