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Abstract The RL10 engine program is exploring the use

of IN625 Ni-base superalloy components that are addi-

tively manufactured using laser powder bed fusion (LPBF).

IN625 alloy powders are commercially available for LPBF

to produce dense, complex parts/components. In this study,

IN625 components, with both simple and complex

geometries with overhangs, were manufactured via LPBF,

and subjected to a heat-treatment consisting of a stress

relief, hot isostatic pressing (HIP), and a solution anneal.

The microstructure was examined with optical, scanning

electron, and transmission electron microscopy. Changes in

phase constituents and microstructure were documented as

a function of heat treatment and component geometry (i.e.,

bulk section built on support structure versus thin, over-

hang section built on top of the previous powder bed). The

as-built microstructural features included large columnar

grains, a sub-grain cellular-solidification structure,

approximately * 1 lm in diameter, and solute enriched

cell boundaries decorated with A2B Laves phases. After

heat treatment, the bulk section consisted of recrystallized

equiaxed grains with annealing twins, and the sub-grain

cellular-solidification structure was found to be completely

dissolved. However, in the thin, overhang section, the sub-

grain cellular-solidification structure persisted within

columnar grain structure, which exhibited no

recrystallization. An alternate HIP cycle with a higher

temperature was employed to produce desired microstruc-

ture (i.e., recrystallized grains without sub-grain cells and

Laves phases) in components with geometrical complexity

for successful testing of RL10 engine.

Keywords additive manufacturing � heat treatment �
Inconel � transmission electron microscopy �
microstructural characterization

1 Introduction

The RL10 engine program is exploring the use of Inconel

625 (IN625) Ni-base superalloy components that are

additively manufactured using laser powder bed fusion.

Alloyed primarily with Mo, Cr, Fe, and Nb, IN625 is a

solid solution strengthened Ni-based superalloy with high

strength, high creep resistance, exceptional corrosion

resistance, and good weldability.[1–3] IN625 also includes

additions of Ti and Al for grain refinement purposes.[1, 2]

Even though IN625 was designed to be a single phase

(face-centered-cubic, FCC c-phase), local segregation of

Ti, Al, and Nb can lead to precipitation of Laves phases

(A2B or AB2) and Ni3Nb phases.[1, 2, 4] The Ni3Nb can

precipitate as the strengthening body-centered tetragonal

c’’-phase or the undesirable orthorhombic d-phase.[1, 2]

Both the Laves and d-phase have shown to decrease the

strength and fatigue life of IN625.[1, 2, 5–7] Therefore,

proper processing and heat treatment is critical to produce

the intended solid solution c-phase in IN625.[1, 2]

Additive manufacturing (AM) is an emerging technol-

ogy that has demonstrated the ability to produce complex

geometries to full density and net shape.[8–10] Increasing in
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popularity, laser powder bed fusion (LPBF) is a versatile

AM technique in which a powder bed is selectively melted

by a laser source to build a component in a layer by layer

process.[9–11] Despite significant success and potential, not

all commercial alloys have shown to behave well during

LPBF processing.[10, 12] For example, many commercial

alloys such as high strength Al-alloy AA7075 [12] and high

strength Ni-based superalloy CM247 [13, 14] currently

cannot be processed with LPBF because of solidification

cracking and/or formation of excessive porosity. In

accordance with its high weldability, IN625 is among the

few Ni-based superalloys, along with IN718 [15, 16] and

IN939,[17] that have shown consistently excellent ‘‘build-

ability’’ for LPBF.[7, 18–20]

Cooling rates in LPBF have been estimated to be on the

orders of 105-107 K/s,[7, 21] which are considerably higher

than that of conventional large-scale casting process with

cooling rates on the orders of 101-103 K/s. During solidi-

fication of IN625 in conventional casting, the final liquid

segregated to the interdendritic boundaries is enriched

primarily with Nb, and possibly some Ta and Mo.[1, 2, 4]

The Nb enriched liquid can lead to the formation of NbC

carbides, Laves phases, and Ni3Nb (e.g., d-phase).[1, 2, 4]

Despite the considerably higher cooling rates in LPBF,

many of these secondary phases can be observed in as-built

LPBF IN625 microstructure.[7, 18, 20] Moreover, a higher

degree of Nb and Mo segregation (i.e., higher concentra-

tion) has been observed along the sub-grain, cellular-so-

lidification structure.[7, 18, 20] Similar segregation has been

also observed in IN718 and IN939 Ni-based superalloys

produced by LPBF.[15, 17]

Due to the high degree and resolution of segregation

observed in LPBF IN625, post heat treatment is necessary

in order to produce the intended solid solution. Repeated

melting and rapid solidification characterized by high

cooling rate in LPBF has been shown to cause high residual

stress, large dislocation densities, and high angle grain

boundaries.[7, 18, 22] Therefore, a multi-step heat treatment

using various temperatures for stress relief and solution

anneal has been examined. A typical stress relief for cast

IN625 is performed between 650 and 870 �C for 1-2 h.[23]

However, the application of this standard stress relief

treatment on LPBF IN625 has been shown to incur pre-

cipitation of the d-phase.[20, 24] Consequently, several

studies by the National Institute of Standards and Tech-

nology (NIST, Gaithersburgh, MD, USA) have reported

considerable details on proper heat treatment for LPBF

IN625, including modified Time–Temperature-Transfor-

mation (TTT) diagrams.[7, 20, 24, 25] Their findings have

shown that conventional heat treatment utilized in industry

for conventionally manufactured IN625 cannot be

employed for LPBF IN625 without the consequence of

unwanted microstructures, e.g., formation of the d-phase.

Therefore, optimizing heat treatments between 600 and

900 �C in order to avoid the Laves and d-phase has been

the focus of these studies, which recommended the use of

both lower temperatures and reduced time.

Marchese et al. [26] and Kreitcberg et al. [27] have also

investigated the microstructure and mechanical properties

of LPBF IN625 before and after various heat treat-

ments.[13, 22, 26–28] Consistently, the as-built microstructure

consisted of columnar grains with a sub-grain cellular-so-

lidification structure. After a series of heat treatments

consisting of stress-relief, possible hot isostatic pressing

(HIP), and solution annealing, the columnar grains became

more equiaxed and the sub-grain cellular-solidification

structure was dissolved. Typically, studies such as these

found in literature utilized LPBF to build IN625 samples

with simple geometries (i.e., cubes, rectangles prisms,

cylinders), which provides a simple heat conduction,

directly down to the build-plate, throughout the LPBF

process. Little has been examined in the way of processing

complex geometries that can give rise to a variation in heat

conduction (e.g., over-hang sections). Benchmark studies

have been conducted by the NIST,[29–33] focusing on

thermal history and microstructural differences between

areas of a part that are ‘‘bridged’’ with no supports that

overhang on the previous powder bed, versus the sup-

porting columns of the bridge, which are connected directly

to the build plate. These studies have provided invaluable

insight, with considerable discussion between the sup-

ported and un-supported areas.

In this study, a geometrically complex LPBF IN625

component to be employed in RL10 engine were charac-

terized. Specifically, two different sections of the compo-

nent, distinguished by their geometrical features, were

examined. They are denoted as the (1) bulk and (2) thin

sections throughout this paper. As depicted in Fig. 1, the

Fig. 1 A schematic representation of the sample geometry examined

in this study, consisting of two sections denoted as the bulk and thin

sections. The bulk section is welded directly to the build plate while

the thin, over-hang section is connected to the bulk section, but sits on

a powder bed, as there is no build plate support structure underneath.

Arrows indicate direction of plausible heat conduction
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bulk section refers to a large volume of material, welded

directly to the build plate, giving the bulk section a simple

heat dissipation route as schematically illustrated in Fig. 1.

Conversely, the thin section is representative of finer, more

complex features, attached to the bulk section (e.g., over-

hang), usually sitting on a powder bed without build-plate

support structure underneath. Therefore, the thin section

must extract heat through the bulk section with a more

complex heat dissipation route as schematically illustrated

in Fig. 1. Since a high degree of solute segregation along

the intercellular boundaries is observed in the as-built

LPBF IN625 microstructure, the samples were subjected to

a multi-stage heat treatment. Utilizing optical, scanning

electron microscopy, and extensive transmission electron

microscopy, this study examined the microstructural

development between the bulk and thin sections before and

after a multi-stage heat treatment. Findings demonstrated

optimized heat treatment can alleviate the formation of

solute segregation to prevent the formation of Laves and d-
phase in both the bulk and thin sections of IN625 for high

temperature application.

2 Experimental Procedure

2.1 LPBF Processing

Gas atomized IN625 powders were acquired from EOS

with a mean particle size approximately 35 lm. The

powder was then processed via LPBF on an EOS M400

under inert atmosphere, using parameters yielding a volu-

metric global energy density of 62 J/mm3 ± 10%.

2.2 Heat Treatment

As-built components were first stress-relieved at tempera-

ture T1 for 2 h in an Ar atmosphere with rapid cooling. The

components were bonded to the build plate for the stress-

relieving heat treatment and were removed afterwards with

a wire electrical discharge machine (EDM). Next, the

stress-relieved components were hot isostatic pressed (HIP)

at temperature T2 with a pressure of 100 MPa using an Ar

atmosphere. Note that T1[T2. A final solutionizing heat

treatment was performed at T1 for 2 h with rapid cooling.

Samples extracted from components subjected to the multi-

stage heat treatment will be hereafter denoted as the Fully

Heat Treated (FHT). Aerojet Rocketdyne has systemati-

cally investigated effects of time and temperature on

microstructure of LPBF IN625 components, and the work

presented in this study documents the resulting

microstructure of the initially prescribed heat treatment,

and an optimized alternative.

2.3 Sample Preparation and Characterization

As built and FHT IN625 samples, taken from both the bulk

and thin sections, were sectioned appropriately to examine

the microstructure across the build direction (e.g., XZ

direction). All samples were first mounted in epoxy, and

polished with SiC and diamond paste, to a final finish of

0.05 lm using colloidal silica. Samples were then etched

with a solution consisting of 60 mL hydrochloric acid,

6 mL of distilled water, and 6 g of cuprous chloride

(anhydrous).

For cursory microstructural analysis, the samples were

characterized utilizing optical microscopy (NikonTM

Metaphot) and a Field-Emission Secondary Electron

Microscope (FE-SEM, ZeissTM Ultra-55) operating at

20 kV. Samples were typically characterized with

backscatter atomic number contrast using FE-SEM. For

detailed investigation into microstructure and constituent

phases, samples were extensively examined by Transmis-

sion Electron Microscopy (TEM, FEITM Tecnai F30

300 kV). Focused ion beam (FIB, FEITM TEM200) in situ

lift-out (INLO) technique was employed to prepare several

site-specific TEM-ready thin foils. TEM samples were

characterized utilizing Bright Field (BF), Scanning TEM

(STEM), High Angle Annular Dark Field (HAADF),

Selected Area Electron Diffraction (SAED), High Resolu-

tion TEM (HRTEM), and standardless Energy Dispersive

x-ray Spectroscopy (EDXS by EDAXTM) all performed at

an accelerating voltage of 300 kV. Subsequent analytical

TEM was carried out using GatanTM Digital Micrograph

software and FEITM Tecnai Imaging and Analysis

software.

3 Results and Discussion

3.1 Microstructure of the As-Built IN625

Figure 2 shows optical and backscatter electron micro-

graphs of the as-built IN625 samples. Optical micrographs

in Fig. 2(a) and (b) revealed multiple melt-pool structures

from the consecutive melting-solidification during the

LPBF for the thin and bulk sections, respectively. Long,

columnar grains existing across several melt pools were

observed in both sections by the etched contrast. Secondary

phases could not be distinguished in the optical micro-

graphs. Figure 2(c), (d), (e), and (f) present backscatter

electron micrographs of the bulk and thin sections. Many

sub-micron features that appear to be precipitates (or par-

ticles) and/or cells were observed, distributed uniformly

throughout both samples. However, no discernable differ-

ences could be observed between the bulk and thin sections

in the as-built IN625. For a better observation of sub-grain
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structure and to identify phase constituents found both

within the cellular structure and along the intercellular

boundaries, FIB-INLO was performed for TEM sample

preparation. For both the bulk and thin sections, approxi-

mately 10 lm by 5 lm cross-sectional samples were

FIB’ed out perpendicular to the cell walls as indicated in

Fig. 2(e) and (f).

Figure 3 presents analytical results from TEM charac-

terization of the as-built IN625 samples. HAADF micro-

graphs, which give atomic number contrast (similar to

backscatter in SEM), are shown in Fig. 3(a) and (b). Bright

contrast due to the segregation of high atomic number

elements was observed along the intercellular boundaries.

A few bright-contrast precipitates along the intercellular

boundaries, and dark-contrast, spherical precipitates, both

in and around the cellular structure were observed in both

samples. As depicted by the SAED patterns in Fig. 3(c) and

(d), the matrix of both the bulk and thin sections were

indexed to be the FCC c-phase. Lattice parameters deter-

mined from SAED are reported in Table 1. The bright-

contrast precipitates were too difficult to identify with

SAED, since they were small and located along the inter-

cellular boundaries. Therefore, high resolution TEM

(HRTEM) and subsequent FFT process was carried out to

yield Fig. 3(e) and (f). These precipitates were identified as

the hexagonal closed-packed (HCP) A2B Laves phase,

present in both the bulk and thin sections. Lattice param-

eters determined from the analyses are reported in Table 1,

which are similar to that reported in literature.[2, 3, 34]

Compositions determined by TEM-EDXS for the c-
matrix from the bulk and thin section samples are reported

in Table 2. Compared with commercial-production speci-

fication,[2] the composition of the c-matrix is significantly

depleted of Nb and Mo. Compositions of both the bright

and dark precipitates are also reported in Table 3. The

bright-contrast precipitates are enriched with Nb and Mo,

while the dark-contrast precipitates contain small amounts

of Al and O. This corresponds well to the TEM analyses

that identified the bright-contrast precipitates as Laves

phases and suggests that the dark-contrast precipitates are

Fig. 2 Optical micrographs

normal to the build direction for

the (a) bulk and (b) thin walled

sections of the as-built IN625.

(c, d) Low and (e, f) high

magnification backscatter

electron micrographs for the (c,

e) bulk and (d, f) thin sections
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most likely Al-rich oxides. Figure 4 further demonstrates

that the intercellular boundaries were indeed enriched in

Nb and Mo by EDXS elemental mapping. Similar sub-

grain, intercellular boundary segregation with presence of

Laves phases has been observed in as-built LPBF IN718 by

Zhou et al.[15] In their work, the Laves phases along the

intercellular boundaries were also enriched with Nb and

Mo, and, relatively to the matrix, depleted of Ni, Cr, and

Fe. Thus, the Laves phases are most likely (Ni, Cr,

Fe)2(Nb, Mo) in chemistry. Zhou et al. [15] also reported

observing similar Al enriched oxides in LPBF IN718.

3.2 Microstructure of the Fully Heat Treated (FHT)

IN625

Results from the characterization of the FHT IN625 are

presented in Fig. 5, 6, and 7. The optical micrographs in

Fig. 5(a) and (b) and the backscatter electron micrographs

in Fig. 5(c) and (d) revealed that the melt pool structure has

Fig. 3 HAADF TEM

micrographs from the (a) bulk

and (b) thin sections of the as-

built IN625 where SAED

patterns from the FCC c-matrix

were obtained for both the

(c) the bulk and (d) thin

sections. In addition, presence

of A2B Laves phase was

confirmed by FFT of HRTEM

micrographs for both the (c) the

bulk and (d) thin sections
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disappeared after heat treatment. The grains in the bulk

section appeared more equiaxed, with many precipitates

dispersed uniformly throughout the microstructure. More-

over, the presence of twins suggested that recrystallization

has occurred. Conversely, in the thin section, twins were

rare, and the grains did not appear to have recrystallized,

because they were still columnar/elongated. Furthermore,

many larger, columnar grains contained a ‘‘peppery’’

Table 1 Lattice parameters determined from selected area electron diffraction for the phase constituents found in the as built and heat treated

LPBF IN625

Sample description Phase constituent Average lattice parameter, Å

As built

Bulk Section FCC c-Matrix a = 3.61

Thin section a = 3.63

Bulk section HCP Fe2Mo laves phase a = 4.23, c = 7.62

Thin section a = 4.10, c = 7.65

Fully heat treated

Bulk section (without cellular structure) FCC c-Ni solid solution a = 3.60

FCC M6C a = 11.00

Thin section (grain without ‘‘peppery’’ appearance) FCC c-Ni solid solution a = 3.62

FCC M6C a = 11.02

Thin section (grain with ‘‘peppery’’ appearance) FCC c-Ni solid solution a = 3.70

FCC M6C a = 11.15

HIP’ed at alternate temperature T3

Thin section FCC c-matrix a = 3.60

FCC MC carbide a = 4.35

Table 2 Composition

measured by TEM EDXS for

the FCC c-matrix in the as-built

bulk and thin section samples of

IN625

Element (radiation) Bulk section, wt.% Thin section, wt.% Specification, wt.% [1]

Si (K) 0.14 0.78 0.5 max

Cr (K) 22.74 23.23 20.0-23.0

Fe (K) 6.53 5.58 5.0 max

Ni (K) 67.09 67.87 58.0 min

Nb (L) 0.28 0.66 3.15-4.15

Mo (L) 2.97 1.85 8.0-10.0

Ta (M) 0.19 0.00 Trace

Al/Ti (K) 0.00 0.00 0.4-0.8 max

Table 3 Composition measured by TEM EDXS for the precipitates found in the as-built bulk and thin section samples of IN625

Element (radiation) Bright precipitates (Fe2Mo laves phase, wt.%) Dark precipitates (Al2O3 oxides, wt.%)

O (K) 0.00 1.47

Si (K) 1.43 0.84

Cr (K) 20.93 24.75

Fe (K) 3.05 5.35

Ni (K) 55.54 62.94

Nb (L) 9.47 1.16

Mo (L) 8.13 2.28

Ta (M) 1.41 0.00

Al (K) 0.00 1.08
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Fig. 4 (a) HAADF micrograph from the as-built IN625 sample with corresponding EDXS elemental mapping for (b) Ni, (c) Cr, (d) Fe, (e) Ta,

(f) Nb, (g) Mo, (h) Al, and (i) O for the boxed region marked in (a)

Fig. 5 (a, b) Optical

micrographs and (c, d)

backscatter electron

micrographs from fully heat

treated (a, c) bulk and (b, d) thin

section samples of IN625. The

trenches left behind from INLO

can be seen in (d)

20 J. Phase Equilib. Diffus. (2021) 42:14–27
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texture, presumably due to a high degree of elemental

segregation that would yield many undesired secondary

phases. To understand this microstructural difference such

as the precipitates found in the bulk section and the

‘‘peppery’’ appearance in the thin section, several TEM

samples with thin-foil dimension of approximately 10 lm
by 5 lm were prepared by FIB-INLO. Figure 5(d), for

example, shows the trenches left behind from sample

extractions by FIB-INLO.

Figure 6 presents results from TEM characterization of

the FHT IN625 samples: 6(a–c) from the bulk section; 6(d–

f) from a grain with a ‘‘peppery’’ appearance in the thin

section; and 6(g–i) from a grain without ‘‘peppery’’

appearance in the thin section. The HAADF micrograph in

Fig. 6(a) shows that, in the bulk section, the sub-grain

cellular-solidification structure has been dissolved after the

heat treatment, and discrete particles identified as M6C

carbides, approximately * 1 lm in size were observed as

presented in Fig. 6(c). Conversely, the HAADF micro-

graphs in Fig. 6(d) and (g) from the thin section samples

show that the cellular-solidification structure distinctively

persisted even after the heat treatment. Several bright-

contrast particles approximately * 1 lm in size were

observed to decorate the intercellular boundaries from the

grains within the thin section sample with a ‘‘peppery’’

appearance. However, these large M6C carbides were

noticeably smaller and fewer in the thin section sample

without a ‘‘peppery’’ appearance. The few dark-contrast

Fig. 6 TEM characterization from the fully heat treated IN625

samples: (a) bulk section samples contained no sub-grain cellular-

solidification structure, and consisted of (b) c-matrix and (c) M6C

carbides; (d) thin section sample with peppery appearance retained

the sub-grain cellular-solidification structure, and consisted of (b) c-
matrix and (c) M6C carbides; (d) thin section sample without peppery

appearance also retained the sub-grain cellular-solidification struc-

ture, and consisted of (b) c-matrix and (c) M6C carbides
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particles observed in all samples are most likely Al-rich

oxides previously distinguished from the as-built

microstructure.

According to the literature, uniformly distributed oxide

inclusions less than 100 nm in size, as observed in this

study, are believed to have negligible influences on

mechanical properties.[35] Carbides have been known to

both enhance and deteriorate the mechanical proper-

ties.[1, 2, 35, 36] Small carbides can help prevent interface

sliding to improve strength, fatigue, and creep life.[2, 35]

Moreover, small carbides located at the grain boundary can

act to pin the boundaries, further increasing the strength of

the alloy. However, excessively large carbides ([ 1 lm)

have been reported to reduce ductility and fatigue life.[2, 35]

The matrix for all three samples was indexed to be FCC

c as shown by the SAED patterns in Fig. 6(b), (e), and (h).

Lattice parameters determined based on SAED are reported

in Table 1. Compositions determined by EDXS for the

FCC c-matrix in all three FHT samples are reported in

Table 4, and they are similar among all three samples, and

closer to the commercial specification.[2] However, the

matrix of a grain without peppery appearance in the thin

section was found to be depleted of Mo and Nb. It is likely

that the intercellular boundaries are still heavily segregated

with Nb and Mo, and little of each element has dissolved

into the matrix. Moreover, this may explain why only a few

precipitates were observed, since extensive carbide for-

mation was only observed in a grain with a peppery

appearance. SAED patterns from the bright-contrast, FCC

M6C carbides found in all three samples are presented in

Fig. 6(c), (f), and (i). Lattice parameters determined for the

M6C carbides from the SAED are reported in Table 1.

Composition estimated by EDXS for the M6C carbides is

reported in Table 5 for each sample. Since the SAED

pattern was indexed to be a carbide, the precipitates were

checked for C and B. Indeed, both C and B were observed

in the EDXS data, but were not considered for quantitative

analysis due to inaccuracy of the low atomic number ele-

ments. In general, the M6C carbides are enriched with Nb,

Mo, Si, and Al.[35] Correspondingly, the EDXS elemental

mapping presented in Fig. 7 confirmed that the M6C car-

bides are enriched in Nb, Mo, B, C, Si, and Al, while

Fig. 7 (a) HAADF micrograph from the fully heat treated IN625

sample containing a carbide precipitate from the thin section of a

grain with a peppery appearance. Corresponding EDXS elemental

mapping for (b) Ni, (c) Cr, (d) Fe(e) Ta, (f) Nb, (g) Mo, (h) B, (i) C,

(j) Si, (k) Al, and (l) O taken from marked region in (a)

22 J. Phase Equilib. Diffus. (2021) 42:14–27
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depleted of Ni, Cr, and Fe. Therefore, the chemistry of the

M6C carbides can be labelled as (Nb, Mo, Si, Al)6(B, C). It

should also be noted that the Nb and Mo content in the

carbides found within a grain without peppery appearance

were depleted in Nb and Mo, further suggesting that the

intercellular boundaries are indeed still heavily enriched

with Nb and Mo.

The microstructure in the as-built sections appeared

similar between the bulk and thin section samples, but

there was a clear distinction of the sub-grain cellular

structure dissolution after the heat treatment. Only the

samples from thin overhang sections exhibited columnar

grains with a ‘‘peppery’’ appearance under optical micro-

scopy, and it corresponded to the presence of the sub-grain

cellular-solidification structure observed by TEM. During

the building of the complex component, because of geo-

metrical differences (e.g., overhanging thin section), the

heat dissipation rate, which controls the solidification rate,

during LPBF processing would be different between the

bulk and thin sections. As schematically illustrated in

Fig. 1, the thin, overhang section would conduct heat away

differently than the bulk section (e.g., rate and path of heat

dissipation)—most likely the thin section would have a

lower cooling rate than that of the bulk section. Heigel

et al. [30] performed a thorough investigation on the

differences in melt pool geometry and cooling rate between

supported and overhang sections of LPBF processed IN625

component. They noted that the cooling rate was indeed

significantly lower in the overhang section than in the

supported section. A lower cooling rate would yield a

higher degree of micro-segregation since the material

would remain at elevated temperature for a longer period.

Therefore, to sufficiently dissolve the high degree of micro-

segregation in the thin section, heat treatment of the thin

section would require higher temperatures and/or longer

duration than for the bulk section.

Extended exposure to heat in the thin section resulting

from a slower cooling rate may also decrease the residual

stress, and potentially, lower the dislocation density. It has

been shown that AM parts have a large dislocation density,

on the order of\ 2 * 1014 dislocations/m2,[22, 37] similar

magnitudes found in cold worked metals.[38] A higher

magnitude of residual stress and dislocation density should

lead to a faster recovery and recrystallization rate.[39] Since

there was almost no evidence of recrystallization in the thin

section after heat treatment, it is likely that the residual

stress magnitude and dislocation density would be lower in

the thin section, corresponding to a lower stored energy

available for recrystallization. However, further studies are

warranted to understand the relationship among LPBF

Table 4 Composition measured by TEM EDXS for the c-matrix found in the fully heat treated bulk and thin sections samples of IN625

Element (radiation) Bulk section, wt.% Thin section (grain with a pepper region, wt.%) Thin section (grain with no pepper region, wt.%)

Si (K) 0.14 0.75 0.53

Cr (K) 21.20 22.50 25.22

Fe (K) 5.52 4.84 5.65

Ni (K) 57.31 56.81 63.00

Nb (L) 4.24 3.67 1.94

Mo (L) 10.87 10.87 3.63

Ta (M) 0.69 0.51 0.00

Al/Ti 0.00 0.00 0.00

Table 5 Composition measured by TEM EDXS for the M6C carbides found in the fully heat-treated bulk and thin sections samples of IN625

Element (radiation) Bulk section, wt.% Thin section (grain with a pepper region, wt.%) Thin section (grain with no pepper region, wt.%)

Si (K) 2.52 3.03 0.60

Cr (K) 11.49 11.56 25.46

Fe (K) 1.66 2.24 5.51

Ni (K) 28.13 26.63 62.53

Nb (L) 31.62 26.67 2.37

Mo (L) 23.33 27.08 2.97

Ta (M) 1.21 2.75 0.52

Al/Ti 2.52 3.03 0.60
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process, residual stress, dislocation density and recrystal-

lization in LPBF IN625.

3.3 Microstructure of FHT IN625 with an Alternate

Hot Isostatic Press

To eliminate the persistent elemental segregation along the

sub-grain cellular-solidification boundaries in the thin

section, heat treatment was carried out with an alternate

HIP cycle using a temperature of T3, instead of T2. It

should be noted that the complete heat treatment, again

consisted of stress relief at T1, followed by HIP at T3, and

solution annealing at T1. The temperature used for the

alternative HIP was higher than T2, i.e., T3[T1[T2. For

experimental consistency and repeatability, another IN625

thin section was HIP’ed at T2 and examined. Figure 8

shows optical micrographs of samples: 8(a) HIP’ed at T2,

and 8(b) HIP’ed at the higher temperature of T3. Consis-

tently, the sample HIP’ed at the lower temperature of T2

revealed columnar, larger grains once again, with an

appearance of a ‘‘peppery’’ region. On the other hand, the

‘‘peppery’’ region within the grains disappeared in the

sample HIP’ed at the higher, alternate temperature of T3,

although only an onset of the recrystallization was

observed with a few twins. For consistency, a sample from

the bulk section was also HIP’ed at the higher temperature

T3, and a complete dissolution of the cellular structure was

observed, similar to that shown in Fig. 6a.

TEM analysis for the sample HIP’ed at the higher,

alternate temperature of T3 is presented in Fig. 9. The

HAADF micrograph in Fig. 9(a) clearly demonstrated that

the sub-grain cellular-solidification structure was com-

pletely dissolved. Presence of a twin also suggested that

recrystallization has indeed occurred. As shown in

Fig. 9(b) and (c), the matrix was indexed to be the FCC c-
phase, while the precipitates were indexed to be FCC MC

carbides, and not M6C. Lattice parameters determined from

SAED are reported in Table 1. Composition measured by

standardless EDXS analysis is reported in Table 6 for the

c-matrix and MC carbides. The lattice parameter and

composition of the c-matrix are similar to those determined

from other samples. The MC carbides after the alternate

HIP were enriched with Ti, and can be described as (Ti,

Nb, Mo, Ni, Cr, Fe)C. Zhou et al.[15] also observed small

(* 50 nm) MC carbides in LPBF IN718, enriched in Ti in

the as-built microstructure, after direct ageing at 620 and

720 �C for 8 h each, and after heat treatment at 980 and

1065 �C.
MC carbides have been observed after casting and LPBF

for IN625 in regions with high Nb segregation, i.e., at the

grain boundaries and interdendritic regions.1,2,26,35]

Marchese et al. [26] observed small (10-50 nm) MC car-

bides along the intercellular boundaries in the as-built

LPBF IN625. They also reported that a direct ageing at

lower temperature (\ 700 �C) led to the formation of the

M23C6 carbide, while solution annealing at high tempera-

ture (1150 �C) resulted in development of the MC carbides.

Similarly, Stoudt et al.[20] observed MC carbide formation

after solution annealing at 950 �C. Typically, in cast

IN625, formation of M23C6 and M6C carbides results from

the decomposition of primary MC carbides, usually at

temperatures lower than 1000 �C.[35] In this study, no

primary MC carbides, but only M6C carbides were

observed in both the as-built bulk and thin sections. This

observation suggests that differences in temperature and

cooling rates in the two sections were not sufficient to alter

the carbide formation during the LPBF. However, there

were enough differences to alter the dissolution of sub-

grain cellular-solidification structure and recrystallization,

presumably due to differences in cooling rate. Use of a

higher temperature, T3 during the HIP, was sufficient to

remove intercellular segregation, dissolve the sub-grain

cellular-solidification structure, and avoid the M6C carbide
Fig. 8 Optical micrographs from fully heat-treated thin section

samples that were HIP’ed at temperature, (a) T2 and (b) T3
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formation (usually around 900-1000 �C) with well-dis-

tributed MC carbides. A detailed microstructural develop-

ment study, as functions of LPBF parameters, sample

geometry that changes the heat dissipation, and subsequent

heat treatment is warranted to systematically elucidate the

dissolution of sub-grain cellular-solidification structure,

carbide formation, and recrystallization in IN625.

4 Summary

A detailed microstructural examination of IN625 compo-

nent manufactured by LPBF was performed on samples

extracted from locations characterized by two different

geometries (denoted as bulk and thin) before (as-built) and

after the heat treatment, which consisted of stress-relief,

HIP, and final solution anneal. Findings from this study

include:

In the as-built LPBF IN625 alloy component, a sub-

grain cellular-solidification structure was found with Nb

and Mo segregation along the intercellular boundaries in

both the bulk and thin sections. The A2B Laves phase was

identified to decorate the intercellular boundaries and a

small number of uniformly distributed Al-rich oxide par-

ticles were observed.

Both the bulk and thin sections were subjected to heat

treatment that consisted of stress-relief, HIP and homoge-

nization. The sub-grain cellular-solidification structure was

found to dissolve in the bulk section along with the

development of equiaxed grains and twins from recrystal-

lization. However, in the thin, overhang section of the

component, the cellular-solidification structure persisted

even after heat treatment. Large columnar/elongated grains

were found in the thin section, and some of these grains

exhibited a ‘‘peppery’’ appearance under optical micro-

scopy, which corresponded to the large degree of inter-

cellular precipitates.

After heat treatment, the undesirable M6C carbides were

observed in both the bulk and thin sections. This obser-

vation suggests that differences in temperature and cooling

rates in these two sections were not sufficient to alter the

M6C formation during the LPBF. In addition, these M6C

carbides were observed along the sub-grain intercellular

boundaries within the grain with ‘‘peppery’’ appearance for

the thin section sample.

Use of a higher temperature during HIP portion of the

heat treatment enabled a complete dissolution of the sub-

Fig. 9 (a) HAADF micrograph

of the thin section sample

HIP’ed at temperature T3 with

corresponding SAED patterns

for the (b) FCC c-matrix and

(c) FCC MC carbide

Table 6 Composition measured by EDXS for the c-matrix and MC

carbide found in the thin section of the sample, HIP’ed at a higher

temperature T3

Element (radiation) c-matrix, wt.% MC carbide, wt.%

Si (K) 0.17 0.00

Ti (K) 0.00 23.07

Cr (K) 21.12 2.09

Fe (K) 2.11 0.41

Ni (K) 62.88 1.03

Nb (K) 3.89 70.30

Mo (K) 9.80 3.07
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grain cellular-solidification structure in the thin section

along with recrystallization and MC carbides formation.

With the alternate heat treatment that includes HIP at

higher temperature, components with complex geometrical

design containing thin, overhang sections have been

employed successfully during the RL10 engine testing.
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Donmez, Influence of Scan Strategy and Process Parameters on
Microstructure and Its Optimization in Additively Manufactured

Nickel Alloy 625 via Laser Powder Bed Fusion, Int. J. Adv.
Manuf. Technol., 2017, 90(5–8), p 1393-1417

29. Z. Gan, Y. Lian, S.E. Lin, K.K. Jones, W.K. Liu, and G.J.

Wagner, Benchmark Study of Thermal Behavior, Surface

Topography, and Dendritic Microstructure in Selective Laser

26 J. Phase Equilib. Diffus. (2021) 42:14–27

123



Melting of Inconel 625, Integr. Mater. Manuf. Innov., 2019, 8(2),
p 178-193

30. J.C. Heigel, B.M. Lane, and L.E. Levine, In Situ Measurements

of Melt-Pool Length and Cooling Rate During 3D Builds of the

Metal AM-Bench Artifacts, Integr. Mater. Manuf. Innov., 2020,
9(1), p 31-53

31. M.R. Stoudt, M.E. Williams, L.E. Levine, A. Creuziger, S.A.

Young, J.C. Heigel, B.M. Lane, and T.Q. Phan, Location-Specific

Microstructure Characterization Within IN625 Additive Manu-

facturing Benchmark Test Artifacts, Integr. Mater. Manuf.
Innov., 2020, 9(1), p 54-69

32. M.R. Stoudt, M.E. Williams, L.E. Levine, A. Creuziger, S.A.

Young, J.C. Heigel, B.M. Lane, T.Q. Phan, Location-Specific

Microstructure Characterization Within In625 Additive Manu-

facturing Benchmark Test Artifacts. Integr. Mater. Manuf.
Innov., 2020, 9, p 54–69

33. F. Zhang, L.E. Levine, A.J. Allen, S.W. Young, M.E. Williams,

M.R. Stoudt, K.-W. Moon, J.C. Heigel, and J. Ilavsky, Phase

Fraction and Evolution of Additively Manufactured (AM) 15-5

Stainless Steel and Inconel 625 AM-Bench Artifacts, Integr.
Mater. Manuf. Innov., 2019, 8(3), p 362-377

34. ICSD - Inorganic Crystal Structure Database, ed., FIZ Karlsruhe

(2019)

35. C.T. Sims, N.S. Stoloff, and W.C. Hagel, Superalloys II, Wiley,

New York, 1987

36. S. Singh Handa, Precipitation of Carbides in a Ni-Based Super-

alloy, ed. (2014)

37. A. Hadadzadeh, C. Baxter, B.S. Amirkhiz, and M. Mohammadi,

Strengthening Mechanisms in Direct Metal Laser Sintered

AlSi10Mg: Comparison Between Virgin and Recycled Powders,

Addit. Manuf., 2018, 23, p 108-120

38. R. Abbaschian and R.E. Reed-Hill, Physical Metallurgy Princi-
ples, Cengage Learning, Boston, 2008

39. F.C. Campbell, Elements of Metallurgy and Engineering Alloys,
ASM International, West Conshohocken, 2008

Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

J. Phase Equilib. Diffus. (2021) 42:14–27 27

123


	Microstructural Development in As Built and Heat Treated IN625 Component Additively Manufactured by Laser Powder Bed Fusion
	Abstract
	Introduction
	Experimental Procedure
	LPBF Processing
	Heat Treatment
	Sample Preparation and Characterization

	Results and Discussion
	Microstructure of the As-Built IN625
	Microstructure of the Fully Heat Treated (FHT) IN625
	Microstructure of FHT IN625 with an Alternate Hot Isostatic Press

	Summary
	Acknowledgments
	References




