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ABSTRACT

In this work, quantitative crystallographic and microstructural analyses of y, y', ¥, 8, and MC carbide phases are
performed on wrought samples, samples fabricated via additive manufacturing (AM), and samples that under-
went hot isostatic pressing (HIP) after AM of alloy Inconel 718 (IN718). In doing so, an advanced neutron
diffraction-based procedure is developed facilitating the determination of volume fractions of every detectable
phase in the alloy. To supplement the diffraction procedure, precipitate sizes are measured by scanning electron
microscopy. Moreover, semi-quantitative elemental analyses are performed by energy dispersive spectroscopy.
Finally, image thresholding is carried out on micrographs of samples that underwent cathodic dissolution to
create secondary electron contrast between phases to verify the phase fractions determined from the neutron
diffraction datasets. The study reveals a significantly higher volume fraction of § phase and a significantly lower
volume fraction of y” phase governing a higher strength of the AM material relative to the lower strength AM +
HIP and wrought materials. Furthermore, y' and MC volume fractions are found similar in the materials despite
the differences in MC morphology, elemental composition and distribution controlling the dispersion strength-
ening. These results are presented and discussed in this paper along with the procedure developed for deter-

mining volume fractions of all detectable phases present in the alloy.

1. Introduction

Inconel 718 (IN718) is a nickel-base superalloy with high static
strength and excellent resistance to creep and rupture at elevated tem-
peratures [1]. Its superior corrosion and oxidation resistance makes it a
desirable container material for molten salt reactors [2] as well as a
material for rocket motors and for blades, disks, shafts, and fasteners in
industrial gas turbines and jet engines [1,3-6]. IN718 is traditionally
cast, wrought, or sintered, but through additive manufacturing (AM) it is
possible to produce end-use parts with complex geometries that would
be impossible or expensive with traditional manufacturing [4,7-12]. It
has also been observed that despite the sub-optimal weld-like micro-
structures created as a product of AM, quasi-static mechanical properties
are often favorable in AM material as compared to their cast or wrought
counterparts [13-18]. This makes AM an attractive processing pathway,
and as a result there is considerable research being done to make

connections amongst AM processing parameters, microstructure, phase
content, and mechanical properties [13,15,19-22]. This work focuses on
understanding the extent to which AM affects the phase composition of
IN718 and how that may influence mechanical properties.

Depending on elemental composition, solidification, and heat-
treatment conditions, several phases can coexist within IN718. These
phases have specific crystal structures and elemental compositions
(Table 1). The primary phase is the austenitic y phase, which is a face-
centered cubic (fcc) Ni-Fe-Cr solid solution. y is strengthened through
substitutional and interstitial alloying (primarily with Mo, Mn, and C,
respectively), which creates localized lattice strains that impede dislo-
cation motion [1,23]. Phases in718 that are not y are considered sec-
ondary, and these secondary phases have major, but varying effects on
material strength depending on their morphology, chemistry, distribu-
tion, and interface coherency [1]. Phases with incoherent
particle-matrix interfaces are not shearable and will locally halt slip,
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Table 1
Phases in Inconel-718. Primary composition indicates major elemental
constituents.

Phase Crystal Space Primary
System Group Composition
Solid Solution Matrix Y Cubic Fm-3m Ni,Cr,Fe —
Based
Intermetallic Y Cubic Pm-3m Ni3(Ti,Al,Nb)
Y’ Tetragonal 14/ Ni3(Nb,Ti)
mmm
8 Orthorhombic Pmmn Ni3(Nb,Ti)
Topographically Close- n Hexagonal P63/ Ni3(Ti,Al)
Packed (Intermetallic) mmc
Laves Hexagonal P63/ (Ni,Cr,
mmc Fe),(Nb,Ti)
Carbide MC Cubic Fm-3m (Nb,Ti) (C,N)
M,3Ce Cubic Fm-3m (Cr,Fe)23C¢

which causes dislocations to deflect around a particle or form Orowan
loops [23]. This type of strengthening is highly dependent on particle
size and particle dispersion, which have an inverse and direct correla-
tion, respectively, to material strength [24]. Incoherent phases observed
in different IN718 alloys include the intermetallic 8, n, and Laves phases
as well as various carbide phases such as MC and M23Cg (M = metal, C =
carbon) [1]. These incoherent phases can help refine grain size, but
when exceedingly coarse and acicular they will be detrimental to me-
chanical performance by offering less dispersion hardening and, if
located at grain boundaries, will impede grain boundary sliding, which
reduces ductility but may improve creep resistance [1,25,26]. Second-
ary phases with coherent or semi-coherent particle-matrix interfaces
provide the greatest contribution to hardening in718. These are the
ordered cubic y' (L12) and body-centered tetragonal (bct) y’ (D032)
phases with primary compositions of Ni3(Al,Ti,Nb) and Nis(Nb,Ti),
respectively [1,26,27]. Elemental compositions are listed for all phases
in Table 1 [1,28-33]. Like all precipitates, y' and y’* form during heating
of the super-saturated fcc y phase, where increased solute mobility al-
lows for localized elemental segregation. The y’’ phase, however, is
metastable at room temperature and can transform from bct into an
orthorhombic & phase (Nig(Nb,Ti)) during periods of prolonged heating
or exposure to sufficiently high temperatures [34]. The high coherency
strain energy resulting from misfit lattice parameters/crystal structures
in addition to the creation of antiphase boundaries (APBs) in y' and y”’
precipitates when sheared by dislocations, provide a large increase in
slip resistance given the nanoscopic particle size and fine dispersion of
these phases [24]. Moreover, the y’’ phase has a coherent disc-like
morphology with {100} habit plane and is associated with greater
strengthening than y’ due to the greater coherency strain created from
the elongated c-axis of the y’’ unit cell and greater APB energy [31,35].
Because strengthening in cast or wrought IN718 is highly dependent on
secondary phase content/morphology and precipitation is affected by
solute concentrations, solidification rate, and heat treatments, AM
IN718 can have vastly different microstructures and phase composi-
tions. The effect of AM and precipitate size on the strength of IN718 has
been studied [36-38]; however, the complete phase composition of AM
IN718 with differentiated v, y', y**, 8, and carbide phases, has never been
quantified. Due to size and crystallographic texture, there is inherent
difficulty in the quantitative characterization of these secondary phases
using characterization techniques such as electron microscopy and X-ray
diffraction. Moreover, these characterization techniques focus on phase
identification, confirming presence and morphology, but not on
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determining statistically significant volume fractions [39]. As a result of
the inherent difficulties, there is significant scatter over the literature in
reported phase data with no single report on a complete characterization
of phase fractions in alloy IN718. Alternatively, the low neutron atten-
uation by most elements makes it possible to probe up to several cm® of
material during neutron diffraction, which is impossible with X-rays or
electrons. The technique allows for the analyses of bulk microstructural
characteristics, which are especially important given the inhomoge-
neous microstructures in718, especially manufactured by AM.

In this study, a neutron diffraction-based procedure is developed that
uses microstructural measurements made via scanning electron micro-
scopy to ensure robust Rietveld analyses of IN718 diffraction data
enabling the evaluation of vy, v/, y’°, 8, and MC volume fractions. Ad-
vantages of neutron diffraction include the large neutron scattering
cross-sections of Fe (11.22 b coherent elastic scattering cross-section), Ni
(13.3 b) and Nb (6.253 b) atoms, which boosts signal/noise for most
secondary phases, which have high at-% Ni and/or Nb. Moreover, the
differences in neutron scattering cross-sections between Nb, Ti, and Al
make it possible for elemental refinement within ordered phases when
performing Rietveld refinements on neutron diffraction data [40]. This
allows for more accurate refinements, which would be difficult to ach-
ieve with X-ray diffraction datasets due to the relatively similar photon
scattering cross-sections between Ni, Nb, Ti, and Al [41]. Consequently,
it is demonstrated that the developed methodology in conjunction with
precipitate characterization via scanning electron microscopy facilitates
the phase fraction determination of all primary phases present in the
alloy with high accuracy.

Neutron diffraction measurements are taken for IN718 samples in
the AMS 5663 standard heat treatment condition created by AM, hot-
isostatic pressed (HIP) following AM, and wrought. The purpose is to
study the effect of AM and HIP on the phase composition of IN718, in
comparison to wrought IN718, and establish relationships between
phase fractions and mechanical behavior of the alloy. The collection of
high-intensity neutron diffraction data specifically allows for accurate
crystallographic texture, crystallite/grain size, and lattice parameter
gradient (microstrain) measurements of secondary phases. This enables
the quantification of material phase composition by implementing a
series of Rietveld refinements. Scanning electron microscopy (SEM) is
performed to estimate precipitate sizes, energy dispersive spectroscopy
(EDS) is performed to obtain semi-quantitative elemental analyses on
various precipitates, and image thresholding is performed on micro-
graphs of samples that underwent cathodic dissolution to create sec-
ondary electron (SE) contrast between phases. These are performed to
either provide compositional information for phase models during the
Rietveld analysis of neutron diffraction data, or to support the volume
fraction determinations from the diffraction data. Although trans-
mission electron microscopy would have been more appropriate for
phase/precipitate identification, the EDS data collected is found to be
sufficient. The study determines a variation in the volume fractions of &
and y”’ in the AM material as compared to the AM + HIP and wrought
materials. Moreover, all ¥ and MC volume fractions were relatively
similar despite the differences in MC morphology, distribution, and
elemental composition. The quantitative data acquired in the present
work can be used in polycrystal plasticity modelling [42-46], which can
provide further insight into the deformation micro-mechanics for
microstructural design of the alloy IN718 [47].

Table 2
Elemental composition for IN718 powder as received by supplier.
Ni Cr Fe Nb Mo Ti Mn Si Cu Al C S P B
wt-% 55.5 18.2 14.9 5.5 3.3 1.15 0.35 0.35 0.3 0.3 0.08 0.015 0.015 0.006
at-% 54.9 20.3 15.5 3.4 2.0 1.39 0.37 0.72 0.3 0.7 0.39 0.027 0.028 0.032




N.C. Ferreri et al.

layer n+2 (67°)
layer n+1 (67°)

layern

Fig. 1. Schematic showing laser path, which rotates 67° for each new layer of
powder with respect to the previous layer during the laser powder bed fusion of
IN718. Build direction is indicated as BD.

2. Experimental methods
2.1. Material and sample preparation

Additively manufactured samples made for tensile testing in studies
by Gribbin et al. [23] and Ghorbanpour et al. [24] were used for all
experimentation in the current work. Detailed descriptions of the AM
process and both AM and wrought IN718 samples can be found in those
works, while only brief descriptions of material processing and sample
manufacturing is provided here. AM bars were fabricated from a
metallic IN718 powder supplied by Electro Optical Systems (EOS) using
the laser powder bed fusion (LPBF) technique [48]. The elemental
composition of the powder is provided in Table 2, which had particle
diameters ranging from <1 pm to 80 pm with a mean diameter of 35 pm.
The EOS LPBF IN718_Performance 1.0 parameter set (2014) was used
for LPBF sample processing, which utilizes a 285.0 W laser with a scan
speed of 960 mm/s. Powder layer thickness was approximately 40 pm
and laser path was rotated 67° counterclockwise, as shown in Fig. 1,
after each cycle of lasering/powder re-coating.

AM and wrought tensile specimens were initially manufactured/
wrought as bars then were subsequently machined to meet ASTM-E9
specifications (flat “dog bone” samples of 3 mm thickness, 6 mm
width in the gage section, and a gage section length of 25 mm). Initial
bars were oversized so that >1 mm of material could be removed from
all free surfaces. Once machined, some of the AM samples underwent a
4 h period of HIP at 1163 °C under 100 MPa to reduce internal porosity,
which is often relatively high in AM materials [49]. Prior to character-
ization, all samples endured a final AMS 5663 heat treatment. This
multi-step treatment consists of an initial 1 h solution treatment at 954
°C followed by fan cooling in Ar to 120 °C then a double-aging treat-
ment. The aging procedure involves holding samples at 718 °C for 8 h,
furnace cooling (50 °C/h) to 621 °C, holding for an additional 8 h, then
air cooled to room temperature. The objective of AMS 5663 is to relieve
residual stress and increase y’’ precipitation to maximize material
strength [50]. The wrought samples of IN718 with the same nominal
composition were cut from a shaped forging and heat treated per AMS
5663. Material from a heat-treated wrought tensile sample and from
heat-treated LPBF and LPBF + HIP tensile samples manufactured with
their loading axes parallel to the LPBF build direction (BD) were used for
neutron diffraction experimentation and scanning electron microscopy.

2.2. Characterization by electron microscopy

Samples were prepared for microscopy using standard metallo-
graphic techniques. Initially, specimens were ground with 180, 240,
400, 600, and 1200 grit silicon carbide (SiC) abrasive paper and sub-
sequently polished with aqueous 0.5 pm and 0.05 pm alpha alumina
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(Al»03) suspensions on a non-abrasive soft cloth [51-53]. Final polish-
ing was done with an aqueous 0.02 um colloidal silica (SiO3), also on a
non-abrasive soft cloth. SE images were taken on a Tescan Lyra 3 GMU
field emission scanning electron microscope (SEM) to observe phase
morphology and distribution on polished samples. The SEM was also
used to perform EDS on polished samples. Characteristic X-rays were
generated by an incident electron beam with an energy of ~16 keV and
spot diameter (on sample surface) of ~30 nm. X-ray collection time was
120 s/scan, and characteristic spectra were analyzed in the EDAX TEAM
software using the eZAF algorithm for quantitative compositional
analysis [54]. Lower electron beam energies are more appropriate when
performing EDS on small features due to decreased electron penetration
depth; however, it was necessary to maintain a relatively high beam
energy in order to excite enough L, electrons in Fe, Ni, and Cr atoms to
produce sufficient X-rays for quantitative analysis.

A few samples sectioned from the heat-treated and polished tensile
bars received an additional electrolytic surface treatment prior to SE
imaging. A technique devised by Radavich [55] whereby a 25 V po-
tential was applied to an electrolytic cell that used an IN718 cathode and
a 1:4 by volume sulfuric acid (H>SO4)-methanol (CH3OH) electrolyte
solution was used to perform selective electrolysis on §, ¥/, and >’
phases. The cathodic dissolution of 8, y/, and/or y’’ precipitates created
topographical holes in the IN718 surface that appeared dark in SE im-
aging with respect to the y phase. Other phases that remained in relief
accumulated charge when viewed with SE and appeared white. By
converting SE micrographs of the electrolytically prepared IN718 to
grayscale in Matlab and then to black and white, a contrast threshold
could be applied to segregate light from dark phases. The ratio of dark or
light pixels to total pixels represents the area fraction of the respective
phase(s).

2.3. Experimentation by neutron diffraction

Neutron diffraction experimentation was performed on the time-of-
flight (TOF) high-pressure-preferred orientation (HIPPO) neutron
diffractometer [39] at the pulsed neutron source of the Los Alamos
Neutron Science Center (LANSCE) [56]. Pieces of IN718 tensile samples
were glued on Cd-wrapped Al sample holders. Using a robotic sample
changer [57], each sample was exposed to an incident neutron beam
collimated to 10 mm diameter for ~60 min at an average proton current
of 100 pA. LPBF and LPBF + HIP samples were orientated such that the
build direction was perpendicular to the incident neutron beam. In total,
132 histograms were obtained from three different sample orientations
(0°, 67.5°, and 90°) for the five HIPPO detector rings with nominal
diffraction angles of 150°, 120°, 90°, 60°, and 40°. The 132 histograms
were used to calculate an orientation distribution function (ODF) and
were also integrated to create single histograms for each neutron
diffraction angle that are largely free from texture influence (due to
HIPPO’s large detector coverage). Therefore, texture effects were
assumed negligible on these integrated histograms, which allowed for
quantitative phase fraction determination using the Rietveld method.
Moreover, the resulting threefold increased period of neutron exposure,
as well as integration of the data of each ring, greatly increased the
statistical quality of the data compared to individual histograms used for
the ODF calculation. This allowed for the ability to resolve the low
volume fraction phases in the IN718 samples.

3. Neutron diffraction data analysis

The Maud diffraction analysis software was used to evaluate all
experimental neutron diffraction histograms. The models governing
calculated diffraction histograms in Maud are described in Refs. [39,
58-61] and incorporate effects of sample geometry, instrumentation,
and material structure on the intensity and shape of Bragg reflections.
The effects of variations in crystallographic properties, texture, and
phase composition on the intensity of a given diffracting plane are
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Fig. 2. Experimental neutron diffraction histograms from the 150° detector
bank for LPBF, LPBF + HIP, and Wrought IN718. Bragg reflections for all
detected phases are labeled except for those with low d-spacings or intensities
near background, which were omitted to enhance plot readability. Metallic
aluminum (Al) reflections were seen because of neutron beam interaction with
Al sample holders, which resulted in the detection of Al-diffracted neutrons in
the 150° and 120° detector banks.

captured by the physics-based diffraction models used in Maud [58,
60-671].

The integrated experimental neutron diffraction histograms were fit
by calculating the diffraction contribution for each phase observed in
each sample. The Rietveld method was applied whereby the relevant
crystallographic and scaling parameters of all phases were refined to
increase the quality of the least-squares fit between calculated and
experimental diffraction histograms. Bragg reflections corresponding to

Table 3
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Y, ¥, Y, 8, and/or MC phases were observed in all 3 samples as seen in
the experimental histograms in Fig. 2.

Prior to conducting the phase analyses, crystallographic parameters
were determined for all phases via two series of Rietveld refinements.
Both series were performed with three phases (y, y/, vy’ or y, §, MC) on
either LPBF or wrought datasets. This was done because each dataset is
better suited for refining certain phases. For example, the LPBF dataset
contains higher intensity § reflections as compared to LPBF + HIP and
wrought datasets. This makes for more robust peak fitting and is why the
crystallographic parameters for & were determined from the LPBF
dataset. Using the same logic, ¥ and y’’ crystallographic parameters
were obtained from a Rietveld analysis of the Wrought dataset, and MC
crystallographic parameters were obtained from a Rietveld analysis of
the LPBF dataset. Once the crystallographic parameters for a phase was
determined through refinement, they were assumed to be the same in all
other samples. These parameters are shown in Table 3 along with other
relevant crystallographic parameters that remained fixed throughout
the refinements. Also, it should be noted that the only refined crystal-
lographic parameter for the y phase was microstrain, which was iden-
tical in all samples (within the calculated uncertainties).

The Rietveld refinements were all performed in a similar manner
when determining the crystallographic parameters in Table 3. First, a
4th order polynomial was used to fit the backgrounds of each histogram
(corresponding to each detector bank) and their coefficients were al-
ways being refined throughout the Rietveld analysis. The DIFC param-
eter was also continuously refined for all histograms, and because the y
lattice parameter was fixed, based on the value determined by Mukherji
et al. [32], the y lattice parameter acted as an internal standard when
refining lattice parameters for all other phases. The initial lattice pa-
rameters (excluding y) and atomic partial occupancies were set based on
literature values [29-33] then subsequently refined. Despite the possi-
bility of slight Ti solubility at the 0,0,0.5 atomic site in 8, Ti was not
included nor was the partial occupancy refined due to instability in the
refinement when included. Additionally, it was noted that y’* can be no
more than ~5 at-% Ti at the 0,0,0 atomic site because more than this
amount would unreasonably increase the intensity of the y’ reflection at
the d-spacing of ~5.25 E.

Microstrains (which contribute to peak broadening) were refined
after being initially set to the default 6 x 10 jie, which assumes little-
to-no effect on peak broadening. Precipitate equivalent diameters for all
phases were approximated from measurements made using scanning

Final phase parameters (both fixed and refined) for the analysis of neutron diffraction data in Maud. These values were used for all samples (LPBF, LPBF + HIP, and

Wrought) unless specified otherwise.

Phase Lattice Parameter (A) Crystallite Size (nm) Microstrain (pe) Space Group Atomic Site Properties
Location (x, y, z) Partial Occupancy Biso (A%
Y a=3.598 >1000 0.00225" Fm-3m 0,0,0 Nig.4Cro.3Feq 3 0.55
4+0.00003
Y a=3.612" 15 0.00323" Pm-3m 0 11 Nij o 0.65
+0.001 +0.00222 722
0,0,0 Alg.63Tig 37" 0.65
Y’ a=3.571" 30 0.00156" I4/mmm 0.0 1 Nij o 0.70
+0.001 b = 7.286" +0.00021 ’72
£0.002 011 Niy o 0.70
72’4 )
0,0,0 Nb-0.95Ti-0.05" 0.75
8 a = 5.100" 400" 0.00270" Pmmn 1 0 1 Nij o 0.75
+0.002 b = 4.226" > 1000° +0.00022 276
+£0.002 ¢ = 4.504° 0, % % Nizo 0.75
+0.002 0,0, % Nb; o 0.90
MC a = 4.435" 200" 0.00363" Fm-3m 0,0,0 Nbyg.g1Tip.10" 0.185
+0.005 > 1000° +0.00244 1 1 l Cio 0.310
222

+/— resulting from histogram fitting uncertainty in Maud.
# Values determined via Rietveld refinement in Maud.
b Values used only for LPBF material.
¢ Values used only for LPBF + HIP and Wrought material.
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Although most phases had no noticeable variation in crystallite size
between samples, & and MC did have sample-unique sizes. Moreover,
phases with greater than a 1000 nm crystallite size were marked as such
and not measured because particle size broadening observed by neutron
diffraction is negligible when crystallites are larger than ~1000 nm
[68]. Additionally, because y grains were very coarse and lacked intra-
granular dislocation structures (per EBSD), which would create
low-angle sub-grain boundaries, it was assumed that mosaicity in y
grains was minimal and that mean crystallite size was also greater than
1000 nm. Atomic displacement parameters, Bjs,, were also fixed during
refinement, but were established based on literature values [69-71].
Initially, the only phase parameters being refined were scale pa-
rameters and lattice parameters. When these values reached a conver-
gence, microstrain was refined followed by atomic partial occupancies
for ordered phases. Refining partial occupancies for atomic sites that
consist of solute elements (Nb/Ti/Al) adjusts for variations in the in-
tensities of the diffracting planes that are partially comprised of these
atomic sites. Because the scattering power of an atomic site is the
weighted sum of all the elemental contributions, no more than two el-
ements can be refined per site since otherwise there would be an infinite
number of solutions to the refinement. This is why in the y’ phase, for
example, only Al and Ti were included in the partial occupancy refine-
ment and Y’ was assumed to be Nb insoluble. Although the assumption
made for the Rietveld analysis that no more than two elements can exist
at an atomic site is not true in a strict sense, a two-element partial oc-
cupancy refinement (of elements with different scattering powers) still
allows for the adjustment of hkl-specific reflections that have deviating
intensities on account of variations in atomic site chemistries.
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Fig. 3. Pole figures showing the crystallo-
graphic texture of the y phase in LPBF, LPBF
+ HIP, and wrought IN718 samples. Pole
figures were calculated from ODFs that were
generated in Maud using the E-WIMV
texture algorithm when performing full y
texture analysis on the 132 histograms from
each IN718 neutron diffraction dataset.
Build direction is out-of-plane in LPBF and
LPBF + HIP pole figures, while rolling di-
rection (RD) is vertical and transverse di-
rection (TD) is horizontal for the shaped
forging material. Pole density is plotted in
units of multiple of a random distribution
(m.r.d.).

{111}y

1.5 2 m.rd.

During Rietveld analysis, parameters were refined in series to allow
for convergence through the least-squares fitting process. If heavily
correlated variables are simultaneously refined, for example crystallite
size and microstrain, which both contribute to the broadening of Bragg
reflections, convergence would not occur [72]. Additionally, if too many
slightly correlated variables are simultaneously refined, the chance for
convergence is decreased. This also increases the risk of variables
converging to non-physical values as a result of the refinement maxi-
mizing the quality of the fit. This occurs most often when fitting datasets
of poor statistical quality; therefore, due to the low-intensity, broad,
overlapping, or absent secondary phase peaks in the IN718 datasets,
neither atomic displacement parameters nor crystallite sizes were
refined [72].

Once the Rietveld refinements performed to determine crystallo-
graphic parameters were completed, a final series of refinements was
carried out for each sample using these crystallographic parameters to
determine phase composition. All phases were included in these re-
finements and only phase volume fractions were being refined.

A simultaneous Rietveld analysis of the 132 histograms was also
performed to refine the ODF and quantify the texture of the y phase. This
full texture analysis was done in Maud using the E-WIMV texture algo-
rithm and followed what was described in Wenk et al. [39]. Pole figures,
which show the refined y texture, are seen in Fig. 3. There are {200},
fibers in the LPBF and LPBF + HIP material, but overall texture is weak.
During the phase analysis, it was assumed that integrating the neutron
diffraction data into five histograms would produce five datasets largely
free from the influence of this texture. This was shown by Takajo et al.
who performed these integrations and produced histograms with
approximately (but not completely) random texture [73]. However, the
slight influence of texture would be negligible in the IN718 integrated
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Fig. 4. Experimental and calculated neutron
diffraction histograms for LPBF, LPBF + HIP,
and Wrought IN718 data collected by the
! 150° detector bank. Rietveld fits are results
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Table 4
Phase composition as determined via neutron diffraction for LPBF, LPBF + HIP, and wrought IN718.
Y Y +/= Y +/= 5 +/= MC +/—
LPBF bal 6.5 1.4 8.4 0.3 5.9 0.4 1.9 0.5
LPBF + HIP bal 5.4 0.8 17.7 0.5 1.1 0.2 0.5 0.2
Wrought bal 6.5 0.8 17.8 0.5 1.3 0.1 0.9 0.3

Units of vol-%.
+/— resulting from histogram fitting uncertainty in Maud.

datasets, because y texture was weak in the LPBF, LPBF + HIP, and
wrought IN718. This validates the decision to ignore texture effects
when performing the phase analyses on the integrated datasets.

4. Results
4.1. Phase volume fraction determination

Fig. 4 shows the experimental neutron diffraction data and Rietveld
fit for LPBF, LPBF + HIP, and wrought IN718 samples in addition to the
locations of all potential Bragg reflections for all modeled phases. Most
of the non-visible peaks in secondary phases are the result of low volume
fraction, low multiplicity, and/or particle size broadening that causes
extremely low intensities. The Rietveld refinements performed for these
three datasets were done within a 0.4 A to 2.7 A d-spacing domain.
Phase volume percentages resulting from the refinements are displayed
in Table 4. LPBF + HIP and wrought materials had relatively similar
phase compositions, which differed from the LPBF material. The LPBF
material had significantly less of the strengthening y’* phase (8.4 + 0.3
vol-%) than the LPBF + HIP (17.7 + 0.5 vol-%) and wrought (17.8 + 0.5
vol-%) materials, but consisted of 5.9 + 0.4 vol-% & as opposed to the
marginal 1.1 + 0.2 vol-% and 1.3 + 0.1 vol-% in both LPBF + HIP and

wrought samples, respectively. y' content was similar in all samples
when incorporating uncertainty: 5.4 vol-% to 6.5 vol-% (£0.8-1.4%),
while MC was higher in LPBF at 1.9 + 0.5 vol-% and slightly lower in
LPBF + HIP and wrought at 0.5 £+ 0.2 vol-% and 0.9 £+ 0.3 vol-%,
respectively.

Although the volume fractions of all these phases has never been
simultaneously calculated, there are some studies that provide partial
volume fraction information of IN718. A study by Li et al. measured
5.75 wt-% & and 12.33 wt-% y'+y’" in a hot-rolled rod of IN718 that
underwent the AMS 5663 heat-treatment [29]. This is similar to the
phase composition of the LPBF material. Moreover, the y' and y’* values
in the LPBF + HIP and Wrought material lie near the speculated volume
fractions of 0.04 and 0.15, respectively, according to Devoux et al. [74].
Additionally, & has been observed at volume fractions between 0 and
0.20 depending on the heat-treatment and exact elemental composition
[35,75].

4.2. Quantifying uncertainty

Uncertainty in phase composition values are a product of the least-
squares fitting performed during the Rietveld refinements of calcu-
lated diffraction spectra in Maud. Uncertainty is higher for y' and y”’
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Table 5
R-value and quality of fit parameters for the Rietveld analysis of LPBF, LPBF +
HIP, and wrought IN718 neutron diffraction data in Maud.

Ry (%) Rexp (%) 'S
LPBF 3.977 0.362 120.70
LPBF + HIP 4.129 0.377 119.95
Wrought 3.478 0.347 100.46

because, as seen in Fig. 4, the majority of y and y’* diffraction peaks are
largely indistinguishable from the high-intensity y peaks. Uncertainty is
high for the MC phase and for the § phase in the LPBF + HIP and
wrought material because the reflections belonging to these phases have
low intensities and overlap reflections from other phases. Peak overlap,
and low-intensity, broad peaks are difficult to fit and can result in higher
uncertainties for refined phase parameters during Rietveld analysis
[72]. Difference curves are more pronounced at higher d-spacings due to

LPBF LPBF + HIP
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issues incorporating incident neutron intensity normalization and ab-
sorption as they are more pronounced for slower neutrons and lead to
poorer fits.

The quality of a fit between calculated and experimental spectra is
determined by taking the ratio between Ry, and Rexp, values. This ratio is
known as x2, and these R values correspond to the quality of the Rietveld
refinement and the quality of experimental data, respectively. A y? of
unity represents a perfect fit and large values like those calculated for
the three IN718 samples indicate the presence of systematic error;
however, Ry values of 3.5-4.1% (shown in Table 5) are low, which
suggests the opposite. The issue is that the extended data collection
period for each sample significantly reduced Reyp values to the
exceeding low values of 0.3-0.4%. The increased counts corresponding
to increased sample exposure time improving the quality of diffraction
data, which allows for betting fitting, but results in seemingly worse
discrepancy indices [76]. Therefore, high ¥ values are expected given
high quality datasets with exceptionally low Rexp and low Ryyp, which is

Wrought

Fig. 5. SE micrographs of LPBF (a,d), LPBF + HIP (b,e), and Wrought (c,f) samples with both 25 pm and 1.0 pm view fields that reveal incoherent and coherent
precipitate morphologies, respectively. Suspected precipitate phases are marked in red, and EDS spot scan locations are marked/numbered in green. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 6

Elemental compositions measured for various spots on LPBF, LPBF + HIP, and wrought IN718 samples using EDS. Suspected phases and potential compositions are
tabulated based on EDS measurements and precipitate morphology observed in secondary electron micrographs.

EDS Sample Composition (at-%) Suspected
Spot Ni Cr Fe Nb Ti Mo Al si Phase(s)
1 LPBF 48.0 22.4 23.6 2.4 1.3 1.3 0.8 0.2 nY, Y

5 LPBF + HIP 51.8 22.4 19.4 2.5 1.5 1.6 0.7 0.1 Yy

9 Wrought 53.3 21.9 18.4 2.6 1.5 1.5 0.7 0.1 Y,y

2 LPBF 56.9 16.6 16.6 5.8 2.3 1.2 0.6 0.1 S

6 LPBF + HIP 63.4 13.0 111 8.3 2.9 1.0 0.2 0.1 Sii

10 Wrought 73.0 5.5 5.7 10.4 3.9 1.0 0.3 0.3 8ii

3 LPBF 54.3 18.3 18.7 5.4 1.7 1.1 0.5 0.1 §; or Laves
4 LPBF 35.8 20.1 22.2 12.6 0.5 5.8 0.5 2.7 MCG;

7 LPBF + HIP 47.4 22.0 18.1 8.7 2.3 1.0 0.5 0.0 MCG;

8 LPBF + HIP 9.2 6.2 4.2 61.0 17.9 0.3 1.0 0.3 MG

11 Wrought 1.5 0.7 0.3 83.3 14.2 0.0 0.0 0.0 MCG;;




N.C. Ferreri et al.

LPBF + HIP

Materials Science & Engineering A 781 (2020) 139228

Wrought

ooum,

Dark phase(s)

LPBF + HIP

Bright phase(s)

Fig. 6. Cathodic dissolution was used to prepare LPBF, LPBF + HIP, and Wrought IN718 samples to maximize contrast between the dark phase (8 and also MC in

wrought) and the bright phases (MC and/or Laves) when imaging with SE.

what was observed in this study [76].

4.3. Microstructural analysis

Scanning electron microscopy was used to measure precipitate sizes,
which were used to approximate crystallite sizes for phase models in
Maud, and also to perform EDS on distinct precipitates in each sample,
which supported the partial occupancy values for each phase resulting
from the refinements. Fig. 5 shows two sets of SE micrographs corre-
sponding to each sample with different view fields that highlight either
large, incoherent precipitates or small, coherent precipitates. EDS spot
scans were performed at points indicated by a green mark in Fig. 5, and
the elemental composition calculated at each point is reported in
Table 6. It is important to note, however, that the characteristic X-rays
used for EDS are generated from up to 1 or 2 pm below the sample
surface. Therefore, when performing EDS on very fine particles, it is
possible that much of the material beneath is also being sampled.
Because of this, EDS is semi-quantitative at small length-scales. Only

relevant elements were included in the EDS analysis, and based on the
results combined with observed precipitate morphologies, phase iden-
tities were inferred. Spot scans 1, 5, and 9 include y, ¥/, and y** phases for
LPBF, LPBF + HIP, and wrought samples and were used as baselines to
compare other precipitate spot scans to.

IN718 samples underwent selective electrolysis to dissolve Y/, y* and
8, which would leave topographical holes that would appear dark via SE
imaging. This would leave the MC and Laves phases in relief causing
them to build charge when viewed with SE and appear white. By con-
verting the SE micrographs of the electrolytically prepared IN718 to
grayscale in Matlab then to black and white, a contrast threshold could
be applied to segregate phases appearing light (Laves, MC) from those
appearing dark (y/, y* and 8). This can be seen in Fig. 6. Since y' and y**
cannot be observed at the magnifications used for imaging (50 and 250
pm fields of view), the phases segregated by image thresholding are &
(black) and MC/Laves (white). The results are shown in Table 7 and
agree with the volume percentages determined by neutron diffraction.
In addition to providing validation, the thresholding shows potential
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Table 7
Phase composition as discernible via image thresholding using SE micrographs
for LPBF, LPBF + HIP, and wrought IN718.

HYsY 8 MC, Laves
LPBF balance 6.5 (1.5) 1.8 (0.8)
LPBF + HIP balance 0.8 (0.2) 0.7 (0.2)
Wrought balance 1.0 (0.5) 0.9 (0.6)

Units of area-%.
+/— resulting from uncertainty during thresholding is reported in parentheses.

Table 8
Solvus temperatures determined from other studies for
relevant phases in AM IN718.

Phase Solvus Temperature (°C)
Y 900-970 [34,77]

Y 910-930 [34,77,78]

d 990-1020 [79,80]

MC 1040-1200 [79,81]
Laves 1010 [79]

evidence of up to ~1 vol-% Laves in the LPBF material. Uncertainty
reported for the volume percentages calculated from image thresholding
are a result of accidental indexing of incorrect phases. Parts of MC
particles, for example, appear dark in LPBF + HIP and wrought samples
when they are assumed to be white, and charge buildup occurs at the
edges of some holes in all samples, which appear white and create false
MC/Laves counts.

5. Discussion
5.1. Phase confirmation

A validation of the neutron diffraction data was performed using
electron microscopy. In particular, SE contrast thresholding is used to
approximate certain phase volume fractions (see Table 7) and EDS is
used to correlate phases with precipitate morphologies and distributions
(see Fig. 5). EDS spot scans #2, #6, and #10 confirm the presence of § in
all samples. The & precipitates observed in wrought and LPBF + HIP
materials, 8, are coarse, acicular, and nucleated at grain boundaries,
which suggests a transformation of y directly to &;; during heat treatment
[31,35]. & precipitates observed in the LPBF material, §;, were still
acicular, but smaller and existed both within grains and at grain
boundaries. EDS spot scans for § in all samples (spot scans #2, #6, and
#10) had elevated Ni and Nb and showed some Ti solubility. Less Ni, Nb,
and Ti were observed in the §; EDS spot scan (spot scan #2 on LPBF
sample) because the smaller particle size resulted in sampling much of
the material beneath the precipitate. The elevated Ti in §; relative to Nb
may be evidence that §; transformed from y via the metastable, more
Ti-soluble y’’ phase in the LPBF material. This is supported by the lower
volume percent of y> observed via neutron diffraction in the LBPF
sample as compared to wrought and LPBF + HIP samples (8.4 wt-% to
17.7 wt-% and 17.8 wt-%, respectively).

EDS spot scan #3 could be either §; or Laves based on elemental
composition and morphology. Its shape is elongated, but also globular,
which has been reported for both AM § and Laves phases [31,79]. The
composition calculated from this scan is similar to &; except that there is
slightly elevated Cr and Fe and decreased Ni and Ti, which is slightly
suggestive of Laves [81]. Although Laves was not detected in the
neutron diffraction data, if its volume fraction was approximately less
than 1% then it is possible that its Bragg reflections had such low in-
tensity they were hidden in background or behind the reflections of
other phases. Other studies [27,28,82] have reported Laves in as-built
AM IN718, and because the solvus temperature for the Laves phase is
approximately 1010 °C, as seen in Table 8, Laves particles would not
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Fig. 7. True stress-strain behavior of LPBF, LPBF + HIP, and wrought IN718 in
simple tension [86].

have dissolved during ASM 5663 heat treatment if they had formed
during LPBF [81]. The LPBF + HIP and wrought samples, showed no
evidence via SE imaging and EDS of Laves phases. The HIP treatment
solutionized the Laves and §; phases while &; and MC;j; (coarse MC
precipitates in wrought and LPBF + HIP material) precipitated at grain
boundaries during the ASM 5663 heat treatment. Moreover, &; and MC;;
grew coarse due to the prevalence of Nb in solid solution resulting from
Laves and §; dissolution during HIP. The coarse, intergranular MG
detected in LPBF + HIP and wrought samples had high Nb content and
raised Ti. A much smaller MC carbide, MC;, was only observed in LPBF
and LPBF + HIP samples. These carbides were not dissolved during the
HIP treatment due to high solvus temperatures (approximately
1140°C-1200 °C) as seen in Table 8. EDS quantification shows elevated
Ni, Nb, and Ti, but due to the small particle size these values are much
lower that the calculated values for the larger MC;;. However, since MC
is the first secondary phase to precipitate from liquid during the solid-
ification of IN718, it is affected by solidification segregation elements
Mo and Si resulting in higher contents of these elements with respect to
other phases [27,81,83-85]. Because the LPBF MC; have elevated Mo
and Si, the precipitate was correctly identified as MC. EDS was not
performed on y’ and y* precipitates because they could not be spatially
resolved given the electron beam parameters used for EDS.

A mass balance calculation was performed to make sure the phase
compositions determined via neutron diffraction analysis were plausible
given the global solute element concentrations. Using the elemental
composition provided for the IN718 powder and the phase stoichiom-
etries determined from the Rietveld refinement, a mass balance calcu-
lation was performed. When allowing for minor deviations in
stoichiometry due to potential Nb, Ti, and Al solubilities in all phases,
and when taking into account the phase volume percent uncertainties,
the phase compositions produced as a result of the refinements are all
plausible.

5.2. Effect of phase composition on material strength

The true stress-strain behavior of the studied LPBF, LPBF + HIP, and
wrought IN718 in simple tension was investigated in Gribbin et al. [86]
and is shown in Fig. 7. It is unusual that the LPBF material has the
highest strength despite having the lowest volume fraction of y”, which
suggests the presence of other strengthening mechanisms. Compared to
the other material conditions, the LPBF material had a higher density of
small ~200 nm MC; precipitates, which would contribute to dispersion
strengthening where dislocations are impeded and deflect around the
non-deformable carbide particles during deformation [23]. That being
said, it would be implausible for carbide dispersion to provide more of a
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[001] [011]

Fig. 8. Inverse pole figure (IPF) maps, with respect to BD, are shown for LPBF, LPBF + HIP, and wrought IN718. Maps were created from EBSD data [86] and the
colors in the maps represent the orientation of the sample axis with respect to the local crystal lattice frame according to the IPF color key where BD or Axial
directions are out of plane. The axial direction refers to the axis of the shaped forging. The 1 mm scale bar applies to all maps. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)

barrier to slip than the coherency hardening associated with y’’; there-
fore, this cannot be the only contributing factor to the increase in
strength of the LPBF sample.

Inverse pole figure (IPF) maps [86] of the studied LPBF, LPBF + HIP,
and wrought IN718 are shown in Fig. 8 and illustrate the grain structure
of each sample. The wrought material has large, equiaxed grains that
resulted from equilibrium cooling conditions and the LPBF + HIP ma-
terial recrystallized during the HIP procedure resulting in a coarse
microstructure, relative to the LPBF material. The typical weld-like
microstructure seen in LPBF alloys is seen in the LPBF IN718 with
many grains elongated towards BD surrounded by groups of smaller
grains. This is due to the cyclic heating associated with AM, but could
also be due to the high volume fraction of §; in the LPBF sample, which
prevented grain growth via grain pinning [23,87]. Due to the large
differences in grain size amongst samples, the finer-grain structure in the
LPBF IN718 material is rationalized to govern the observed increase in
strength, consistent with the Hall-Petch relationship [88].

6. Conclusions

This work has examined the phase fractions for LPBF, LPBF + HIP,
and wrought IN718, which were determined by performing a series of
multi-phase Rietveld refinements on neutron diffraction data. To this
end, a novel neutron diffraction-based procedure is developed to
simultaneously determine v, v/, y”°, 8, and MC phase volume percent-
ages. The procedure is supplemented by SE imaging and EDS, which are
necessary for the quantification of phase models used in the Rietveld
analysis, in addition to offering cross-validation of the neutron diffrac-
tion results. Given the elemental composition of the IN718 powder and
the potential stoichiometries of all phases, mass balance calculations
showed that the experimentally determined phase compositions are
plausible. The main conclusions of this study are:

e Considering that the LPBF material has much higher 6 and much less
of v’ content than the wrought material, it is inferred that the LPBF
process creates microstructural conditions that promote the trans-
formation from y”’ to & during the AMS 5663 heat-treatment.
Moreover, the & phase in the LPBF material is found to be much
smaller and is located at both grain boundaries and within grains, as
opposed to the wrought material where it is coarse and inter-
granular.

Treatment by HIP after LPBF creates a material with a much lower
content of & phase and a higher content of y’* phase after the AMS
5663 heat-treatment as compared to the LPBF material in the same
condition. LPBF + HIP phase composition is similar to that of the

10

wrought material, but has slightly smaller 6§ and MC particle sizes
contributing to more dispersion strengthening.

Despite having lower y’’ content, the LPBF material is stronger than
both LPBF + HIP and wrought materials. Such behavior is rational-
ized by the finer grain structure in the LPBF material, as opposed to
the LPBF + HIP and wrought materials, in addition to the presence of
~200 nm MC precipitates that also contribute to dispersion hard-
ening. The final grain structure in the LPBF material is influenced by
the presence of finer, more dispersed & precipitates.
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