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Abstract 

Additively manufactured Inconel 625 is particularly susceptible to the formation of niobium-rich 

δ-phase precipitates in the interdendritic regions during high temperature exposure. With specific 

minor alloying element combinations and nitrogen mass fractions on the order of 0.1 %, the 

formation of δ-phase can be suppressed through the precipitation of nitrides.  For example, mass 

fractions of 0.39 % silicon and 0.03 % titanium led to the precipitation of Z-phase and η-nitrides, 

which consumed the excess niobium in the interdendritic regions and limited δ-phase formation.  

Even when holding the material at a temperature of 870 °C for 1000 h, the δ-phase volume fraction 

was approximately 2 %, which is far below the 6 % level observed in the wrought condition.  When 

the titanium mass fraction was increased to 0.21 % and the silicon mass fraction decreased to 

0.05 %, titanium-rich MN nitrides formed within the interdendritic regions instead.  Since much 

of the Nb in these regions was not consumed by the nitrides, δ-phase formation was promoted and 

reached volume fractions above 10 %.  The addition of a hot isostatic pressing step prior to high 

temperature exposure in both alloys produced a more uniform niobium distribution and minimized 

δ-phase formation at shorter times.  At extended times, trends in the δ-phase volume fractions were 

similar to those observed in the as-deposited condition, with the initial alloy compositions driving 

differences in the distribution of excess niobium available for δ-phase formation.  
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1. Introduction 

 Wrought nickel superalloys, such as Inconel 6251, are susceptible to the nucleation and 

growth of a Nb-rich, orthorhombic delta (δ) phase on grain and twin boundaries during prolonged 

exposure to temperatures between approximately 650 °C and 1000 °C [1].  In the binary Ni-Nb 

system [2], δ-phase is a near-stochiometric Ni3Nb intermetallic compound with Nb mole fractions 

ranging from approximately 24.1 % to 26.5 %. Measurements of δ-phase compositions in 

commercial superalloys, though, have shown some solubility for Ti, Cr, and Fe, but the total mole 

fraction of these elements in δ-phase is typically less than 10 % [3]. For Inconel 625 alloy 

compositions that fall within standard ranges, the equilibrium volume fraction of δ-phase ranges 

from approximately 5 % to 10 %, and the maximum rate of transformation rate occurs at 

temperature between approximately 850 °C and 900 °C [4]. 

The δ-phase precipitates display characteristic needle or platelet morphologies that can 

serve as crack initiation sites and reduce ductility, fracture toughness, and resistance to hydrogen 

embrittlement [5-7].  Service conditions are generally avoided within the temperature ranges where 

the precipitation of this phase is promoted.  Specifications defining the maximum allowable Nb 

content in Inconel 625 and other nickel alloys are also adjusted to reduce the susceptibility to δ-

phase formation and to improve performance in different environments and industrial applications. 

For example, the Nb content in Inconel 718 is adjusted to accommodate different service 

conditions encountered in the aerospace and petroleum exploration application spaces.  In 

aerospace applications, the maximum Nb mass fraction (5.5 %) is higher than that used in 

petroleum applications (5.2 %), where the hydrogen embrittlement promoted in corrosive 

environments is exacerbated by δ-phase formation [8]. 

 During fusion-based additive manufacturing (AM) of Inconel 625, complex solidification 

and thermal histories [9-11] drive the formation of microstructures and properties that are different 

from those observed in wrought conditions.  Under these processing conditions, alloying elements 

such as Nb and Mo, segregate into the advancing liquid front during solidification, leading to local 

chemistry variations in the γ-matrix between dendritic cores and the interdendritic regions [9, 12-

14]. Segregation of Nb, in particular, accelerates δ-phase precipitation when AM Inconel 625 

 
1 Certain commercial equipment, instruments, software, or materials are identified in this paper to foster 

understanding. Such identification does not imply recommendation or endorsement by the Department of Commerce 

or the National Institute of Standards and Technology, nor does it imply that the materials or equipment identified are 

necessarily the best available for the purpose. 
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material is exposed to temperatures in the range of 650 °C to 1000 °C.  Higher phase fractions of 

δ-phase have been found in AM fabricated materials than those observed in the corresponding 

wrought material [15].  For example, the manufacturer recommended stress relief heat treatments 

of laser powder bed fusion AM materials are performed at a temperature of 870 °C [14, 16], and 

δ-phase was observed within minutes in the segregated regions of the solidification structure that 

continued to grow for the duration of the heat treatment [17, 18].  Similar observations have been 

made in other Nb-containing nickel superalloy welds [1, 19], clads [20], and castings [21], in which 

local enrichment in Nb promotes the formation and growth of δ-phase [10, 15].   

 Variations in Inconel 625 alloy chemistry can also have a significant impact on the 

formation of δ-phase and other common Nb-containing precipitates, such as Laves phase, MX-

type carbonitrides, and η-carbides (M6C), during similar solidification-based processes [22-24].  

For example, Nb, Si, and C contents dictated the solidification products in Inconel  625 weld 

overlays placed on low alloy steel plates [24, 25], with low carbon contents leading to the 

formation of Laves phase and other intermetallic compounds and higher carbon contents 

promoting carbide formation. These secondary precipitates contain significant amounts of Nb and 

often influence δ-phase formation during subsequent heat treatments. Precipitation dissolution 

facilitates δ-phase formation due to local Nb enrichment in adjacent regions, while stable phases 

reduce the available Nb for δ-phase precipitation. 

 Secondary phase formation in AM Inconel 625 can vary dramatically with changes in 

minor alloying elements, with nitrogen having a strong influence [11, 12, 26]. When nitrogen mass 

fractions reached approximately 0.1 % in materials fabricated by directed energy deposition AM, 

the precipitation of nitrides was promoted, although the type of nitride depended on the relative 

amounts of silicon and titanium. With relatively low titanium (0.03 %) and high silicon (0.39 %) 

mass fractions, tetragonal Z-phase (CrNbN), diamond cubic η-nitrides (M6N), and small amounts 

of niobium-rich MN nitrides formed.  In contrast, only titanium rich MN nitrides were observed 

with high titanium (0.21 %) and low silicon (0.05 %) mass fractions [26].  The nitrides present in 

the as-deposited condition remained in the microstructure after hot isostatic pressing (HIP). Similar 

behavior has been observed in other Inconel 625 materials fabricated using powder bed fusion 

AM, where the formation of niobium-rich MX (X=C,N) precipitates and η-nitrides suppressed δ-

phase precipitation during a stress relief heat treatment at a temperature of 870 °C for 1 h [27, 28]. 
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The impact of Nb-containing secondary phases on δ-phase formation was investigated in 

as-deposited and HIP Inconel 625 AM material with nitrogen mass fractions of approximately 

0.1 %. As-deposited material was heat treated at 870 °C to link δ-phase formation in the presence 

of elemental segregation to differences in nitrides arising from variations in alloy chemistry. 

Identical heat treatments were performed on the same materials that had been previously subjected 

to HIP, which eliminated segregation and preserved most secondary phases. The Nb segregation, 

nitride volume fraction, and δ-phase precipitation were evaluated from microstructural data for up 

to 1000 h. The results are compared with wrought Inconel 625 to highlight the potential benefits 

for using AM materials to control δ-phase precipitation. The combination of specific alloy 

compositions and AM processing is shown to provide pathways for tailoring secondary phase 

precipitation during prolonged high temperature exposure.  

2. Experimental Methods 

 A coaxial powder-fed, laser-based directed energy deposition process was used to fabricate 

AM builds from two Inconel 625 powder feedstocks. The builds were deposited using a 4 mm 

diameter laser operated at a power of 2 kW and a travel speed of 10.6 mm/s.  Additional 

experimental details on feedstock characterization, process parameters, and part geometry can be 

found elsewhere [11]. The chemical compositions of the as-deposited and representative wrought 

Inconel 625 materials are listed in Table 1. The AM alloys were designated as low and high Fe 

based on the measured Fe contents relative to the allowable ranges in the standard material 

specification [29].  The alloy designations are used strictly for consistent nomenclature with 

previous work [11, 12, 26] and do not suggest any influence on material behavior. Equilibrium 

thermodynamic calculations were made using ThermoCalc Software [30] with the TCNI8 

commercial Ni-alloys database [31] using the respective alloy compositions listed in Table 1 as 

input. Reported values represent the average and standard deviation in the temperature range of 

(870 ± 10) °C to account for uncertainty in calculations. Selected portions of both AM materials 

were also subjected to a standard HIP post-processing [32] performed at a temperature of (1163 ± 

25) °C and a pressure of 101 MPa for 4 h. 

 Prior to heat treatment, as-deposited and HIP samples were wrapped in commercially pure 

tantalum foil and sealed in 102 mm x 152 mm and 0.05 mm thick 309 austenitic stainless steel 

bags. All heat treatments were performed in a tube furnace at a temperature of (870 ± 2) °C, which 

was monitored with a type K thermocouple, for times ranging from 0.5 h to 1000 h. Samples were 
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removed from the furnace and air-cooled to room temperature. The samples were sectioned in the 

transverse orientation with respect to the build direction to reveal a fresh surface with no heat 

treatment scale and then mounted in conductive epoxy. For X-ray diffraction experiments, samples 

were ground and polished to a 1 µm finish.  Samples characterized using electron microscopy were 

subjected to an additional vibratory polishing step for 4 h using 0.05 µm colloidal silica. 

 Identification of the individual phases in each sample was performed using a laboratory 

scale X-ray diffraction (XRD) system equipped with a 2D area detector and a Cu-Kα radiation 

source operated at a voltage of 50 kV and current of 1000 mA. Diffraction patterns were acquired 

using a 0.6 mm slit and 0.5 mm collimator in the 2θ range of 30° to 60° with a step size of 0.02° 

and a counting time of 5 s per step. The sample stage was oscillated with an amplitude of 1 mm in 

orthogonal directions parallel to the sample surface to increase the number of grains probed during 

each step. Individual diffraction peaks were fit using a Pseudo-Voigt function, and peaks were 

then indexed from their 2θ positions using powder diffraction files from the Inorganic Crystal 

Structure Database of the National Institute of Standards and Technology [33].   

 Precipitate morphologies and compositional variations were characterized using scanning 

electron microscopy (SEM) combined with energy dispersive spectroscopy (EDS). Secondary 

electron images were first acquired from sample surfaces that were electrolytically etched for 

approximately 5 s at 3.5 V with 10 % aqueous chromic acid to reveal precipitates. Volume fractions 

of δ-phase and other secondary phases were then measured based on precipitate morphology using 

the point count method [34] by analyzing five images across a total area of approximately 0.9 mm2 

on each sample surface. Precipitates with a needle-like appearance were classified as δ-phase while 

irregular and blocky particles were assigned as nitrides. Different types of nitrides could not be 

distinguished by the point count method, but the total nitride volume fraction was measured. Local 

chemistry variations in the interdendritic regions and dendrite cores were quantified from X-ray 

spectra obtained using a counting time of 30 s and acquired from 1 μm diameter acquisition points 

across areas with fields of view of approximately 36 μm by 48 μm.  For each field of view, 10 

acquisition points located in the interdendritic and dendritic core regions were probed. The mass 

fractions of metallic elements measured in two fields of view for each material condition were 

normalized, outliers were removed from the analysis, and the location-specific data were averaged 

with the standard deviation reported. 
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3. Results and Discussion 

3.1 As-deposited and HIP microstructures 

 Solidification structures in the as-deposited Inconel 625 alloys exhibited columnar 

dendrites with precipitates decorating interdendritic regions, which are highlighted in Figure 1(a) 

and Figure 1(b) for the low and high Fe materials, respectively.  In both materials, areas 

representative of alloying element segregation and the precipitation of secondary phases can be 

easily identified.  Regions of light and dark contrast, corresponding with areas of alloying element 

segregation, were visible, with the darker regions corresponding to the dendrite cores and the 

lighter regions to interdendritic regions. The measured local variations in average mass fractions 

of selected alloying elements across these different regions are tabulated in Table 2. 

There was significant enrichment in Nb and Mo within the interdendritic regions of both 

alloys over that observed in the dendrite core regions.  The interdendritic regions in the high Fe 

alloy are significantly enriched, with the measured (6.19 ± 0.84) % Nb mass fraction 

approximately 1.5 times than that of the bulk composition and three times higher than that observed 

in the dendrite cores ((2.02 ± 0.27) %). In contrast, the measured Mo and Nb compositions in the 

interdendritic regions of the low Fe alloy were similar to those obtained from bulk measurements, 

while the dendrite cores contain lower mass fractions of each alloying element.  

The enrichment of alloying elements in the interdendritic regions can also promote the 

formation of secondary phases during solidification [22]. Strong nitride forming elements like Nb, 

Mo, and Si in the Inconel 625 alloys segregate to the liquid during the terminal stages of 

solidification, while matrix stabilizing elements like Ni, Cr, and Fe are trapped within the dendrite 

cores during the early stages of solidification. Precipitates observed in these enriched interdendritic 

regions in each material are summarized in Table 3 [26].  Previous characterization revealed that 

various nitride phases arising from differences in the Si and Ti mass fractions in the initial alloy 

chemistries [11, 12, 26] are prominent across the two alloys, and no δ-phase was observed in the 

as-deposited condition.  

All nitrides observed in these interdendritic regions contained Nb mass fractions in excess 

of 35 %.  Enrichment in other metallic elements was dependent on the type of nitride that forms.  

In the alloy with relatively low Si and high Ti mass fractions, only MN nitrides were observed 

with a volume fraction of (1.1 ± 0.2) % measured in the as-deposited condition. In the alloy 

containing relatively high Si and low Ti mass fractions, Z-phase, η-nitrides, and a small amount 
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of MN nitrides were identified.  When the volume fractions of the nitrides were combined, a 

cumulative volume fraction of (2.3 ± 0.4) % was measured. 

These, and other AM fabricated alloys, are also commonly subjected to HIP to reduce 

porosity and alter microstructures [9].  Since the holding temperature was above the δ-phase solvus 

temperature, δ-phase did not form in either alloy during HIP.  As shown in Figure 1(c) and Figure 

1(d), however, the HIP post-processing step eliminated the solidification structure in both the low 

and high Fe as-deposited materials, respectively.  The location and alignment of secondary phases 

in Figure 1(c) and Figure 1(d) were used to determine the approximate locations of interdendritic 

regions and dendrite cores prior to HIP. The elemental segregation in the as-deposited 

microstructure, particularly for Mo and Nb, was eliminated as shown in Table 2, where the 

compositions in the dendrite cores and interdendritic regions reached similar values that fell within 

the measurement uncertainty.   

Even though elemental segregation in the as-deposited materials was minimized after HIP 

post processing, many of the various nitrides observed in the as-deposited condition did not 

transform into new phases and remained in similar locations.  Although the MN nitrides in the low 

Fe alloy were not observed after HIP, the MN nitrides in the high Fe material remained and the 

average composition became more enriched in Ti, as summarized in Table 3 [26].  No appreciable 

differences were measured in the compositions of Z-phase and η-nitrides in the low Fe material, 

and only slight changes in lattice parameters were measured.  Precipitates present in both alloys 

coarsened after the HIP post-processing step, as shown in Figure 1(c) and Figure 1(d).  Volume 

fractions of the nitrides remained largely unchanged, with the volume fraction of MN nitrides in 

the high Fe material being (1.0 ± 0.2) % and the volume fraction of Z-phase and η-nitrides in the 

low Fe material reaching (2.6 ± 0.7) % 

3.2 Evolution of δ-phase in Inconel 625 containing MN nitrides 

 When the as-deposited alloys containing primarily MN nitrides were exposed to high 

temperatures, elemental segregation of Nb and Mo in the interdendritic regions led to the 

precipitation of additional Nb-containing phases.  The precipitation of these Nb-containing phases 

was accelerated since the elemental segregation alters the local thermodynamic equilibrium and 

kinetic conditions. The rather sharp drop in Nb mass fractions in the interdendritic regions with 

increasing time at temperature highlighted in Figure 2(a) shows that Nb was quickly consumed by 

these newly formed secondary phases, which are shown in Figure 3.  After only 0.5 h of exposure, 
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significant precipitation of needle-shaped δ-phase packets was evident.  To a lesser extent, globular 

MN nitride particles, which are highlighted by arrows in the Nb-enriched interdendritic regions in 

Figure 3(a), were also evident.  Figure 4(a) confirms the presence of both phases after this 

relatively short high temperature exposure time.  

 Since both δ-phase and MN nitrides consume Nb during growth, a decrease in the mass 

fraction of Nb was measured in the interdendritic regions with increasing time, as shown in Figure 

2. The average Nb mass fraction decreased from (6.19 ± 0.84) % to (4.50 ± 0.44) % in the 

interdendritic regions after 1 h, while the Nb levels in the dendrite cores were largely unchanged.  

As the Nb in the interdendritic regions was consumed by these newly formed precipitates, the 

volume fraction of secondary phases increased substantially, as shown in Figure 5.  Even after just 

0.5 h at a temperature of 870 °C, the volume fraction of δ-phase rapidly increased to (3.1 ± 2.8) %, 

as did the volume fraction of MN nitrides, which increased from (1.1 ± 0.2) % in the as-deposited 

condition to (3.1 ± 0.2) %.  

With increasing time, the mass fraction of Nb in the interdendritic regions decreased as it 

was consumed by the formation of δ-phase and MN nitrides, which is monitored in Figure 4(a).  

As additional δ-phase reflections appeared, the corresponding δ-phase volume fraction also 

increased.  The formation of an increasing number of densely packed δ-phase packets in the 

interdendritic regions with increasing times up to 100 h was confirmed in Figure 3, with the δ-

phase volume fraction reaching a peak level of (27.5 ± 4.3) %.  After 100 h of heat treatment, 

however, the Nb composition in the interdendritic regions dropped to a level equal to that in the γ-

matrix, hindering further growth of the δ-phase. As a result, the δ-phase clusters became less 

densely packed, as shown in Figure 3(g) and Figure 3(h), and the amount of δ-phase began to 

decrease with increasing hold times until a final volume fraction of (10.0 ± 2.9) % was reached 

after 1000 h.  Longer hold times had little effect on the evolution of MN nitrides, with the volume 

fraction of (3.7 ± 0.9) % measured after 0.5 h remaining largely unchanged up to 1000 h, as seen 

in Figure 5. 

 After subjecting the as-deposited material to a HIP post-processing step, an expected 

reduction in elemental segregation was observed, as shown in Figure 2(b).  While the MN nitrides 

initially observed in the interdendritic regions in the as-deposited material were preserved, they 

became more enriched in titanium and depleted in niobium.  The MN nitrides are the primary 

precipitates that form in the early stages of heat treatment at 870 °C, as shown in Figure 6(a)-(d), 
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due to the decrease in elemental segregation arising from the HIP post-processing step. There was 

an immediate increase in the volume fraction of these MN nitrides to (1.9 ± 0.6) % after 0.5 h, as 

shown in Figure 5(a), but the volume fraction stabilized after 10 h, which is confirmed Figure 4(b).  

 The formation of δ-phase was suppressed at heat treatment times below 10 h by the absence 

of Nb segregation after HIP post-processing.  With additional heat treatment times, the amount of 

δ-phase increased rapidly, reaching a volume fraction of (11.1 ± 3.5) % after 50 h.  Unlike the 

clustered morphologies observed in the as-deposited condition, however, a rather uniform 

distribution of thin needles throughout the microstructure was observed, as shown in Figure 6(e). 

With increasing times, the δ-phase volume fraction continued to increase, albeit at a lower rate, 

and reached a peak of (13.6 ± 2.3) % at a time of 500 h.  With additional times, a slight decrease 

in δ-phase volume fraction was observed, falling to (11.9 ± 1.6) % after 1000 h.  

3.3 Evolution of δ-phase in Inconel 625 containing Z-phase and η-nitrides 

 Slight changes in selected alloying elements impact the secondary phases which form 

during AM processing [11, 12, 26, 35].  The formation of Z-phase and η-nitrides were promoted 

in the as-deposited low Fe Inconel 625, which contained a Si mass fraction of 0.39 % and Ti mass 

fraction of 0.03 %.  The presence of these nitrides, in addition to the lower Nb mass fraction in the 

alloy, led to a decrease in the mass fraction of Nb in the interdendritic regions, as shown in Figure 

7(a). However, the remaining Nb mass fractions in solution were still sufficient to promote the 

precipitation of secondary phases in the interdendritic regions in the early stages of heat treatment, 

as shown in Figure 8.  

The general size and morphology of these secondary phases remained rather unchanged 

from those observed in the as-deposited condition through the first 10 h of heat treatment as shown 

in Figure 8(a)-(d). Growth of these nitrides, which were identified as Z-phase and η-nitrides in 

Figure 9(a), primarily occurred in the interdendritic regions and led to a drop in the Nb mass 

fraction to (2.95 ± 0.25) %.  After 10 h, the volume fraction of the precipitates reached 

(7.6 ± 0.3) %, as shown in Figure 10(a).  Some isolated δ-phase needles were observed, as 

indicated by the arrows in Figure 8, but fell far below the volume fractions observed in the alloy 

with MN nitrides present.  After approximately 10 h, the total volume fraction of nitrides stabilized 

within the uncertainty of the measurement for the remainder of the heat treatment. The chain-like 

morphologies of nitrides first observed in the as-deposited condition evolved into a blocky 
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appearance, and the individual nitrides became more separated as the heat treatment time exceeded 

50 h, as shown in Figure 8(e).   

As the nitrides took on this blocky appearance after the 10 h heat treatment, η-nitrides and 

δ-phase needles began to grow at the expense of Z-phase, as shown in Figure 9(a).  Between 10 h 

and 50 h, the Z-phase disappeared and was replaced by η-nitrides and δ-phase. Although the 

precipitation of δ-phase was detected as early as 0.5 h, as shown in Figure 8(a), the volume fraction 

remained low for the duration of the 1000 h heat treatment. More isolated δ-phase needles are 

observed with increasing heat treatment time, and the δ-phase volume fraction reached 

(1.5 ± 1.0) %.  Further heat treatment time has little effect on δ-phase growth, as the volume 

fraction stayed at or below roughly 2 % for the duration of the heat treatment. 

 After HIP post-processing, the Z-phase and η-nitrides present in the as-deposited materials 

remained, but their volume fraction increased to (2.6 ± 0.7) %, and no δ-phase was detected.  The 

Z-phase and η-nitrides identified in Figure 9(b) became coarser after HIP post-processing, as 

shown by comparing Figure 1(a) and Figure 1(c), and maintained this coarse and blocky 

appearance in the early stages of heat treatment, as shown in Figure 11.  After short heat treatment 

times, an immediate increase was observed in the volume fraction of Z-phase and η-nitrides, as 

shown in Figure 10(a), but quickly stabilized within measurement uncertainty. No appreciable 

differences for the duration of the heat treatment were observed in the nitride volume fraction after 

a heat treatment time of approximately 1 h.  

Similar to the as-deposited condition, the Z-phase present after HIP post-processing began 

dissolving after a heat treatment time of 10 h, as shown in Figure 9(b).  More time, however, was 

needed to dissolve the Z-phase, which persisted up to a heat treatment time of 100 h. As Z-phase 

dissolved, η-nitrides and δ-phase volume fractions increased and consumed Nb gradually from the 

matrix, as shown in Figure 7(b). The δ-phase needles elongated with time but remained isolated, 

as shown in Figure 8. After an extended heat treatment of 1000 h, the volume fractions of η-nitrides 

and δ-phase were (4.6 ± 0.6) % and (1.3 ± 0.4) %, respectively.  

3.4 Comparison between AM and wrought Inconel 625  

 The formation of δ-phase in wrought Inconel 625 provides a baseline comparison for the 

response of AM materials to similar heat treatment temperatures. In the as-received condition, a 

representative wrought Inconel 625 plate with a Nb mass fraction of (3.25 ± 0.12) % contained η-

carbides (M6C) and M(C,N) carbonitrides dispersed along grain boundaries at a volume fraction 
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of approximately 2 %.  Figure 12 shows that these phases persist through the heat treatment times 

of up to 1000 h.  Along with the presence of these carbides, needle-like δ-phase precipitates also 

form and evolve with increasing times, as shown in Figure 12 and Figure 13.  Heat treatment times 

between 10 h and 50 h are needed to produce a δ-phase volume fraction of approximately (3.8 ± 

3.5) %, as shown in Figure 12(b). After 1000 h, the δ-phase volume fraction reaches (6.2 ± 2.4) %. 

The morphology of δ-phase changed over time, starting as relatively short, thin needles and 

evolving after times of 500 h and 1000 h to thin, longer needles, as shown in Figure 13(c) and 

Figure 13(d), respectively.  

A comparison of the measured and calculated Nb mass fractions in γ along with the 

corresponding carbide/nitride and δ-phase volume fractions in the AM and wrought materials after 

1000 h is shown in Table 4. All measured Nb mass fractions reached similar values, regardless of 

initial alloy composition, elemental segregation, phase composition, or processing route.  These 

values closely match those predicted under equilibrium conditions.  However, the distribution of 

excess Nb in precipitates varies significantly among the different materials. The relatively high 

nitrogen contents of the AM materials led to the formation of higher measured nitride volume 

fractions compared to the carbide fraction in the wrought material containing little nitrogen. Since 

the low Fe material contained a higher volume fraction of nitrides that consumed Nb, insufficient 

Nb remained to promote δ-phase precipitation. Meanwhile, the nitrides in high Fe material both 

consumed less Nb and constituted a lower volume fraction, leading to high volume fractions of δ-

phase precipitation. Although the wrought Inconel 625 contains Nb-containing carbides, the 

relatively low volume fraction resulted in sufficient Nb available to form δ-phase, where an 

intermediate volume fraction between the AM materials was measured. 

4. Summary and Conclusions 

 The type and volume fraction of precipitates resulting from minor changes in Inconel 625 

alloy composition influenced the amount of Nb available to promote δ-phase formation during 

isothermal heat treatments at 870 °C. Alloy compositions favoring the formation of a large volume 

fraction of Nb-containing precipitates reduced the source of Nb necessary for δ-phase formation. 

Altering δ-phase precipitation was demonstrated by isothermally heat treating two additively 

manufactured Inconel 625 alloys with variations in minor alloy elements for 1000 h and comparing 

with wrought material. Nitrogen promoted the precipitation of various nitrides including Z-phase, 
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η-nitrides, and MN nitrides depending on alloy composition in additively manufactured materials, 

while η-carbides and M(C,N) carbonitrides were present in wrought material. The as-deposited 

and hot isostatically pressed initial conditions were also evaluated to probe the influence of 

elemental segregation on δ-phase formation. The following are the main conclusions: 

1. After 1000 h at 870 °C, an additively manufactured alloy with niobium-rich Z-phase and 

η-nitrides formed a δ-phase volume fraction less than 2 %, while the alloy with only 

titanium-rich MN nitrides formed between 10 % and 12 % δ-phase. The wrought material 

containing η-carbides and M(C,N) carbonitrides produced an intermediate δ-phase volume 

fraction of (6.2 ± 2.4) %. 

2. Elemental segregation accelerated δ-phase formation due to the local enrichment of 

niobium compared to homogenized alloys of the same composition. In the as-deposited 

alloy forming approximately 10 % to 12 % volume fraction δ-phase, the precipitation can 

be quantified as early as 0.5 h of heat treatment. Heat treatments between 10 h and 50 h are 

needed before appreciable amounts of δ-phase are quantified in the hot isostatically pressed 

counterpart. Similarly, approximately 50 h and 500 h are needed for the as-deposited and 

hot isostatically pressed conditions, respectively, in the alloy containing Z-phase and η-

nitrides. 

3. The effects of elemental segregation in additively manufactured Inconel 625 were only 

relevant in the early stages of heat treatment. Prolonged exposure at 870 °C eventually led 

to similar δ-phase volume fractions in each alloy despite beginning in the as-deposited or 

hot isostatically pressed condition. In the alloy containing Z-phase and η-nitrides, the 

measured volume fractions are (1.7 ± 0.3) % and (1.3 ± 0.4) % for the as-deposited and hot 

isostatically pressed conditions, respectively, compared to (10.0 ± 2.9) % and (11.9 ± 

1.6) % in the alloy with MN nitrides. 

4. After prolonged heat treatments, the niobium in the γ-matrix reached a nearly identical 

mass fraction in all Inconel 625 alloys regardless of initial alloy composition, secondary 

phase fractions, chemical homogeneity, or processing route. In the as-deposited conditions, 

the measured Nb mass fractions were (2.39 ± 0.13) % and (2.34 ± 0.13) % for the low and 

high Fe alloys, respectively, compared to (2.39 ± 0.20) % and (2.37 ± 0.16) % for the hot 

isostatically pressed condition. Similarly, (2.45 ± 0.25) % was measured in the wrought 

Inconel 625. 
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5. The available Nb in solution dictated the amount of δ-phase that formed in Inconel 625 and 

was determined by the type and volume fraction of nitrides present in the microstructure 

prior to heat treatment. An additively manufactured alloy containing Ti-rich MN nitrides 

left much of the Nb in solution, allowing for δ-phase to form in volume fractions twice that 

of wrought material. In the other alloy, Z-phase and η-nitrides consumed more of the 

available Nb and suppressed δ-phase formation to a volume fraction 3 times less than 

wrought material. 
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Figures 

 
Figure 1. Secondary electron SEM micrographs of the (a) as-deposited low Fe, (b) as-deposited 

high Fe, (c) HIP low Fe, and (d) HIP high Fe Inconel 625 prior to isothermal heat treatment at 

870 °C. 
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Figure 2. Measured average mass fractions of Nb in the (a) as-deposited and (b) HIP high Fe 

Inconel 625 alloys containing MN nitrides as a function of heat treatment time at 870 °C. Error 

bars represent the standard deviation. 
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Figure 3. Secondary electron SEM micrographs of precipitate evolution in the as-deposited high 

Fe Inconel 625 containing MN nitrides after heat treatment at 870 °C for (a) 0.5 h, (b) 1 h, (c) 5 

h, (d) 10 h, (e) 50 h, (f) 100 h, (g) 500 h, (h) 1000 h. MN nitrides are indicated by arrows. 

 

 

Figure 4. X-ray diffraction profiles for the (a) as-deposited and (b) HIP high Fe Inconel 625 alloys 

containing MN nitrides after isothermal heat treatment at 870 °C. 

 

 

 

Figure 5. A comparison between the measured (a) nitride and (b) δ-phase volume fractions in the 

high Fe Inconel 625 alloys containing MN nitrides after different heat-treating times at 870 °C. 

Error bars represent the standard deviation. 
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Figure 6. Secondary electron SEM micrographs of precipitate evolution in the HIP high Fe Inconel 

625 containing MN nitrides after heat treatment at 870 °C for (a) 0.5 h, (b) 1 h, (c) 5 h, (d) 10 h, 

(e) 50 h, (f) 100 h, (g) 500 h, (h) 1000 h. MN nitrides are indicated by arrows. 
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Figure 7. Measured average mass fractions of Nb in the (a) as-deposited and (b) HIP low Fe 

Inconel 625 materials containing Z-phase and η-nitrides as a function of heat treatment time at 

870 °C. Error bars represent the standard deviation. 
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Figure 8. Secondary electron SEM micrographs of precipitate evolution in the as-deposited low 

Fe Inconel 625 containing Z-phase and η-nitrides after heat treatment at 870 °C for (a) 0.5 h, (b) 

1 h, (c) 5 h, (d) 10 h, (e) 50 h, (f) 100 h, (g) 500 h, (h) 1000 h. δ-phase is indicated by arrows. 
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Figure 9. X-ray diffraction profiles for the (a) as-deposited and (b) HIP low Fe Inconel 625 

materials containing Z-phase and η-nitrides after isothermal heat treatment at 870 °C. 

 

 

 

 

Figure 10. A comparison between the measured (a) nitride and (b) δ-phase volume fractions in 

HIP low Fe Inconel 625 alloys containing Z-phase and η-nitrides different heat-treating times at 

870 °C using the point count method. Error bars represent the standard deviation. 
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Figure 11. Secondary electron SEM micrographs of precipitate evolution in the HIP low Fe 

Inconel 625 containing Z-phase and η-nitrides after heat treatment at 870 °C for (a) 0.5 h, (b) 1 

h, (c) 5 h, (d) 10 h, (e) 50 h, (f) 100 h, (g) 500 h, (h) 1000 h. δ-phase is indicated by arrows. 
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Figure 12. (a) X-ray diffraction profiles and (b) measured δ-phase volume fractions and Nb mass 

fractions for the wrought Inconel 625 material after isothermal heat treatment at 870 °C. Error 

bars represent the standard deviation. 

 
Figure 13. Secondary electron SEM micrographs of precipitate evolution in the wrought Inconel 

625 after heat treatment at 870 °C for (a) 0.5 h, (b) 50 h (c) 500 h and (d) 1000 h. 
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Tables 

Table 1. Measured mass fractions (in %) of AM and wrought Inconel 625 alloys with standard specification [29]. 

Material Cr Fe Mn Mo Nb Si Ti C N O 

Low Fe 21.6 1.07 0.28 8.83 3.47 0.39 0.033 0.009 0.127 0.030 

High Fe 21.5 4.14 0.085 8.96 4.11 0.051 0.21 0.006 0.080 0.007 

Wrought 22.3 3.11 0.08 8.86 3.41 0.17 0.21 0.021 0.023 0.005 

ASTM B443-19 20 to 23 <5 <0.5 8 to 10 3.15 to 4.15 <0.5 <0.4 <0.1 - - 

 

Table 2. Summary of local mass fraction (in %) variations of metallic elements in the γ-matrix of as-deposited and HIP Inconel 625 

alloys. Locations in the HIP conditions correspond to regions in the microstructure that are assumed to be dendrite cores or 

interdendritic areas prior to HIP based on the locations of precipitates. 

Location Ni Cr Fe Mn Mo Nb Si Ti 

Low Fe – As-deposited 

Dendrite core 66.3 ± 0.31 22.4 ± 0.16 1.05 ± 0.04 0.42 ± 0.06 7.75 ± 0.13 1.73 ± 0.12 0.32 ± 0.04 0.03 ± 0.02 

Interdendritic 64.1 ± 0.47 21.6 ± 0.27 0.98 ± 0.11 0.46 ± 0.10 8.90 ± 0.22 3.49 ± 0.40 0.45 ± 0.04 0.10 ± 0.02 

Low Fe - HIP 

Dendrite core 64.7 ± 0.24 22.1 ± 0.14 1.02 ± 0.07 0.43 ± 0.08 8.45 ± 0.12 2.84 ± 0.13 0.43 ± 0.03 0.02 ± 0.03 

Interdendritic 64.7 ± 0.32 22.1 ± 0.17 1.00 ± 0.09 0.46 ± 0.09 8.43 ± 0.21 2.77 ± 0.11 0.44 ± 0.04 0.01 ± 0.02 

High Fe – As-deposited 

Dendrite core 63.9 ± 0.43 21.4 ± 0.14 4.44 ± 0.11 0.09 ± 0.09 7.90 ± 0.22 2.02 ± 0.27 0.10 ± 0.03 0.11 ± 0.03 

Interdendritic 59.3 ± 0.71 20.3 ± 0.34 3.82 ± 0.11 0.10 ± 0.08 10.1 ± 0.28 6.19 ± 0.84 0.13 ± 0.03 0.10 ± 0.05 

High Fe - HIP 

Dendrite core 61.9 ± 0.30 21.4 ± 0.18 4.18 ± 0.10 0.09 ± 0.06 8.72 ± 0.13 3.57 ± 0.12 0.09 ± 0.02 0.11 ± 0.11 

Interdendritic 61.9 ± 0.42 21.3 ± 0.21 4.18 ± 0.09 0.09 ± 0.08 8.70 ± 0.22 3.61 ± 0.15 0.10 ± 0.03 0.11 ± 0.06 

 



Table 3. Summary of the crystal structures and chemical compositions of nitrides identified in the low and high Fe Inconel 625 AM 

alloys [26]. 

     Composition in mass fraction (%) 

Material Condition Phase Structure Lattice parameter (Å) Cr Mo Nb Ni Si Ti N 

Low Fe 

As-deposited 

MN 
FCC 

(Fm3̅m) 
a = 4.345 ± 0.002 3.9 - 91.1 - - - 5.0 

η Diamond cubic (Fd3̅m) a = 11.011 ± 0.075 12.7 15.3 35.9 32.3 2.6 - 1.2 

Z-phase Tetragonal (P4/nmm) 
a = 3.072 ± 0.001 

c = 7.532 ± 0.004 
22.6 17.2 54.2 3.0 - - 3.0 

HIP 

η Diamond cubic (Fd3̅m) a = 11.02 ± 0.018 Not measured 

Z-phase Tetragonal (P4/nmm) 
a = 3.040 ± 0.0004 

c = 7.479 ± 0.003 
22.3 17.9 55.2 0.7 - - 4.0 

High Fe 

As-deposited MN FCC (Fm3̅m) a = 4.299 ± 0.003 8.6 - 45.1 - - 33.0 13.3 

HIP 
MN FCC (Fm3̅m) 

a = 4.270 ± 0.002 
1.1 - 27.4 - - 57.7 13.8 

MN FCC (Fm3̅m) 3.0 - 45.2 - - 40.7 11.1 

 

Table 4. Comparison of the measured and calculated equilibrium Nb mass fractions in the γ-matrix and volume fractions of precipitates 

in the AM and wrought Inconel 625 materials after 1000 h of heat treatment at 870 °C.  

  Nb mass fraction (%) Carbide/nitride volume fraction (%) δ-phase volume fraction (%) 

Material Condition Measured  Equilibrium  Measured  Equilibrium  Measured  Equilibrium  

Low Fe As-built 2.39 ± 0.13 
2.30 ± 0.06 

6.4 ± 0.7 
1.6 ± 0.1 

1.7 ± 0.3 
1.2 ± 0.2 

Low Fe HIP 2.39 ± 0.20 4.6 ± 0.6 1.3 ± 0.4 

High Fe As-built 2.34 ± 0.13 
2.51 ± 0.07 

3.7 ± 0.8 
0.6 ± 0.1 

10.0 ± 2.9 
4.4 ± 0.2 

High Fe HIP 2.37 ± 0.16 2.5 ± 0.8 11.9 ± 1.6 

Wrought As-received 2.45 ± 0.25 2.19 ± 0.07 0.9 ± 0.7 0.3 ± 0.1 6.2 ± 2.4 4.4 ± 0.2 

 


