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ABSTRACT

Additive manufacturing (AM) represents an exciting new approach towards producing metallic
aerospace components. The ability to make complex geometries that were impossible to create
using conventional manufacturing methods has sparked interest from the aerospace
community, including NASA. The use of AM components for crucial and human rated space
missions necessitates a full characterization of the differences between AMand more
conventional wrought and cast processes. For this study, sixteen different commercially
available superalloy 718 powder feedstocks were obtained, built usinglaser powder bed fusion
(L-PBF), and microstructurally and mechanically analyzed. These measurements revealed a wide
range of build qualities and microstructures despite all powder lots falling within the 718
chemical specification and being processed using the same prescribed build and heat treatment
parameters. Statistical analysis found a strong correlation of the amount of carbon inthe
powderwith the final grain size and strength of the heat-treated 718 part. Ultimately, this study
highlights the need of a refined superalloy 718 chemical specification for powder lots to be
usedin AM.
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1. Introduction

The National aeronautics and space administration (NASA) is currently establishing standards
and procedures for the use of additively manufactured (AM) components for space flight
missions. However, the acceptance of AM processed parts is predicated on the knowledge that
AM processing does not produce material equivalenttowrought or cast processingand
therefore a higher degree of fabrication and component screeningis required. One alloy that
has been established as a promising candidate for laser powder bed fusion (L-PFB) is superalloy
718 (“718”) [1-5]. This workhorse, mediumtemperature alloy has been widely used for
decadesin many energy and aerospace applications due to its balance of stable mechanical
propertiesfor a wide range of temperatures, modest cost, and amenability to fabrication
processessuch as welding [6-8]. It's weldability may also explainits success in AM processes
such as L-PBF [9-11]. L-PBF fabrication optimized for 718 can generally keep part porosity
below 0.5% [1,3,12-17]. Still, AM parts destined forcritical applications may undergo a hot
isostaticpressurization (HIP) heat treatment step to remove the remaining porosity and
inherent grain structure anisotropy [18,19]. This HIP step improves the predictability of final
parts performance by homogenizingand recrystallizingthe grain structure and by minimizing
porosity [20-22]. Currently, it isnot clear whetherthe chemical and heat treatment standards
used for conventional wrought 718 are optimum, especially whena HIP processingstep is
included [23]. In fact, recentstudies have found that the specified heattreatment of wrought
718 may not be optimal for parts produced using AM [24-26]. A recent study by Hovig et al.

[27] and Wang et al. [4] denoted that the ductility of AM 718 could be drastically different



dependingonthe heat treatment parameters used and precipitation formation observed. Both
studiesfound this change in ductility to be attributed to the amount of § phase present. In fact,
numerous studies have been conducted on AM 718 to betterunderstand and optimize its
mechanical and microstructural properties after different heat treatments [8,14,15,22,25,28—
33]. However, these studies almost always investigated one 718 composition, master heat,
and/or powder lot at a time. As a consequence, the effect subtle differencesin powder
chemistry might have on the AM process and build quality is not clear [28,34—-36]. Moreover,
many of these studies did not measure how different heat treatments effected important

minor phases, such as carbides [25].

Therefore, the objective of this study was to investigate 16 different commercially available 718
powderlots that were processed using the same AM build and post processingstepsto explore
if subtle powder characteristic or compositional differences could affect the final mechanical
properties of the AM component. For this study, microstructural and mechanical properties
were quantified foreach build, including average porosity (as-builtand post thermal
processing), average grain diameters, and room temperature tensile results. These
measurements found a wide range of build qualities and microstructures despite all powder
lots falling withinthe 718 chemical specification [23] and being processed using the same
prescribed build and heat treatment parameters. Statistical analysisfound a strong correlation
between the amount of carbon in the powder and the final grain size and tensile strength of the
heat-treated 718 part. Through extensive microstructural characterization and thermodynamic
modeling, itis believed that elevated amounts of carbon combined with additional post-

processing steps required for AM 718, promotes the formation of MC carbides over more



crucial intermetallicphasessuch as §, y’, and y”. Therefore, thisstudy revealsthe needfor a

refined chemical specification for Inconel 718 which targets metal AM fabrication.

2. Experimental section

2.1 Superalloy 718 powder feedstock (chemistry)

For this study, sixteen different 718 powder lots were purchased from five differentvendors
(denoted by numbers). Variations between vendorlot may consist of slightly different powder
cut sizes or time of purchase and are denoted by different letters. Powderlotsize and
circularity was quantified usinga Malvern Morphologi G3SE system to image a minimum 20,000
individual powder particles perscan with transmitted illumination, automated optical image
collection, scan area with 25 mm diameter, and a minimum particle diameter of 7um.
Presented D1o, Dso, Do measured powdersize values referto the particle diameters
correspondingto the 10%, 50%, 90% cumulative powder size distribution values. Circularity of
the powderwas calculated using the below equation where a perfectly circular particle would

equal 1.

4XTTXAarea

(1)

Circularity = ————
Perimeter?

Allvendorsize ranges fell within the 10 um - 45 um diameterrange, which isthe size
distribution recommended for L-PBF and were all atomized inargon. The chemical composition
forall 16 feedstocks, shownin Table 1, were measured usingan average of two analyses by a
LECO CS-444-LS carbon/sulfur determinator, a LECO TC-436 N/O determinator, and a Varian

VistaPro Inductively Coupled Plasma (ICP) Emission Spectrometerfor boron and the metallic



elements. The expected error of the chemical measurementsisaround +2%. To ensure

accuracy, all elementswere measuredincludingNiand Fe.

Table 1: Superalloy 718 chemistries in weight percent

ID Al Cr Fe Mo Nb Ni Ti C N (ppm) O (ppm)
Specs 0.2-0.8 17-21 Bal. 2.8-3.3 4.8-5.5 50-55 0.7-1.2 .08 max  -——
la 0.4 18.82 18.25 2.96 5.16 53.1 0.88 0.035 325 181
1b 0.51 18.94 19.06 3.03 4.8 52.7 0.81 0.024 87 240
1c 0.38 18.17 18.19 2.94 5.2 53.6 0.98 0.028 331 182
2a 0.47 19 19.03 3.04 5.17 52.4 0.86 0.005 25 158
2b 0.41 18.85 18.84 2.98 5.06 52.8 0.89 0.006 46 162
3a 0.48 19.02 18.97 3.04 491 52.4 0.92 0.033 122 165
3b 0.5 19.11 18.54 2.96 4.93 52.9 0.82 0.028 331 182
3c 0.69 18.38 19.12 2.98 4.98 52.25 0.88 0.036 176 210
4a 0.35 18.25 18.19 2.97 5.11 53.7 0.94 0.029 472 176
4b 0.39 18.37 18.46 2.97 4.97 53.6 0.92 0.039 370 109
4c 0.39 18.22 18.24 2.94 4.96 53.95 0.92 0.033 607 166
4d 0.31 19.5 17.0 3.06 5.37 53.71 1.0 0.06 100 100
5a 0.46 18.78 18.11 2.99 5 53.6 0.94 0.036 207 210
Sb 0.49 18.77 18.15 3.02 5.08 53.4 0.92 0.039 176 171
5c 0.45 19.09 18.02 3.01 5.04 53.3 0.93 0.024 267 215
5d 0.47 19.02 17.98 2.98 5.02 53.4 0.91 0.021 234 202

The powder lots from table 1 all fall within the AMS 5664F compositional specificationsfor718
[23] but representsignificant variations within this range. Each powder lot was then used to

produce bars and characterization piecesvia L-PBF.

2.2 AM build and post-processing

Build sets from each powder lot were produced on a Concept Laser M1 L-PBF machine at
NASA Marshall Space Flight Center (MSFC) equipped with a custom-built small-volume build
box (100 mm x 100 mm x 80 mm) usinga 30 um build-layerthickness and customized

parameters that are optimized from Concept Laser’'s recommended parameters for 718. The



builds used a cross-hatching scan strategy with the scanning direction altered by 90° between
consecutive layers. Each build also employed a contour scan on the perimeterto heal porosity
associated with turning points. Each build setincluded at least nine net-shape or near-net
shaped mechanical test bars (7 fatigue and 2 tensile), nominally 80 mm x 15 mm, and two full-
height microstructure-characterization bars, nominally 80 mm x 25 mm x 6.4 mm. Each sample
type was produced at the exact same area in the build plate for each powder lot. The bars
were builtwith a taper and were removed from the build plate without stressrelief. One
microstructure-characterization piece was used to analyze the as-built microstructure while
another wentthrough the complete thermal post-processing procedure. Thermal post-
processing consisted of hot isostatic press (HIP) at an elevated temperature above the solution
temperature for 718 and conventional AMS 5664 heat treatment undervacuum by NASA MSFC,
the latter consisting of 1.25 h ramp from 22 °C to solutioningat 1066 + 14 °Cfor~ 1 h at 1.0-2.5
x 10~ Torr + air-cool rate-equivalent, followed by 0.88 h ramp from 22 °C to aging at 760 + 8 °C
for 10.0 £ 0.5 h at or below 0.32-1.1 x 10°° Torr + furnace cool and 649 + 8 °C hold until 20 h of

total aging was reached then furnace cooled. [23].

2.3 Sample preparation and characterization

Samples were extracted from the microstructure-characterization bars for SEM preparation
using a Struers Discotom-2 saw. Fig. 1 shows typical images of as-builtand heat-treated bars
with the orthogonal X, Y, Z directions labeled, that were used to evaluate microstructure in a

scanning electron microscope (SEM)



Build Direction

20 mm

Fig. 1: An exampleof an (a)as-fabricated metallographybarand (b) a fullyheat-treated metallographybar.Z
denotes the build direction.

To produce a polished surface for SEM analysis all samples were mountedin Struers PolyFast
phenolicresinand planarized with 220 grit SiC paper polish, then polished down with
successive stepsto 1 um finish usinga Struers Abrapol-2 polisher. This was followed witha 4 —

8-hour final 0.05 um colloidal silica polish on a vibratory polisher.

Optical microscopy was used to measure average porosity area fraction and grain size. Areas
near the edge of each sample were excluded from all analysis since tensile specimens were
machinedto remove the as-fabricated surface. For porosity measurements, polished surfaces
from the X-Z face of each build was imaged employinga 10x objective lenson a Nikon Eclipse
MA200 optical microscope using bright field. Five optical images were obtained for each as-
builtand heat-treated specimen. The locations were reached using an automated stage

movementto remove any human bias intothe measurements. The pores were then segmented



by contrast usingImagel) where dark defects were assumed to be pores[37]. From the

segmentedimages, area fraction (AF) measurements could be made.

The last microstructure measurements using optical microscopy were grain size of the
recrystallized heat-treated samples. Samples were etched with a solution of 85mL H,0, 45mL
HCI, 15mL of HNOs3, and 15mL of HF for 180 seconds using gentle swabbingto highlight the
grain boundaries. To calculate the average grain size the ASTM circular intercept procedure
E112-13 was used [38]. In this case, three concentric circles were overlaid onto the micrographs
of the etched samples using ImagelJ processing software version 1.51n and a mark was counted
each time acircle intersects a grain boundary. Twin boundaries were excluded from the

analysisand over 400 counts were obtained for each powder lot.

A Zeiss Auriga focus ion beam (FIB) SEM utilizing a backscatter electron detector was used at 12
kV to highlightthe Nb-rich MC carbides. Electron backscatter diffraction (EBSD) mapping was
performed using an EDAX Hikari EBSD detector on the Zeiss Auriga FIB-SEM and a spot size of
.75 um. EBSD data encompassing an area on average of 0.15 mm? per sample was collected
using the TSL OIM Data collection 7 software and refined usingthe TSL OIM Analyzer software.
Energy dispersive x-ray spectroscopy (EDS) elemental maps were obtained on a TESCAN MAI3

Triglav SEM with an Oxford X-MaxN silicon drift detectorand Aztecversion 3.3 software.

2.4 Room temperature tensile tests

Cylindrical tensile samples with a gauge length of 25.4 mm and diameterof 5.1 mm were
machinedto final dimensions usinglow stress grinding with final polishinginthe gauge section

parallel to the longitudinal axis of the sample. Tensile tests were conducted according to ASTM



E8 / E8M - 16ael on at least one test bar per build, at room temperature with strain controlled
at a strain rate of 3.3x10* sl until 2 % strain using a servo-hydraulicload frame with a capacity
of 152 MPa (22k Ibf) and extensometer. The control mode of the test was then switched, with

stroke controlled to continue at a consistentdisplacementrate until failure.
2.5 Statistical analysis

Statistical evaluations of responses were performed using Microsoft Excel data analytics toolbox
and the JMP®version 11 statistical software package [39]. VariablesV were expressedin

standardized form V’ using equation 2:

v (V-Vmid)
V= 0-5*(Vmax_vmin) (2)

In equation 2, for each independentvariable, Vis the actual value measured fora powderlot,
Vmax is the maximum value measured across all powder lots, Vmin isthe minimum value
measured across all powderlots, and Vmid = (Vmax + Vmin)/2 . This produced a range of values
from —1 to +1 for each of the independentvariables evaluated: Al, Cr, Mo, Nb, Ti, C, N, and O in
weight percent. Regression model equations were derived by comparing the results of both
forward and reverse stepwise selection of terms, with a 90 % probability of significance required
forinclusion of a term. The coefficient of determination with adjustmentfornumberof
predictive variables (Rzadj) and the root of the mean of summed squares of remainingerrors
betweenthe estimated and actual responses (rms error) were used as indications foran
equation’s goodness of fit. These regressions were intended to objectively screen forsignificant

relationships between composition and grain size then tensile properties, but not to generate

the most refined and accurate predictive equationsforonly estimating optimal compositions.



These expressions using standardized variables V’are useful when comparing these significant
relationships, as the relative effect of each significant varied elementonthe response can be
assessedin the derived regression equation by directly comparing the magnitude of the
coefficientforeach variable [39].

3. Results

3.1 Powder characterization

Belowin Table 2 are the quantified powder characteristics (size and circularity) foundin this

study.

Table 2: Powder size and circularity values

Sample ID Dio (um) Dso(um) Dgo (um) Circularity

la 17.6 25.13 40.63 0.971
1b 7.54 10.68 23.28 0.984
1c 8.52 20.11 35.16 0.981
23 7.96 13.35 32.16 0.988
2b 8.25 19.22 41.55 0.971
3a 13.46 23.73 37.93 0.946
3b 12.8 17.9 30.7 0.955
4a 13.92 23 38.56 0.969
4b 10.3 17.7 34.9 0.974
4d 19.77 26.46 39.17 0.936
5a 11.2 14.62 23.82 0.98

5b 17.57 25.27 39.5 0.968
5c 13.8 18.43 29.77 0.941
5d 14.59 23.66 42.36 0.904

From the analysisin Table 2 some notable differences could be observed between the different
powderlots eventhough they were all specified to have ranges between 10 um and 45 um
from each vendor. Powderlots 1b, 1c, 2a, and 2b were found to have D1ip values below the
minimum 10 um diameterrange. Powder lot 1b heavily skewed towards finer powder sizes with

10



90 % of the measured powder particles possessing diameters below 23.28 um. In contrast no
powderlot exhibited a Doo value above the 45 um limit. Lastly, all the powderlots exhibited a
circularity value between 0.9 and 1, where powderlot 5d had the lowestvalue of 0.904 and lot
2a had the highest with 0.988. The differencesincircularity did not appear to affectthe
printability of these powders since each lot adequately flowed duringthe printing processin
this study. It should be noted that powder size and circularity were not measured for lots 3c

and 4c.

3.2 Microstructural characterization

The first measurements fromthe metallography bars were the average porosity AF for both the

as-builtand fully heat-treated specimen. The results are givenin Fig. 2.
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Fig. 2: Average areafraction (AF) porosity measurements for as-built and fully heat-treated s pecimens.
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From the bar charts in Fig. 2, different powderlots presented a range of build qualities despite
beingcreated using the same build and treatment parameters. Despite the wide range of
measured porosity in the as-built samples, all powder lots resulted in parts with >99.9%
densities afterundergoinga HIP and heat treatment. This result supports the need for a HIP
procedure if a part cannot be fullyinspected through nondestructive evaluation (NDE)
methods. Micrographs from the build with the largest as-built average porosity AF, 4c, are

shown inFig. 3 in both pre-and post-processing states.

150 um 150 um

Fig. 3: Representative optical micrographs of sample Alloy4c inthe(a) As-builtand(b) fully heat-treated
conditions. Theseimages were taken on the XZ-plane parallel to the build direction.

Fig. 3 revealsthat interiordefects, such as porosity, may be remedied through a HIP post-

processingstep.
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Fig. 4: Averagegrain diameters foreachalloy specimenin the fully heat-treated condition. Error bars represent
plus and minus one standard deviation.

Fig. 4 compares the average grain diameterfor the various alloys after full heat treatment.
Similarto the as-built porosity measurements, the average grain diameters had large variations
between each 718 lot. Indeed, the average measured grain diameterfor alloy 2b (48 um) was
almost a third of the average diametermeasuredin 4d (125 um). EBSD grain orientation maps

comparing 4d to that of 2b are givenin Fig. 5.
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Fig. 5: EBSD maps revealingthe striking grain microstructure differences between lots (a) 4dand(b) 2b.

Fig. 5 confirms that even after post-processingsignificant differences can exist between L-PBF
718 alloys depending on powdercharacteristics and other yetto be determined factors. To
further explore whether otherdifferences existed between the alloys, SEM backscatter images
were taken of each fully heat treated 718 alloy sample. Examples of these micrographs are

shown inFig. 6.
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Fig. 6: Representative backscatter SEM images showing microstructures of four different 718 alloys after heat
treatment.

Differencesin grain size, twin frequency, and secondary carbides (bright phase) can be seen
betweenthe four different micrographs shown in Fig. 6. Following the microstructural

characterization, tensile properties were evaluated foreach 718 build.

3.3 Tensile properties of heat-treated specimens

15



Room temperature tensile tests were performed on specimens parallel the build direction for

each 718 lot. The results for each alloyare givenin Table 3.

Table 3: Roomtemperaturetensile properties yield strength (YS), ultimate tensile strength (UTS), and elongation
of L-PBF 718 specimen tested alongthe builddirection.

YS0.2% uTsS Elongation

Specimen MPa MPa %
la 1131.3  1354.3 26.8
1b 1133.2  1366.7 26.2
1c 1178.3  1390.8 26.4
2a 1236.0 1439.1 24.1
2b 1234.4  1433.1 26.6
3a 1151.2 1377.1 24.8
3b 1144.8  1370.6 25.8
3c 1150.0 1375.6 26.4
4a 11259 1348.8 25.1
4b 1140.3 1362.1 24.9
4c 1141.2  1371.6 26.4
4d 1114.4  1344.0 21.2
5a 1187.1  1401.5 27.3
5b 1185.5 1404.0 25.7
5c 1211.8 1421.7 28.7
5d 1202.2  1405.6 27.6

Valuesforthe 0.2% yield strength (YS), ultimate tensile strength (UTS), and elongation were
documented for the 718 alloys. In Table 3, the lowest tensile strength was observed in Build 4d
and is highlightedinred. The strongest Build was 2a (highlightedin blue) and the second
strongest was from Build 2b. Specimens from Build 4d was tested 20 times to confirm the low
strength and ductility values were not an outlier. The averages from these 20 testsis presented
in Table 3. Indeed, the variation in yield strength between 2b and 4d was near 120 MPa. This is
a significant difference, which likely would alsoimpact the 718 AM part performance at
elevated temperatures. The 4d build gave the lowest ductility of 21.2%, the 5c build presented

the highest ductility of 28.7%, and most builds had an average ductility about 26%. In Fig. 7
16



representative stress strain curves from 2a (highesttensile strength), 4d (lowest tensile
strength and ductility), and 5¢c (highest ductility) are presented to highlight the range of tensile

properties found within this study.
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Fig. 7: Stress-straincurves from 2a (highest tensile strength), 4d (lowest tensile strength ductility), and 5¢ (highest
ductility) samples.

Some of these differences can be explain by the microstructural diversity observedinthe prior
section. Notably, 4d had the largest grain size and the lowest tensile strength consistent witha
Hall-Petch trend of grain size versus strength [40]. Despite the same processing parametersand
each alloy’s chemistry being within specification, itis noteworthy to observe such large

differencesingrainsize plus porosity, and important to ascertain theirorigin.

4. Discussion

4.1 Grain size variations — statistical analysis

17



The grain size differences betweenthe different 718 samples were notable and the cause not
well understood. Initially, the HIP process was examined to explore whether heatingrate,
coolingrate, or sample placement had any bearingon the grain size variations shown in Fig. 4.
No differences withinthe HIP or heat treatment process steps could adequately explainthe
microstructural differencesfoundinthis study. In addition, no correlation existed between the

powdersizes (D10, Dso, Doo) or circularity and grain size that could explain this surprising result.

A one-way analysis of variance in grain size indicated the powderlots of vendor5 gave
significantly largergrain size than the fine grain size observed for powder lots of vendor 4.
Powderlots of vendors 1, 2, and 3 gave intermediate grain sizes that did not differsignificantly.
However, for each vendor this was accompanied by substantial differencesin C, Nb, and other
elementsamongtheir powderlots. As shownin Table 1, the various lots showed differencesin
composition while falling within AMS 5664 specifications. With these permissible differences,
this studyis uniquely positioned to statistically explore whetherthere are correlations between
composition and the measured microstructural differences, namely the average measured grain
diameterin the fully heat-treated samples. The regression analyses for each elementare

presentedinTable 4.

Table 4: P value correlations between composition and grain size

Element P Values
Al 0.0237
Cr 0.9727
Fe 0.0024
Mo 0.5031
Nb 0.0002
Ni 0.0450
Ti 0.0041
C 0.0113
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N (ppm) 0.6939
O (ppm) 0.0424

From Table 4, multiple elements are found to be significantly correlated to the grain size when
using 0.05 as a critical p-value threshold. Though, Nb presented the strongest correlation.
Below s a scatter plot of the Nb content (wt.%) versus measured grain size givenin Fig. 4 to

highlight the relationship.
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Fig. 8: Relationship between Niobium content and average graindiameter of the 718 builds.

Despite the strong correlation between Nb contentand grain size shown in Fig. 8, other
elementsalsoappearedto be correlated as shown in table 4 making it difficultto discern which
elements primarily influenced the AM 718 average grain size from this analysis alone.
Therefore, the relationship of grain size with alloy composition was assessed using stepwise
linearregression as describedin the Experimental section, with elements Al, Cr, Mo, Nb, Ti, C,

N, and O in weight percent standardized according to equation (2) to ascertain a significant
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relationship between composition and grain size. This evaluationyielded the linearregression

relationship:

Grain Size (um)=73.7 + 27.6 Nb’+ 17.9 C’ (3)

with an adjusted coefficient of determination R%.4j= 0.78 and rms error = 9.0 um. This
relationshipindicated that Nb content had the strongest positive influence on grain size,
followed by C. Interestingly, these elements contribute to the formation of Nb-rich MC carbides
[41,42]. Thistrend appears to be supported by Fig. 6 which revealed a large amount of carbides
in 4d, which also had the largest grain size. To confirm this trend, EDS analysis of these

secondary phaseswas performed and are shown in Fig.9.

Fig. 9: EDS chemical maps revealing Tiand Nb-rich MC carbidesin the 4d alloy.

Fig. 9 confirmsthat 4d has a large amount of Nb and Ti-rich MC carbides throughout its

microstructure. In fact, a qualitative assessment of Fig. 6 suggests that build 4d had the highest

20



volume fraction of carbidesfound in this study as well as the highest C contentand largestgrain
size. The carbide volume fraction combined with Equation 3 suggests that having higher
amounts of carbon and niobium may drive intragranular MC carbide formation and may cause
significant grain growth during the post-processing steps of the 718 alloy. Typically, higher
levels of Nb promote & phase formation and higher strength. The reduced strength of build 4d
may be explained by the larger amount of MC carbides removing free Nb from the
microstructure and thus inhibiting & phase formation. This theory is supported by the relatively

larger amounts of grain boundary 6 phase found inalloys 2a and 2b that were not presentin 4d

as shown in Fig. 10.

10um

Fig. 10: SEM backscatter images of Alloy (a) 2aand(b) 4d.
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As shown in Fig. 10, lot 2a has a notable amount of the needle-like NisNb DO, 6 phase along its
grain boundaries while 4d is dominated by Nb and Ti-rich intragranular MC carbides that rarely
lie along grain boundaries. These needle-like precipitates were confirmed to be the § phase
through EDS analysis which revealed higheramounts of Ni and Nb. As the MC carbides have a
highersolvus temperature than 6 phase (1300°C vs. 1040°C, respectively), their presence may
hinder 6 phase formation by sequesteringfree Nbto form carbides instead [22]. In fact, a
recent study by Zhao et al. [43] found a correlation between Nb homogeneity and the
formation of NbC carbides which consequentially influenced grain growth kinetics during heat
treatments. A similartrend was also found by Wei et al. who found that higher amounts of
carbon suppressedthe formation of eutecticy’ in a polycrystalline Ni-base superalloy by
removingavailable Ti [44]. By suppressing 8 phase, grain size differences caused by post
processing would be expected. 6 phase is known for controlling grain growth during 718 heat
treatments [45]. This grain growth control iseven more important in AM 718, which may
undergo additional high temperature stress relief and HIP processing stepsto remove residual
stress, defects, and texture, processes not employed forwrought alloys [28]. Furthermore, the
small dark precipitatesseeninboth alloysin Fig. 10 were confirmedto be TiN’s through EDS
which found elevated amounts of Ti and N associated with the particles. These nanoscale
nitrideswere observedinevery AM 718 build despite havingbeen atomizedin argon rather
than nitrogen. A recentstudy found that if the number of nitrides exceeded some yetto be
determined critical amount then the as-built anisotropicgrain texture would be pinned
preventingrecrystallization [34]. This suggests that both nitrogen and carbon needto be well

controlledin 718 powderlots intended for AM to control grain size and texture.
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4.2 Tensile strength variations —statistical analysis

Grain size was not the only measured property that revealed surprising differences between
the differentsamples, yield strength and tensile strength both varied significantly from build to
build. Again, no correlation between the powder characteristics and mechanical properties was
found to explainthis difference. Interestingly, the measured grain size differences could not
fully explainthe observed mechanical property differences as no significant correlation was
found between grainsize and yield strength (p=0.09) or grain size and tensile strength (p=.067).
Instead, a one-way analysis of variance inyield strength and ultimate strength indicated the
powder lots of vendors 2 and 5 gave significantly higher strengths than those of the vendors 3,
1, and 4. However, for each vendor this was again accompanied by substantial differencesinall
the elementsamongtheir powderlots. The statistically significant correlations between
composition and two key tensile properties, 0.2% yield strength (YS) and ultimate tensile
strength (UTS), were also examined with linearregression usinga critical threshold p value of

0.05 as shown in Table 5.

Table 5: P value correlations between composition and yield (YS) and ultimate tensile (UTS) strength

Element P Value - YS P Value - UTS
Al 0.5468 0.3884
Cr 0.5859 0.5507
Fe 0.4044 0.2963
Mo 0.7358 0.6020
Nb 0.8421 0.9537
Ni 0.3715 0.2803
Ti 0.8073 0.6542
C 0.0012 0.0014
N (ppm) 0.0994 0.0822
O (ppm) 0.4454 0.3570
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In contrast to the resultsfor grain size, only one alloyingelement (C) appears to have a
significant correlation to the tensile properties. Scatter plots of C content (wt.%) versus

measuredyield and tensile strengths are givenin Fig. 11.
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Fig. 11: (a) carbon contentvsyieldstrength and (b) carbon contentvs tensile strength.

Clear trends between C content and the measured tensile propertiesare observedin Fig. 11,
where higheramounts of carbon resultedin reduced tensile strengths. Indeed, even when 4d,
the alloy withthe lowest strength and highest C contentis removed a statistically significant
correlation between C content and strength still exists (p=0.0036 for yield strength and p=0.005
for tensile strength). Still, more robust analyses between the relationships of yield strength and
ultimate tensile strength with alloy composition was performed using stepwise linear regression
as describedin the Experimental section, with elementsin weight percent standardized
according to equation(2).

Conventional linearregressions were performed using the baseline results from one tensile
tested specimen of each powderlot. In this approach assuming each responseis normally

distributed around the mean, one can pool the residual error between the response value
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estimated by the regression and the actual valuein order to estimate remainingrandom
deviations of each response, reported here as the root mean square (rms) error. This parameter
is oftenusedto helpassessthe significance of reported and estimated values and trends. The
remaining degrees of freedom for estimatingrms error was 11 for each regression equation,
sufficientforreasonable estimates of the rms error. The results of 20 subsequenttensile tests
performed on powder lot 4d were laterused to help assess these assumptions. The assumption
of normal distribution was confirmed to be applicable forthe responses of yield strength,
ultimate strength, elongation, and reduction in area. The standard deviations were estimated
for each of these responses, usingthe 20 tensile tests performed for this one powderlot. This
gave a standard deviation of 7.9 MPa for yield strength, 8.9 MPa for ultimate strength, and 1.0
% for elongation. As shownin Fig. 11, the differencesinyield strength and ultimate strengths
across different powderlots were found to be overten timestheir standard deviations. The rms
error of each regression equation presented below was significantly largerthan the standard
deviation of the associated response inthe 20 tests. This confirmed that the regression
equations and rms error terms were reasonable, yet not “over-fitting” the data. There could be
concerns that tensile response varied systematically rather than randomly as a function of
location across the build plate. Interestingly, the results of the single initial testfor 4d werein
fact quite close to mean values derived from the 20 subsequent tests. This suggested that the
consistentspecimen/location on each build plate selected for the single initial tensiletest was
sufficiently representative of response forthe specimensona build plate, for the present

purposes.

This yielded the linearregressionrelationships:
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Yield Strength (MPa) = 1167.8 + 32.4 AlI'+20.7 Cr’'+52.9 T’ —85.7 C’ (4)
with an adjusted coefficient of determination RZaclj =0.77 and rms error = 18.7 MPa.
Ultimate Tensile Strength (MPa) =1387.5 +27.9 A’ +16.0 Cr'+37.6 T’ - 62.7 C’ (5)
with an adjusted coefficient of determination RZaclj =0.73 and rms error = 15.3 MPa. These

similarrelationshipsindicated thatincreasing Ti had the strongest positive influence on
strength, followed by Al and then Cr. Aland Ti likely are associated positively with strength as
they primarily contribute to the formation of the strengtheningy’ phase in 718 [32]. However, C
had an even stronger negative influence on strength.

As shown from the predictive expressions for both yield strength and tensile strength as well as
the trend linesshownin Fig. 11, carbon was the only element negatively correlated to strength.
One reason that may describe this result was discussed in the previous section. Higher amounts
of carbide formers appear to suppressthe formation of & phase, therebyleadingto
uncontrolled grain growth during post-processing. Polycrystalline alloys with larger grain sizes
will have reduced tensile properties—especially at room temperature [40]. Still, as stated
previously grain size could not fully explain the tensile strength differences between builds.
Anotherpossible cause of this effect again may be due to the formation of the Ti and Nb-rich
MC carbides. Both Ti and Nb are important alloying elements forthe formation of the
strengtheningy’ (NisAl,Ti)andy” (NisNb) phases, respectively [46-48]. Already, some amount of
Ti was consumed to form detrimental nitridesinthese alloys [34]. Therefore, as the MC carbide
formation was increased, evenless Ti and Nb would be available forthe formation of these
crucial strengthening phases. In addition, precipitate free denuded zones may occur near the

carbides. This combination of larger overall grain size and fewerstrengthening precipitates
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would be expectedto resultin AM 718 builds with reduced tensile strength and may explain

the differencesinstrength foundin this study.

4.3 Thermodynamic simulations

In sections 4.1 and 4.2, it was found that carbon amounts may play a role in suppressing both
the grain controlling 6 phase and the strengtheningy’ and y” phases. To explore this
relationship, thermodynamicphase simulations were performed to investigate the effect
carbon levelsin 718 may have on the phase stability and formation of important intermetallic
precipitates, such as 6 phase. Thermodynamic simulations were completed usingthe
Thermocalc database for Nickel-based alloys, TCNI9, with the unobserved o phase manually
turned off. Fig. 12 shows two diagrams where the stable equilibrium phases are shown at each
temperature. The top fig. corresponds to the average composition of Inconel 718 chemistriesin
this work, with C content set to 0.02975 wt.%, and N and O contentset to zero. The bottom fig.
corresponds to the same average chemistry but with 0.06 wt.% C, representingthe maximum

amount found inthe study.
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The plots show the same phases in both: liquid, y matrix (A1), the MC carbides, and 6 phase
(D0a). Two notable differences are the 6 solvus, and MC carbide amount and solvus. To

examine thisin furtherdetail, these values were tracked with a few additional simulations.

Fig. 13 revealsthe volume fraction and solvus temperatures for MC carbides and the 6 phase
with respect to carbon concentrations. In Fig. 13(a) and 13(b), the 6 phase solvustemperature
and volume fraction decrease notably over the range of C tested, while the MC carbide solvus
temperature and volume fractionincrease as shown in Fig. 13(c) and 13(d). The volume
fractions were calculated at 900°C whichis the lowertemperature bound of the grain growth
range for nickel [49] and the approximate temperature where the maximum rate of 6 phase

precipitate occurs in 718 [45].
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The thermodynamiccalculations support the experimental observations described inthe study.
As carbon increases, so does the formation and frequency of MC carbides at the detriment of
the grain boundary stabilizing & phase and likely the strengtheningy’ and y” phases. Another
notable observationis the reduction of the 6 phase solvustemperature. This may explain some
of the grain size differences observedinthe AM 718 alloys. By suppressingthe & phase solvus,

grains can grow for longer periods of time during the multiple post processing steps. AM 718
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alloys will be even more sensitive to this decrease in the § phase solvus temperature as the
added HIP step typically has a notably slow coolingrate (2°C/min). Therefore, AM 718 alloy’s
which have high Camounts will need to be processed differently than those with lowerC
amounts as the & phase in each will not behave the same. This is further confirmed by the lack
and abundance of 6 phase observed between Alloys 4d and 2a, respectively (Fig. 10). The
combined experimental and computational results highlight the need for refined compositional
guidelinesinalloysthat will be processed through AM. In the case of AM 718, the allowable
amount of carbon needsto be reassessed alongwith the corresponding heat treatment

guidelines.

5. Conclusions

In this study, 16 different 718 powderlots were processed using L-PBF with the same build and
post-processing parameters. From the microstructure and mechanical analysis significant

findings were made as listed below.

1.) All 718 powder lots/alloysyielded fully dense L-PBF builds (>99.9% density) after HIP.

2.) Despite each 718 alloy being built usingthe same laserand post processing parameters,
observable microstructural differences, includinggrain size (48 um to 125 um), MC
carbide frequency, and 6 phase formation were found.

3.) The measured differencesingrain diameterwere likely caused by an excess of MC
carbides, which consequentially suppressed the formation of intergranular 6 phase and

allowed uncontrolled grain growth during post processing.
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4.) Higher amounts of Nb-rich MC carbides combined with the presences of Ti-rich nitrides
likely limited the strengtheningy’and y”“phase developmentand lead to compromised
strength of those AM 718 builds.

5.) Thermodynamic simulations revealed that highercarbon content will resultina lower
nucleation frequency and solvus/formation temperature of grain growth-controlling 6
phase.

6.) Permissible level of carbon may needto be further consideredin 718 powderlots which

will be utilizedin AM.

From these results, the authors recommend a larger study be performedto determine arefined
chemical standard for more consistent performance of AM 718. Finally, these conclusions
highlightthe important opportunity to refine new composition standards and resulting
performance for other alloys that are to be adapted through the emerging, and promising

additive manufacturing route.
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