Supplementary material
Table S1. Comparison between equilibrium state predications from modeling and experiments. Elemental Mole Fraction (at.%) gives the amount of each element in the precipitates and matrix after irradiation (experiment) and at thermal equilibrium (database modeling).

	Alloy 
	
	Experiment
	
	UW1 database
	
	TCAL2 database

	
	
	Elemental Mole Fraction (at.%)
	
	Phase selection
	Elemental Mole Fraction (at.%)
	
	Phase Selection
	Elemental Mole Fraction (at.%)

	
	
	Precipitates
	Matrix
	
	
	Precipitates
	Matrix
	
	
	Precipitates
	Matrix

	
	
	Mn
	Ni
	Si
	
	Mn
	Ni
	Si
	
	T6
	Mn
	Ni
	Si
	
	Mn
	Ni
	Si
	
	T3
	T6
	Mn
	Ni
	Si
	
	Mn
	Ni
	Si

	LC
	
	0.58
	0.68
	0.29
	
	0.58
	0.12
	0.14
	
	100%
	0.45


	0.69


	0.21


	
	0.71
	0.11
	0.22
	
	33.25%
	66.75%
	0.39
	0.69
	0.24
	
	0.78
	0.11
	0.19

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	LD
	
	0.47
	0.99
	0.43
	
	0.60
	0.19
	0.11
	
	100%
	0.67
	1.03
	0.31
	
	0.41
	0.15
	0.23
	
	73.22%
	26.78%
	0.46
	1.04
	0.42
	
	0.62
	0.14
	0.12

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	LG
	
	0.41
	0.61
	0.30
	
	0.45
	0.10
	0.13
	
	100%
	0.38
	0.58
	0.18
	
	0.49
	0.13
	0.25
	
	100%
	−
	0.22
	0.59
	0.26
	
	0.65
	0.12
	0.17

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	LH
	
	0.53
	0.60
	0.28
	
	0.66
	0.13
	0.14
	
	100%
	0.41
	0.63
	0.19
	
	0.78
	0.10
	0.23
	
	22.28%
	77.72%
	0.37
	0.63
	0.21
	
	0.82
	0.21
	0.10

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	LI
	
	0.47
	0.58
	0.28
	
	0.50
	0.12
	0.14
	
	100%
	0.38
	0.58
	0.18
	
	0.59
	0.12
	0.24
	
	92.25%
	7.75%
	0.23
	0.59
	0.25
	
	0.74
	0.17
	0.11

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	CM6
	
	1.00
	1.48
	0.34
	
	0.42
	0.21
	0.05
	
	100%
	0.86
	1.34
	0.38
	
	0.56
	0.35
	0.009
	
	−
	100%
	0.87
	1.36
	0.38
	
	0.55
	0.33
	0.008
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FIG. S1. Precipitate Mole Fraction vs. original total solute fraction in alloy observed by APT and predicted by UW1 and TCAL2 database.
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FIG. S2. Precipitate Mole Fraction vs. Ni composition in alloys observed by Atom Probe Tomography (APT) and predicted by UW1 and TCAL2 database.
Table S2. Thermodynamic models of the bcc and Mn-Ni-Si intermetallic phases used in the UW1 database discussed in the main text.

	Model: bcc (Fe,Mn,Ni,Si) [1–5]
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	Models of the Mn-Ni-Si intermetallic phases [1]

	T1: Mn0.15Ni0.45Si0.40
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	T6: Mn1/3(Ni, Si)2/3
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	T7: Mn1/3Ni2/6Si1/6
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	T8: (Mn,Ni)3/4Si1/4
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	T9: Mn0.61Ni0.12Si0.27
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Experimental Data Used for Comparisons
The model predictions in this paper were compared to data on six RPV steels irradiated in the Advanced Test Reactor at the Idaho National Laboratory at 290°C to a fluence of 1.1×1021 n/cm2 at a flux of ≈ 2.3×1014 n/cm2-s.  Extensive atom probe tomography measurements (APT) and advanced APT analysis methods were used to determine the precipitate compositions and mole fractions.  The average bulk alloy compositions were used in the modeling calculations in this paper. Full details are provided in Ref. [6]. 

The APT results show that at lower fluence, Mn-Ni-Si (MNS) precipitates in Cu free steels are very slow to form at high flux, while they seem to nucleate on Cu enriched clusters that form much more quickly in Cu bearing steels. At very high fluence, in a condition we believe to be near equilibrium, nearly pure MNS clusters grow as co-precipitated appendages on Cu enriched clusters. This supports the hypothesis that Cu enriched clusters acts as a nucleation site for the MNS preciptates.  

Large mole fractions of MNS precipitates also form even in Cu free steels at very high fluence. The fact that the mole fractions and compositions of the MNS are approximately the same in both Cu bearing and Cu free steels in this condition suggest that Cu only changes the nucleation rate of co-precipitated MNS phases, but does not alter their near equilibrium compositional state.  This supports neglecting the Cu in the thermodynamic models of the Fe-Mn-Ni-Si system presented here. 

It is difficult to prove that the Mn-Ni-Si precipitates are at thermal equilibrium due to the fact that the thermal kinetics at the irradiation temperature are so slow that precipitates would take on order of hundreds, or more, of years to form. However radiation enhanced diffusion greatly accelerates precipitation. The fact that the MNS mole fractions are much higher in Cu bearing vs Cu free steels at lower fluence, but approximately equal at high fluence, suggests that the precipitates are approaching their equilibrium mole fractions.  More significantly, the comparisons of the APT results and equilibrium models developed in this paper show good agreement in precipitate mole fraction and composition, suggesting that the experiments are near equilibrium. Long-term annealing at higher temperatures is being carried out to probe the thermal phase boundaries that will also be compared to the thermodynamic model predictions. Further, the structure of the precipitates is being probed by TEM and XRD measurements that are in progress. 
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