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The combination of high temperature strength, good environmental and fatigue resistance are the properties that make nickel-based superalloys the material of choice for use in “hot section” components for modern gas turbine engines used in propulsion and power generation applications. Many of the desirable properties associated with this novel class of alloys can be attributed to the unique microstructure consisting of ordered L12 intermetallic precipitates γ’ (Ni3Al) distributed coherently within a disordered FCC A1 matrix γ (Ni).  The characteristic anomalous hardening behavior of the γ’ precipitates coupled with the ability of the microstructure to accommodate a high degree of alloying for solid solution strengthening makes Ni-based superalloys unique. In recent years, alloying studies aimed at extending the temperature capability of these materials have evaluated the effects of additions of various refractory alloying elements in modern polycrystalline Ni-base superalloys. Since certain alloying additions, W, Mo, Cr and Co, partition preferentially to the γ phase, while others elements such as Al, Ti, Nb and Ta, partition to the γ’ phase, the precipitate volume fraction and intrinsic strength of the constituent phases may potentially be optimized, provided that the characteristic partitioning behavior of the alloys is well understood. Studies involving polycrystalline Ni-base superalloys with relatively low combined levels of Nb+Ta+Ti additions (<X at.%) revealed that these elements preferentially partition to the γ’ phase and serve to lower the anti-phase boundary (APB) energy and enhance the precipitate’s resistance to deformation. However, recent studies have shown that understanding the degree of partitioning of these elements is important as residual levels of Nb, Ta and Ti within the γ phase can serve as potent solid solution strengtheners. Exploiting this characteristic behavior may potentially enable the continued development of innovative Ni-base superalloys with even higher temperature capabilities.
One of the primary drawbacks associated with the high refractory content Ni-base superalloys, however, is that in many cases the high refractory alloying content serves to slow the overall atomic mobility in the system and makes it difficult to attain a stable microstructure when typical thermal-mechanical processing techniques are employed. Following forging of polycrystalline Ni-base superalloys, a solution heat treatment is applied to refine and control the size, shape and morphology of the γ’ precipitates.  Since the maximum attainable cooling rate from solution of physically large superalloy forgings is limited, γ’ precipitates form across a range of temperatures during cooling.  Secondary g’ precipitates are typically ~200 to 300nm in diameter and form at temperatures just below the equilibrium γ’ solvus temperature, while tertiary γ’ measuring <50nm tend to form at much lower temperatures in the neighborhood of ~800 to 900˚C.  Subsequent aging treatments serve an important role as they contribute to the relaxation of macroscopic residual stresses and relieve residual supersaturation of the γ phase via coarsening and refinement of the secondary and tertiary γ’. In high refractory content Ni-base superalloys, however, the chemical heterogeneity and increased magnitude of the misfit leads to an instability of the precipitates where “inverse” coarsening or γ’ splitting occurs during aging of the microstructure.  Typically attributed to alloys exhibiting a high magnitude of lattice misfit resulting in higher coherency strains, it has recently been shown to be a combination of high elastic energies, as well as finely dispersed γ precipitates within the coarser γ’ particles, caused by supersaturation of the γ forming elements in the secondary γ’ precipitates [1-4].
Detailed electron microscopy and atom probe tomography (APT) techniques were used to systematically quantify the chemical instabilities that exist during aging of polycrystalline Ni-base superalloys containing elevated levels of refractory alloying additions.  The morphological changes and splitting phenomenon associated with the secondary γ’ precipitates were related to the discrete chemical compositions of the secondary and tertiary γ’ along with the phase compositions of the γ matrix and the γ precipitates within the secondary γ’ particles. Micrographs showing the changes in precipitate size and morphology as a function of aging time are shown in Figure 1.  The range of compositions associated with the experimental high refractory, powder processed Ni-base superalloy is listed in Table I.  Following cooling from above its solutioning temperature at ~1-2˚C/s, the microstructure consisted of a unimodal distribution of secondary γ’ precipitates, Figure 1a.  As the tertiary γ’ precipitates become visible after aging at 850˚C for 1 and 4 hours shown in Figures 1b and 1c, respectively, the secondary γ’ precipitates also coarsen and gradually exhibit a dendritic-like morphology. Upon aging for 16 hours at 850˚C, however, the irregulary shaped secondary γ’ reverts back into a unimodal distribution of spherical γ’, Figure 1d. Interestingly, the tertiary γ’ also appears to revert back into solution.  Particle size distributions were measured and APT investigations were also performed to compliment these microstructural observations and provide quantitative compositional data of the constituent phases as a function of aging time.  Extremely large APT datasets that spanned multiple γ’ precipitates and γ/γ’ interfaces were collected and used to generate 3D reconstructions of the underlying microstructure, Figure 2.  For visualization purposes, all atoms have been hidden, except for Cr and Al, as these elements strongly partition to the γ and the γ’ phases, respectively. Following aging of these highly alloyed Ni-base superalloys, these 3D APT reconstructions reveal the presence of nano-scale γ precipitates within the γ’ phase and enabled quantification of the average chemistries associated with the four distinct phase populations, secondary γ’, tertiary γ’, γ matrix and γ precipitates, Table 2.  Compared to the γ matrix, the γ precipitates are enriched with higher overall concentrations of Cr and Co, while the tertiary γ’ precipitates contain lower levels of Ta when compared to the secondary v’ precipitates.  The chemical heterogeneity of the secondary γ’ precipitates following the various aging treatments was also highlighted and quantified using the APT datasets.  Figure 3 shows the compositional variation in the secondary γ’ precipitates as a function of distance away from the γ/γ’ interface.  The four hour aging treatment at 850˚C was found to normalize the distribution of Al, Co, Ni and Cr, within the γ’ precipitate, but residual segregation of the refractory alloying additions, Nb and Ta.  Nb levels are noticeably higher towards the γ/γ’ interface, while enrichment of Ta occurs towards the core of the γ’ precipitate. 
The morphological changes that occur within the microstructure of Ni-base superalloys during aging can largely be attributed to the chemical heterogeneity and sluggish kinetics of the constituent alloying elements.  Thermodynamic assessments clearly indicate that significant differences exist when comparing the equilibrium composition and volume fraction of the γ and γ’ phases as a function of temperature.  At temperatures near the γ’ solvus, where the secondary γ’ precipitates formed, the equilibrium volume fraction of γ’ precipitates tends to be lower and their compositions are more enriched with Ta.  Whereas at aging temperatures, the equilibrium γ’ volume fractions increase as more Al and Nb are incorporated into the phase compositions.  Due to these thermodynamic differences, the as-solutioned microstructures gradually evolve during aging as equilibrium conditions are approached.  For conventional polycrystalline Ni-base superalloys containing limited levels of refractory alloying elements, standard aging temperatures (750˚C to 800˚C) and times (4 to 16h) are sufficient to stabilize the microstructures.  However, for advanced Ni-base superalloys containing elevated levels of refractory alloying additions the kinetics of the system are significantly reduced and optimization of aging treatments needs to occur in order to prevent the formation of unstable, transient microstructures.
In this study, the transient microstructures of high refractory content Ni-base superalloys were quantified as a function of aging temperature and time.  The coarsening kinetics of both the tertiary γ’ and the γ precipitates within the secondary γ’ were quantified.  The compositional heterogeneities combined with the intrinsically large magnitude of lattice misfit were found to be the primary driving forces behind the inverse coarsening or splitting of secondary γ’ precipitates in Nb rich γ- γ’ Ni-based superalloys 
Table I. Composition of the RRHT alloy (at.%). 

	Alloy
	Ni
	Cr
	Al
	Mo
	Co
	Nb
	Ta
	W

	RRHT1
	Bal.
	5-16
	7.94
	0-3
	18.37
	5.54
	0-3
	0-2


Table II. γ and γ’ phase compositions obtained via APT (at.%).

	
	
	
	
	

	Alloy

Element
	γ matrix (at.%)
	γ precipitates (at.%)
	Secondary γ’ (at.%)
	Tertiary γ’ (at.%)

	Ni
	38.3
	32.5
	62.8
	63.8

	Cr
	28.8
	35.1
	1.8
	1.6

	Al
	1.6
	1.1
	12.8
	11.3

	Mo
	3.0
	2.0
	0.7
	0.7

	Co
	24.3
	27.0
	10.6
	10.4

	Nb
	2.1
	1.2
	8.0
	8.2

	Ta
	0.16
	0.19
	1.62
	1.34

	W
	1.17
	0.54
	0.53
	0.62
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Figure 1. Effects of aging times on the microstructure and the precipitate stability of the alloy 
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Figure 2. APT needle with 288 million atoms, showing the γ precipitates within the γ’ precipitates along with a FESEM image of the four phases
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Figure 3: Composition profile showing gradients of all elements and a separate one for Nb and Ta
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