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Microstrudures and a unique microstructural, columnar architecture as well as mechanical behavior of as
fabricated and processed Inconel (alloy) 625 components produced by additive manufacturing (AM)
using electron beam melting (EBM) of proyed precursor powdare examined in this study. As
fabricated and HIPed (at 1120°C) cylinders examined by optical metallography (OM), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), endigpersive (Xray) spectrometry

(EDS), and Xray diffracion (XRD) exhibited an initial EBMleveloped" (bct) NisNb precipitate

platelet columnar architecture within columnar [200] textyrédc) Ni-Cr grains aligned in the cylinder

axis, parallel to the EBM build direction. Upon annealing at 1120°C (HiB3etprecipitate columns
disolveand the columnar, grains recrystallized forming generally equiaxed grains (with coherent {111}
annealing twins), containing Nb{aves precipitates. Microindentation hardnesses decreased form ~2.7
GPato ~2.2 GPa foleing HIPing, and the corresponding engineering (0.2%) offset yield stress and UTS
decreased from 0.4@Pa and 0.75 GPa to 0.33 GPa and 0.77 GPa, respectively. However, the
corresponding elongation increased from 44% to 69% for the HIPed componentsastdoriboth the
EBM-fabricated alloy 625 and commercial, annealed, wrought alloy 625.
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l. INTRODUCTION

Nickel-base superalloys, essentiall{fcc), NiCr solid solution sengthened by additions
of Al, Ti, Mo, Taand Nb to precipitate a coherent, ordered fcc metastable phiig(Al, Ti,
N b ) ) é(baty phase (NNb)! comprise a broad range of compositions which have found
widespread applications over the past half century. Examples of the more prominent and
contemporary applications include jet engine components such as turbine blades, high speed
airframe parts andgsil fuel and nuclear power plant components. These alloys also find a wide
variety of corrosion and elevated temperature oxidation environment applications, especially
CustomAge 625 plus and Alloy 625, which are superior to Inconel?7Z8d used imefinery
and chemical process industHe4

Directional (or unidirectional) solidification processifighas been extensively applied in
the production of aligned eutectic structures, directional columnar structures, anesagie
Ni-base superally turbine blades. These singlg/stal turbine blades solidify with a dendritic
structure containing microsegi@n and secord h a s)garticlesdormed by eutectic
reactions. In eutectic alloys with reinforced composite properties a planal galdi(phase
equilibrium) interface can be established for ingot solidificaof eutectic compositiocarried
out under a steep axial thermal gradient, achiéyeslow withdrawal of the ingot from a
furnace such that uniaxial heatl@onditions are eablished. When this occurs the two
solid eutectic reaction phases (matixtectic) deposit at the liquablid interface and grow
parallel to the direction of movement of this reaction front. Consequently, two phases are
formed oriented in (or paiel to) the direction of solidification. This often forms eutectic fibers,

embedded in the continuous matrix, or pardélelellae of each phase. Variations in



solidification rates of the two phases into the melt create variances in the microstructural

features, often forming complex dendrite or related branching patterns.

K.A. Jackson and J.D. HUH! in very early investigations have shown that the
morphology or architecture observed for unidirectionadlidified eutectic structures will
depend upon the relative volume fraction of each phase. Fiber or rod morphology prevails when
one phase is present in amounts |l ess than 1/ °
phase constitutes moretharh ~ of t he total volume, a | amell a
platelets of the two phases is preferred. Often associatednegtd parallel microstructures are
preferred crystallographic relationships between the interpenetrating crystalsved thieases.

This is particularly true for Nbase eutectic systems suciamp | i ©i6t sit Ffluz t ur es

The second phase particles formed in directionally solidifieddse superalloys provide
composite, coherenfyrderedétrengthenigp o f t latex. fn éncorelar18mlloys (53N
19Cr3Mo-5Nb-19Fe0.07C) aging reactions produtei n e 3Nb (Bct, DiGy,) coherent disc
shaped precipitates on t hpe 920 {AOn@gaicyoictbaess and
{100} orientation relationship withthe ( Al ) mat r i xel625)Aslsimialy 625 (1 n
strengt hen e dsNb,yi Ab)duringrading,daEming féc cubes and bct discs,
respectively, both coincident with the matrix (NiCt)¢ (o) {100} pl an-es. I n
Mo alloy), ordered bct NMo and fcc NgMo precipitates form, while in Haynes 242 alloy {Ni

Cr-Mo), fine Ni, (MoCr) precipitates can forft" "4

Recent development of powder metallurgy (PM) especially famaertical applications
have demonstrated more homogeneous microstructures suitabightoemperature

componentd. These processedKase alloys are representedUgimet products. In contrast



to conventional direanal solidification processifity-®**a relatively new process, electron
beam melting (EBM), builds components by the additive Kayeiayer melting of metaor alloy
powder layerd>*’]. In this process, illustrated schematically in Fig. 1, precursor powder in
cassettes is grayifed onto a build table where it is sequentially raked into a layer ~50 to 100
pm thick (depending on the powder size and size distribution) which is preheated by multiple
pass electron beam scanning, and then selectively melted with a melt scan byect@dD
program. Recent fabricatiai Co-base alloy components by EBM from atomized powder
produced a novel, discontinuous columnar architecture composegkG§ (Cubic, fcc)

precipitates formingaumnar arrays spaced ~2 fifh Similar arrays of G4 precipitates with
similar microstructural architecture features have also been observBiifalricated Cu

components®.

This paper describes a novel microstructural architecturevauser Nibase superalloy
(Incorel 625) components fabricatediin atomized powder using EBMt also represents a
comprehensive microstructural and mechanical property characterization Spiilyal
metallography (OM) and scanning and transmission electron microscopy (SEM and TEM) were
utilized for microstructuratharacterization along with energyspersive (xay) spectrometry
(EDS) in the SEMand TEM, and Xray diffraction (XRD) analysis. Mechanical properties
(hardness and tensile, including fracture surface analysis in the SEM) were also measured and

compared



Il EXPERIMENTAL METHODS

A. EBM Processing

As illustrated in Figurd and described briefly alde, EBM processing involves the
building d 3D components layeby-layer from powder. Unlike directional solidification where
melt front propagation creatasicrostructural architecture, EBM alloviar layerby-layer
melt/solidification thermal cycling which provides complex thermal arrays whose dimensions are
determined by electron beam focus and scan spacing. Each melted portion of a raked powder
layer is drected by CAD software or model construction which can also include CT scans of 3D
products where layer scanning is compatible with layéiding CAD developmeff”. In this
program cylindrical components measuring 2 cm in diameter and 8 cangth were fabricated
from Incorel 625,rotary-atomized rapidly solidified,pre-alloyedprecursor powder illustrated in
Fig. 2(a) using an Arcam A2 EBM system. Figure 2(b) shows the powder particle sizes and size
distribution; having an averagsize (pdicle diameter) of 221m. Cylindrical components were
convenient for examining transverse (horizontal) and longitudinal (vertical) plane structures and
microstructures as well as residual hardness. Cylindrical geometries were also convenient for
machinirg tensile specimens for test and analysis as well.

Table Icompares the Inc@h 625 standar(br nominal)chemical analysis compared with
the mass aalysisfor the precursor powder in FiguPeandcorrespondindeDS analysis oboth

the precursor powder iure 2) and the fabricated cylinders.
B. Structural and Ntrostructural Avalyses: OM, SEM, TEM, XRD

Microstructures for the initial Incah 625 powder and the EBfi&bricated cylindrical

samples were initially observed by OM and XRD, followed by SEM and TEM analyses; both



employing ancillary EDS attachments for elemental analysis and elemental mapping. TEM
analysis also employed selecimea electron diffraction (SAED) analysis and associated dark

field imaging.

The OM utilized a Reichert MEF4 A/M metallograph using digital imagimgial alloy
625 powder (Figur@(a)) was embedded in an epebgse mounting material and ground and
polished to expose particle sections which waeetreetchedwith a solutionconsisting of 70
mL phosphoric acid and 30 mL watat room temperature, usisgV for etching tims varying
from 5s to 2 min. Samples were also etched with 5% hydrochloric acdctang times ranging
from 1-10s to bring out annealing twin structures, or double etches (phospheaaier +
hydrochloric acid).Coupons cuandsimilarly mounted from the transverse (horizontal) and
longitudinal (vertical) planes of fabricated cylers were also electetched as describddr the
precursor powder. ARabricatedcylinders were also HIPed at 1T2Dat 0.1 GPa pressure for 4

hin argon and these processed cylinders were similarly examined by OM.

XRD spectra were analyddor theprecursor powder (FiguiZ(a)) and coupons extracted
from the horizontal and vertical planes for thdasricated cylindrical specimens and the HIPed

speamens. The XRD system was a Bker AXS-D8 Discover system using a Cu target.

SEM analysis employea Hitachi $4800 field emission (FE) SEM fitted with an EDAX
EDS system, and operated at 20 kV in both the secondary electron and baokkscitan
imaging modes. Th&EM analysis of coupons extracted from the experimental alloy 625
samples as outlinembove for OM utilized sections ground and polished to thicknesse20§F ~
pm. 3mm standard TEM discs were punched, mechanically dimpled on both sides from these

200 um sections anthese dimpled discwere then electropolished in a Tenupalual jet



system at temperatures ranging fre@6°C to-28°C, using an electropolishing solution
consisting oR0OmL perchloric acid800mLmethanol; at 13V TEM analysis was performed in
a Hitachi H9500 highresolution TEM operated at 300 kV and fitted with a goretertilt
stage, a digital imaging camera, and an EDRBS elementalX-ray) mapping analysis

attachment (EDAX4TEME detector). This system can map areas as small as 20 nm on a side.
C. Mechanical Bsting

Microindentation hardness and macroindentatiardness measurements were made on
specimen sections extracted frorafalsricated and HIPed cylinders in thartsverse (horizontal)
and longtudinal (vertical) planesMicroindentation hardness was also measured for the
mounted, polished and etched presor powder. The microindentation (Vickers) hardness (HV)
was measured using ackers diamond indenter in a Stadzu HMV=2000 tester (using 25 and
100 gf or 0.25 N and 1 N load, respectively; fdtOsload time). Macrohardness measurements

were made sing a Rockweltester with a 1.5 N load and as€ale indenter (HRC).

Tensile specimens were machined from théasicated and HIPed EBM cylinders and
tested in ampgraded Tiniulsen Universal Testing machine (SIN 1751484 strain rate of ~
103 s at room temperatur@2°C). Specimens afabricated and HIPed were also tested at
538°C (1000 F).Fracture surface examinations were also performed for failed tensile specimens
in the SEM. Tensile specimenseremachined fom the adabricated cylinlersHIPed at 0.1
GPa for 4 h at 1120°@ argon. This represented ~0.84Twhere T, the melting temperature,

was 1335eC.



. RESULTS AND DISCUSSION

A. Structural andMlicrostructural Characterization of ABabricated Cylinders
Figure3 shows the charactstic microdendritic structure for the powder partigseduced by
atomization or rapid solidificath rate (RSR) processiit?®. The 2 pm intedendritic spacing
shown in Figure is essentially the same as that exhibited by other R@RBcessed Nbase
superalloy powders (e.g. MAR M200 (60N#Zr, Co, Cr, Al, Ti) oer the past several
decadédy. Correspondingly, the etched partictection view in Figurd (a) confirms the
microdendritic structure exssthrougloutthe particlevolume. Vickers microindentation
hardnessneasurementsiade on sections similar to Figut€a) indicated an averagalue of
HV 260 or 2.6 GPa. Figurk(b) shows an etched, OM view typical of an EBM fabricated
cylinder in the horizontal plane (normal to theiegler axis and in the build direction) for
comparison with the corresponding powder structure. This structure is characterized by
somewhat regular arrays of precipitates spaced ~ 2 ummikdneindentatiorhardnessverage
for these horizontal sectionsae measwd to be HV 280 (2.8 GPa). Figuseshows a
corresponding vertical plane OM view of a fabricated cylinder (parallel to the cylinder axis and
the build direction). In contrast tbe horizontal plane array in Figure 4 (b), Figarehows
irregula or discontinuousolumnarlike structurecomposed oprecipitateplateletscoincident
with specific and repetitive fcc NCr matrixplanes. In addition, columnar grains ~20 um wide
and in some cases as long as 500 um are observed (arrows in FigMiesbprecipitate
plateletsare viewed edgen in Figureb, but numerous perspectiviewsfor different
crystallographic coincidengadane sedbnsas indicated by aoiws in Figureb are apparentThe
averagespacing of theolumnar precipate structures are dimensionatignsistent with the

transversdhorizontal plane) view in Figur (b). These features are illustrated in the low and



highT magnification OM 3D compositios in Figures 6 and 7, respectively. Figérshows the
average horizontal and vertical plane microindentation hardness (HV) values for comparison.

The columnar microstructural architectures inUfes6 and 7 are esseallly the same as
those characterized by columnar precipitate arraysj,g€Citarbides in a Giase gperalloy
fabricated by EBNM", as well as columnar precipitate arrays o§@in EBM fabricated C¢?.
Similar columns of small (~10 nny) (Ni3NDb) precipitates coincident with {10G}have also
been observed in the EBM fabricatiof an Inconel 718 alloy by Stidl, et af*!. Inthe
microstructural architectures of precipitate arrays observed in EBM fabrivatiedials,
including Figures6 and 7, the arrays have been characterizemlynnarprecipitategeomeries
spaced ~ 2 to 3 pi?? or largel®!. These features are created by the EB&m scans which
include rapid multpass, orthogonal €¥), fixed spaial rastering of the beamo preheat the
layers, as well athe final xy melt scaft”??. Theorthogonally rastered zones create thermal
partitioning in each layer, conducive to precipitation, which is additively extended forming the
columnar architecturesThe partial remeltig of successive layers also promotes a taydayer
epitaxy responsible for the partially unidirectional columnar grain growth (Figure 5).

As noted earlieraged alloys 718 and 62anproduce fcc and bct Biilb disc and cubic
precipitatesoincident with thdcc (Ni-Cr) matrix {100} planes including the recent EBM work
by Strondl et a®. In addition, other Nbase superalloy compositions commonly also produce
fcc NisCr, and bet NiMo precipitates®”2423. XRD analysis for therecursor powder is
reproduced in Figur8(a). Sincethe dendritic (microdendritic) structure for the alloy 625
precursor powder does not exhibit any precipitation fea{fiigsre4(a))thespectral indies
indicatedare coincident witlsolid-solutionfcc NiCr (a=0359 nm; Space Group: FBm). The

prominent (111) peak in FiguB¢a) along with the corresponding fcc48ir peaks, characterize



the dendritic sucture and matrix shown in Figude(a). In comparison, the XRD spectrum for

the solid cylindrical component horizontal plane (or seciam Figure4 (b) is shown for

comparison in Figure 8(b). Here (Fig@)), the (111) peak intensity is very low, atpwith

all other peaks (in Figur&(@)), except ér the prominent fcc (200) peak arnet (4®) fcc peak,

absenin Figure8(a) (XRD for the powder).However the (400peak also matches the (226)

refl e c t-NisNm(bct a=0.38 and, c=0.741 nm; Space Group: 14/minndf course this

peak may simply arise due to th@minent(200)[200]horizontal plangexture although the

2€6NNDI) bct (200) peak al s oThenf200]textureis Figurb &b)o ( Ni Cr )
represents the growth of the columnar grains shown in Figures 5 and 7 parallel to the build

direction and the cylinder axiSheo € p r e io thepdolunang shawn in Figures 5 and 7, as
notedearlier,are arrayedh apparentoincidentfcc crystal planeé o r  t -@ranatox. TiNe

vertical plane (osection) XRD spectrum in FiguB{c) shows the (220) fca peak to be most

prominent, with no significant (400) far (226) bcipeak. These peak shifts and XRD peak

prominences on comparing kige 8(a)(c) illustrate corresponding texture variations from the

precursor powder particle microdendritic microstruetiar the horizontal and vertical build

planes, respectivelyThe vertical plane texture ghld vary with the geometrgr

crystallographic coincidena® the vertical sectiong. The weak (226) peand overlapping

(200) peakn Figure8 ( b ) f o 4Nb mak &isdook thé&iery small platelet volume fraction

when viewed down the precipitate colunimshe horizontal reference planelowever in the

vertical plane,he platelet volme fraction is reduced to a less detectable level, an@ 26

peak disappearddowever, sincehter e i s a nearly exact 9 (200)/ :
0220y 20é€(220) and ndtRosshbled odée(t3elrlmi,ne tt hhes 2é& contr

unamlguously from the XRD data (Figu®).
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While the actual grain bouady features are marticularly prominent ithe horizontal
reference plane iRigure4(b) the corresponding vertical reference plane in Figure 5 shows
columnar grains and grain boundaries5-um wide. Correspondingequiaxed grains in the
horizontalplanealsoaverage 15 pm in size as shown in Figure.9{d)ese boodaries Figure
9(a))are observed to hawemeprecipitates in the boundaries, and it is not clear that they are the
same as the N\b columnay crystallographigrecipitate platelets Figures 4(b) and.5Very
similar observations have been shown by Strond|é alhere the precipitates in the
boundar idies oemter ast tdiscorifuougaluemsisimilartteaFigeres7. i n
The elongated grains in Figure 7 illustragdumnar [200] graingFigure 8(b))extending
hundreds of microns parallel to the build direction as in the work of StrondF&eere they
also noted a [100] columnar grain textuFeégure9(b) shows a lower magnificatiosertical
reference plane section where directional/grainroosiare apparent (arrows). Figo(e) also
shows some evidence of porosity, where the hemispherical voids correspond to the precursor
powder diameter@-igure 2(b)) Themeasurediensity fortheasfabricated samples was ~ 8.4
g/cnt in contrast to a theoretical density of BgfcnT; representing gery low porosity The
density measured after HIPing was ~8.&mwj/ indicating some porosity reductiorThe
columnar grains shown in Figuresbd 7 are also shown by the arrows in Figure 9figan be
concluded that thpropensity ohorizontal plane grain structures are associated with (200)[200]
texture while the vertical, elongated grains are characteristically a strong (220)[220] texture
(comparing the promineiRD peaks in Figur&(b) and (c)) at least for the position or
geomety of the longitudinal cut exposing the vertical specimen piemallel to the build

direction as noted previously.

11



SEM observations of the precipitate columns provided a clearer view oh#taere and
geometry (or implicit crystallographywhile EDS déemental mapping confirmed their general
NixNb composition. These features are illustrated in the sequénbservations shown in
Figures 1612. FigurelOshows a mixed secondary electron (8Backscatter electron (BSE)
3D imagecompositionfor precpitate column architecture®nsistent wh Figures 6 and 7,
while Figurell shows higher magnification and more dletd views. Figurd1(a) and (b)
confirmthe platelet features of theguipitates and their apparent crystallogragi@ometries.
The manified view in Figurel1(b) shovs theprecipitate platelet thicknessto be 50 nm to
100 nm The etchant to reveal them has created pits and surrounding etched regions which, as
can ke observed in Figres6, 7, and 10exaggerate themrlhis etchingespecially at the
precipitate platelet edgesould indicate higher energy regions and these may occur by
coherency strains arising by mismatch between the precipitate platelets and the fcc matrix
coincident planes.

EDS mapping for a section afpreciptatecolumnin Figurell confirmedhe Nb
component There wa no ewdence for Mo olCr precipitation or precipitateontribution.

Taken togetar with the XRD spectrum in FiguBgb) for the horizontal plane for the cylindrical
speci men b uwNblpktslet chardcterizatién béd¢omes more convindihgwever
because the precipitates are so thin in contrast to the etchedhsataind them as shown in
Figurell, the EDS signal (or-xay count) for Nb was low.

TEM obser vat i onlatdets o not éxhipitreeagnizphly tamgtram fiefds
and coincide with crystallographic trace directions consistent with the geometries or implicit
crystallography observed in both the horizontal and vertical reference planes by OM and SEM

(including £condary electron (SE) and backscatter electron (BB&ging) as illustrated in

12



Figures7, 10 and 11. These features are unambiguously shownurebi§j2 and 13Figure

12(a) shows a horizontal plaivei ew s ect i on e x h tomeident witgthetNiICi n 2 &
fcc matrix while Figurel2(b) and (c) show corresponding vertical plane views (parallel with the
build direction noted by the arrowA TEM column portionFigure13(b))with a

corresponding, BSE imad€igure12(c)) showsthese lin precipitates perfectly matching the
crystallographic trace directions and their intersection geometry, respectalythe TEM
horizontal and veical planesectionviews in Figurel2(a) and (b) were (110) orientations
determined by selectemtea éectron diffraction (SAED). The tracerdctions (arrows) noted in
Figurel2(a) correspond ta-[1 0], b-[1 2], andc-[1 ] characterizing the fcc matrix (111),

( 11) and (11) planes, respectively. Figut@(b) shows the same (110) orientation in the
vertical (longitudinal) plane showing the tracestfoe same (11) and (11) matrix planes which
coincide exactly with the edge views of the precipitate plateletgyuré-12(c) and Figires7,

10, and 11. Indeed, these {111} planes are normal to tl@® §litface plane. The normal, edge
on views of he precipitate platelets in Figut@(b) indicate them to bemé&cular (with the
thickness greatest in the plate centeMgasurement of the average edgeplatelet thickness
produced values ranging frorb0 nm in the thinnest plate sections to ~ 100 nm in the plate
centers; consistent with estimates from the OM images as noted previously. The irregular shapes
of the precipitate platelets obsen@dinclined (111) planes in Figui®(a) correspondb a-

[1 O] trace directior{ain Figure 12(a)) Figurel3 shows a magnified vertical plane TEM view
of t precipitate @atelets in a (3Larientation. The precipitate pdets are coincident with
{111} fcc (matrix) planes inclined with th€311) thin section surface, anintersectinglong the

[01 ] and [ 21] tracediredions, respectively in Figure (&) and (b). Figuré3(a) shows the

brightfield TEM precipitate platelet image whiFigurel3(b) shows the corresponding aperture

13



darkfield TEM imageusing theo € ( BNb diffractidm spot in th&AED pattern insert shown
at the arrow.The geometry and crystallography of theMb platelets in Figures 113 are
consistent with the XRD [110] ([220]) texture shown in Figure 8(c) for the verticalns
parallel to the build directionFigures12(b) and 1&lso illustrate considerable densities of
dislocations. Figrel3( a) and (b) show dislocation structu
precipitate platelets, whichag also result in relievingoheency strains

The nature of NNb precipitates in nickdbase superalloys has been extensively studied
more than 4 decadego. A not ed ear | & eNb idi ¢ ds sc plagreent owi
pl anes as we IsNbcubspreoipitllees eado lhheédr eNrit s havetbéen 20 ( 100 )
describeff*"1423 However, muctearlier work by Quinn et &f! on Ni-Nb alloy subjected to
directional s ol iNGNbMidmanstatten platdiets gortrorhambic) a=0.511
nm, b=0.424 m, c=0.4% nm; Space Group: Pmmto be déned crystallographically by111),
//(010); by XRD, and a similar relationship was fouyl Sericourt and Annarum@ using
electron diffration. Forbes Jones and Jackba| s o descr i bNbiii acicul ar U
orthorhombic acicular plates coincident with
NisNb laths on {111} planes during aging of Custom Age alloy 6&Bnaruma and Turpiff
alsoreportedasemnioher ent i nterf ac endthepresacace of msmaemd U ph
di sl ocations at the i nt e rgfoatlcdrectiommas + ®5 perdest. mi s m
In addition, the thermal stability of this alloy after extended heat treatment also provided
evidence that towenergy/ U i nterface was

Since the XRD spectra for the horizontal and vertical reference planes for the EBM
fabricatedcylinders (Figure8(b) and (c)) can be indexed with some wedtched {hkl}or ¢-

spacev a |l u e NisN o r( fobigN)b, ( dBisND (orthohombic), as well as hsNbg 15
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(fcc), the identification of the precipitate platelets rests upon the collective obsery@idns

SEM, TEM)and the SAED evidemrgs represented typically by Figut8. Here the platelets are
unambiguously identifié  a-BlisNb @ct) withthe NiICr  ( f c c }NizMbanterfatex / 2 €
crystallography defined by(1{L1) |(010) .€This precipitation phenomena is a consequence of

the unusual thermal conditions in EBMditivelayerfabrication which can be regarded as a

special case of directional solidificatioh.t 1 s i nteresting to note the
coincidencof isédi fferent from the {100}92 plane coi
component$®.

Figure 14 amplifiegand confirms}he precipitate identificadn by providing a high
magnification, brighfield TEM image showing precipitaiglate geometry (Figure 14{ap the
verticalreference planeThe corresponding SAED pattern illustrating the plate geometry in the
context of the {111} plane coincidence aoted above (and including bct precipitate diffraction
spots) (Figure 14(b)), the EDS spectrum showingNBCr-Mo peaks (Figure 14(c)), and the
corresponding elementalday mapscollectively support the precipitate identificatioft can be
noted in kgure 14(a) that the rectangular precipitate (A) intersecting another, thinner precipitate
plate, has a thickness (t) of ~ 50 nithe precipitate is coincident with the (111) planes in the
(100) thin section (inclined ~ 54° to the (100) crystal surfaaeg)lcharacterized by the [(1
trace (T) direction also shown in the coincident SAED patteffigure 14(b). The operating
vector,q, in Figure 14(b) is [020] and provides the diffraction contrast for the precipitates along
[01 ], denoted A and B in Fige 14(a). The precipitates, A and B in Figure 14(a), have slightly
different diffraction contrast, antieéy also exhibit complex, inteshstructure. Consequently,
the X-ray signal is correspondingly similar in terms efa§ photon counts, and this is illustrated

along with the elemental-¥xay maps in Figure 14(d). The precipitate positions indicated by A

15



and B in the brigtfield imageof Figure 14(a) are similarly indicated in the maps in Figure
14(d). There is only weakly notable Ni above the Ni background for the B precipitate, while
both A and B exhibit Nb only in the precipitates (A and&hd predominantly in B. Theis Cr
dedetion in the precipitatplatelets (A and B) as expected, while the Mo map illustiates

weakly uniform distribution.

Figure 15 illustrates an area in the horizontal plane normal to the build direction in a
location within an EBMfabricated cylinder wherthe beam scanning or thermal environment
caused the regular, columnarNDb arrays shown in Figures 4(b) and 5 to 7 to become regularly
precipitated along the {111} planes in continudlirsear) crystallographic arrays. This
microstructure is a varianad the irregular features shown in Figure 9(a), but reinforces the
propensity of the NNb precipitate platelets to be organized within the grain structures rather
than the grain boundaries, although some precipitation is observed along the columnar grain
boundaries in Figures 5 and 7, and in the corresponding horizontal plane grain boundaries shown
in Figure 9(a). These regular {111} precipitate arrays shown in Figure 15 also convincingly and
more macroscopically support the observations of {111} coerad illustrated collectively in
Figures 11 to 13. Furthermore, Figures 9(a) and 15 attest to the generally equiaxed grain
structure in the horizontal plane perpendicular to the build direction having an average grain size

of ~ 20 um, commensurate withetlgrain column widths shown in Figures 5, 7, and 9(b).

B. Structural and Microstructural Characterization of HIPed Cylinders

The HIPed cylinders as describearlierwere effectively annealed at roughly 80 percent of
the melting temperature for 4 hours. iFtemperaturand treatment wergufficient to effect

recrystallization angrain growth and other prominent microstructural changes, and these are

16



implicit in the corresponding cylindricalection 3D reconstruction shown in Figure 16; which
represents a single electroetch with phosphoric acid described in Sectiom I¢@trast to the
columnar architecture arrays ofsNb precipitate platelets shown in Figures 4(b), 5, 6, 7 and 10
for the asfabricated cylindrical componentgigure 16 illustrates an equiaxed grain structure in
thehorizontal plane and a somewhat elongated grain structure vetineal planes, although
there aremostlyequiaxed grain areas within the vertical build plaaesvell These grain
structures contain a significant fraction of annealing twins as an indication of more equilibrium
structures in contrast to the reqguilibrium precipitate architectures in thefabricated EBM
components. It is also notable that theN¥ii precipitate platelet columns have apparently
dissolved, and while the vertical plane grain structures exhibit some elon@atjore 16) the
columnar grains have been reorganizedduyystallizationgrain growth and microstructural
reorganizationncluding dissolutionof the NgNb precipitate platelet columngt can be noted in
Figure 16- in the facing vertical planethat there are notableregular,non-coherent twin
segments as a consequence of the recrystallized columnar grains (affbevgyain sizes,
including the annealing twins, vary over a wide range (Figure 16) and average ~ 50 um in
contrast to the abricated component grain diameters of ~ 20ipitine horizontal reference
plane and 500 um long grain columnsith no anneatg twins. The vertical section (face)

view in Figure 16 also illustrates recognizable porosity similar to tfiebasated specimens as
shown in Figure 9(b). This is an indication that the-difaeal did not significantly alter the

original porosity.

The contrast between the 3D compiasi views in Figures 6 andfér the EBM
fabricated cylindrical buildsand the HIPed/annealed cylinders in Figurgid @ssentially and

conceptually identical to the microstructural variations between fdivicated buils and the
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same builds after higtemperatue annealing for a Gbase superalldy. In the Cebasealloy,
columnar architectures composed 0$:Cg precipitates with- 2 um array spangssimilar to
those in the present wovkere annihilated after eannealing treatment, and the microstructure
became an equiaxed, equilibrium grain structure containing a propensity of annealing twins
similar to Figure 16 The Cp3Cs re-precipitatedorimarily on the equiaxed grain boundariésit
not on the annealingvin boundariegin the annealed Gbase superalldy/’) because at the
elevated equilibrium temperature the coherent twin boundary free energy for-@ref€o
structure was less than a factor of twenty of the grain boundary free eaedgierefore
enegetically unfavorable for precipitate nucleatfdh In addition, the low stackinfault free
energy for the fcc G&r promoted a profusion of intrinsic stacking faults within the grasns

observed by TEM”.

Figure 17 shows a horizontal section vigwwilar to the 3Bhorizontal section view in
Figure 16, but with a modified etch to reveal the homogendistribution of globular
precipitates in contrast to the crystallographic precipitate arrays for-fabrasated components
shown in Figures 4(bYy,, and 15. The etching specific to Figure 17 also shows enhanced etching
of the grain boundaries relative to the coherent twin boundaries (arrows), but not revealing a
propensity of grain boundary precipitates relative to the grain interiors. Thiscexhgiain
boundary etching is a consequence of the much lower twin boundary free energy versus the grain
boundary free energyThe ratio of twin boundary free enefgsain boundary free energy
( @ g9 for Inconel 600 (NiCr-Fe) or N+20Cr is ~0.023 at@60°C, and the corresponding grain

boundary free energy is ~750 m3%fl. This is ~60°C below the HIPing temperature (1120°C).

Figure 18 shows the XRD analysis corresponding to the horizontal and vertical reference

planes respectively, in the annealddIPed) cylindrical components as represented typically in
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Figure 16. In contrast to the precursor powder (Figure 8(a)) and-thbrasated horizontal and
vertical section reference planes (Figure 8(c) and (d)), the [200] horizontal and [220] vertical
textures, respectively, are replaced by a uniform [111] horizontal and vertical plane texture for
the annealed, equiaxed microstructure with annealing twins (Figures 16 and 17). There is some
detectable NNb (tetragonal: & 0.76 nm, = 0.36 nm; Space Gup. P(0)) in the vertical

section indicatinga nearly completeolutionizingof Ni-Nb precipitates. However each

reference plane section shows the presence of amNwes phaséhexagonal: a =0.49 nm, c

= 0.81 nm; Space Group P631 mmd)ich charactrizes the globular precipitates shown in
Figure 17. In addition, there is a prominent(810) peak in the vertical section XRD in Figure
18(a) (bcc: a= 0.29nm; Space Grouplm-3m). Globular laves phase was observed in Inconel
718 weld metals (including electron beam welded components) by RadakrisHfta etales
phasebrittle, intermetallic, topologically clospacked phase (TCP) with hexagonal structuse

normallydetrimental to mechanical properties at room temperature.

Scanning electron microscopy combined with EDS showed some segments of Nb
prominence within the grain boundaries, while thea) signal from the globular precipitates
within thegrains (Figure 17¢xhibited eratic elemental prominence because of the large etched
regions surrounding the precipitates similar

platelets as illustrated in Figures 11 and 12(c).

Similar to the more dependable elementalmagpi of 0¢€& precipitate pl
in Figure 14(d), the globular (laves) precipitates exhibited prominemaps as illustrated in the
TEM image and EDS maps in Figure 19. As shown in Figure 19, many precipitates illustrated
facets and regularystalline forms, and some precipitates exhibited singular Cr maps

corresponding to the Cr (310) peak in Figuréa)8vertical section XRD spectrum). Figure
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19(a) shows a small annealing twin with associated precipitates while Figure 19(b) shows a
magnfied view of a precipitate in (gjarrow). Figure 19(c) illustrates the corresponding Cr map
for Figure 19b). Figure 19(d) and (e) shaaprecipitate aggregate and corresponding Cr EDS
map respectively. Several regular crystallographic precipitageshawn in Figure 19(f) near a
grain boundary (GB) which exhibits complex ledge structdreis complex, higlenergy

structurecould cause the selective grain boundary etching illustrated in Figure 17.

Figure 2@a) shows a Cr precipitate etched ayvat he edge of a thin filmThis situation
eliminates roughly half of the backgroundnfatrix) X-ray signal. The corresponding fcc (110)
SAED pattern and EDS spectrum for this precipitate are shown in Figure 20(fz) an
respectively.Figure 20(d) and {eshow corresponding Cr and Nirdy maps, respectively.
Figure 2@f) shows, in contrast to Figure 20(c), the fce@timatrix elemental spectrynmhich
corresponds to that shown in the EDS specirufigure 14(c). Precipitatepecific diffraction
spotsare also observed in the SAED pattern in Figure 20(b). The lackeobgnizable Nb
signal for the precipitatis due in part to the weak elemental spectra shown in Figure 20(f) in
contrast to the elemental Cr particle shown in Figure 20(a). In additie presence of pb in
the XRD pattern in Figure 18 (vertical section) is also an indication of Nb depletion as a

consequence of the Hiéhneal treatment for the EBM fabricated components.

Unlike many Nibase alloys subjected to variadh&rmoemechanical treatments, there
were very few examples of stacking fault microstructtifés the EBMfabricated components
(Figures 1214) as well as the HIPed and HIPed and aged (538°C) components, even though the
room temperature stackirfgult free energy fomconel 625 is estimated to be ~35 n?fh
Figure19 shove numerous examples of laves precipitates which exhibit very promimaint st
contrast fringe arrays when the foils were tilted in the TEM. In addition, all of the precipitates
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(Figures 19 and 20) exhibited associated dislocations or dislocation arrays, some extending long

di stances from the precipitate/ o2 interface, a
precipitate/ o2 interface. afmpleg afthese 21 (a) and (Db
dislocation/precipitatphenomena In addition because of the nature of dislocation generation

and pr opagditli}games,che précipiatesoappear to be coincident with the {111}

planes: (001) precipitate (lavg§)111). In kgure 21(a), complex dislocation loops generated at

the precipitate/ o2 interface are associated wi
dislocations ending on the (110) surface plane along @ {race coincident with the (110)

SAED pattern isert. Figure 21(b) shows precipitates in {111} planes characterized by

intersecting (perpendicular) trace directions [022] an@]@orresponding to intersecting ()1

and (111) planes each making an angle of ~54° with the (100) grain surface sho@ISB¥D

pattern insert. Dislocation emission and propagation on these planes is prominently

demonstrated in Figure 21(b).

While, as noted, stacking fault fringe contrast was only occasionally observed fdicspeci
tilt angles in the TEM, therwee related, lowstackingfault-energyrelated microstructural
features. Figure 21(@nd (d) illustrate typical examples. Figure 21(c) shows a precipitate, an
elevenfold dissociated dislocation array (arrow), and a complex grain boundary (GB) structure
conmposed of ledges and dislocations similar to Figure 19(f). These grain boundary structures
were dominant representations of the grain boundaries in the HIPed and HIPedglagest
aging at 538°C. Figure 21(d) shows pairs of partial dislocationetipwla pileup of
dissociated dipoles which, like the dissociadedocationarray in Figure 21(c), is associated

with low stackingfault free enerd§®.

21



C. Analysis and Comparison of Asbricated and HIPed Mechanical Properti¢¢ardness

and Tensile Test

The average microindentation hardness (HV) fomptteeursor powder was 2.6 GPa as
noted earlier in reference to Figure 4(a), while the horizontal and vertical reference plane
microindentation hardnesses (HV) were measured to be 2.8 GPa and 2.5 deaiyedg for
the asfabricated cylindrical components (Figure 6). In contrast to these microindentation
hardness measurements, the HIPed (annealed) cylindrical components exhibited average values
(HV) of 2.2 GPa and 2.1 GPa for the horizontal and vent&farence planes, respectively, as
illustrated in the 3D composition of Figure 16; or a roughly 17% decrease from the EBM
fabricated component hardness. This is generally consistent with the overafitracture

variations (compar Figures 7 and 16).

Rockwell Gscale hardness (HRC) averages forEB&-fabricated components, and
these components following HIPing, as well as samples tested in tension at 538°C, are listed in
Table Il along with nominal wrought products, and the corresponding Vickersindentation
hardness values (HV in units of GPa). The Rockwedc@le (HRC) hardness variation between
cold-rolled wrought and annealed wrought alloy 625 is 50% in contrast to nleardame
reduction percentage for the EBfdbricated cylinders andéhasfabricated and HIPed and-as
fabricatedHIPed and additional tensile heating at 538°C. Note that the téesited538°C)
samples wereneasuredhardness) and microstructurally examimethe grip region and not in
the plastically deformed, necked region, and therefore represents a small temperature (annealing)
increment over the HIP anneal at 1120°C. Additionally, it can be noted that thekedd(as

fabricated) wrought alloy 625R{C value is also roughly 65 percent greater than the
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corresponding EBMabricated valve in contrast to roughly 60 percent for the annealmaght
product and the EBM asbricated and HIPed product.

In contrast to the hardness variations between the Wtqugcessed and EBM processed
alloy 625 illustrated in Table Il, there is a corresponding 60% drop in yield stress fopttetd
and annealed wrought material, but only a 20% drop in yield stress (0.2% offset) for the EBM
fabricated versus HIPed produatthough the EBM alloy 625 variance in the UTS increases by
~ 3%. As shown in Table II, the wrought alloy 625 elongation increases by 59% from the cold
rolled to annealed condition, in contrast to a 57% increase from-taBNtated to annealed
(HIPed) naterial. However, there is a 57% elongation increase between the annealeght
alloy 625 in contrast to the EBl¥abricated and anneal¢dIPed)alloy 625. Corresponding
variances, especially elongation, are similarly observed for the addiiemsde temperature

exposure at 538°C as shown in Table II.

The significant increase in elongation for the annealed, EBM fabricated alloy 625 versus
the annealed, wrought alloy 625 (69% versus 44% in Table Il) along with the corresponding 0.45
GPa versus 0.33Fa yield strength reduction (Table Il), is an indication of the microstructural
variations implicit on comparing the EBRbricated alloy 625 product microstructsiesnd
microstructural architecture in Figure 7 with the correspondingly HIPed (annealedrpm

Figurel6.

Figure22(a) shows representative necked and failed HBMicated tensile test
specimens in contrast to the precursor, untested specimens, while Figure (b) and (c) show the
associated fracture surface features observed in the SENEegt magnifications,
corresponding to ~ 44% elongation to fracture. The fracture surface structure shows a

characteristic ductilelimple behavior with a mean, equiaxed dimple diameter of 1.4 um;
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roughly half the size of the BNIb precipitate array spang (Figures 4(a) and 7) in the horizontal

reference plane normal to the tensile axis (and the EBM build direction).

These relatively small dimple diameters (FigR2b) and (c) are considerably smaller
than those observed for EBfbricated Ti6Al-4V (4.4 um) which in contrast to larger ductile
dimple diameters for wrought -BAI-4V were associated with a 58% increase in ductility over
the wrought produf®!. This feature may apply in the present case for EBM alloy 625 versus
wrought, althougltomparéve ductile dimple diameter data is not available for wrought alloy
625. Howeveras noted in Figure 28) representing the roughly 69% elongatiosfailure for
the EBMfabricated and HIPed (annealed) component, the ductilglelidiameters shown in
Figure 23b) and (c) (at different SEM fracture surface magnificaienl.5 um)) are theame
as those shown in Figure (®2 and (c). In contrast to recent work on an EBl\dricated Ce
base superalloy, where the fractgtgface ductile dimples exhibitea regular, cubéke
(orthogonal) array exactly matching the 2m3Cs columnar arrayshe ductile dimples in
Figures 22(b) and (c) and Figure(BBand (c) are more random arrays, slightly smaller than the
NisNb precipitate arrays (spaced ~2 pmtigure 7) but possibly influenced by the precipitation
in both the EBMfabricated samples (Figure 7) and these same samplesifglélIPing at

1120°C (Figure 1y

It might be noted, as evidenced by small porosities in tialbagated EBM alloy 625
shown inFigure 9(b) and similar porosity features shown in FedLg that the exceptional
elongation improvement in the HIPed alloy 625 samples versus-tabrasated samples is due
more to the notable change in the microstructure. This change inaludiegation of the NgNb
precipitate columnar architecture and columnar grain structure, and the development of a more

equilibrium and equiaxed grain structure, with homogemSr, lavesprecipitation in the
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grain interiors.As illustrated in Figure 21, these precipitates, even after HIP treatment, produced
copious arrays of dislocations, and tensile straining would be expected to produce extensive slip
accommodating the extreme elongations noted in Table Il. This phenomsezantrary to the

usual degradation of mechanical properties attributed to laves phase as noted earlier.
V. SUMMARY AND CONCLUSIONS

The EBM fabrication of primarily cylindrical components from+atkoyed Inconel 62
(66 Ni, 21 Cr, 9 Mo, 4 Nb; nominaleight percent) powdareates nearly fully dense (8.4
g/cn) monoliths having a NCr (y) fcc matrix. More importantly, the unique, orthogonaly(x
electron beam melt scan produced columnar arrays (or architecture) of thin, crystallographically
coincidenty” (bct) NizNb precipitates. These columnar precipitate arrays were parallel to the
build directbn and the cylinder axis, and also parallel to columnar grains having a [200] texture
along this axis.The bcty" precipitateplatelets were coincident with the fg€111} planes:
(010)y" || (111)y. The columnay" precipitateplateletarrays assumeah irregular orthogonal
(x-y) geometry spaced ~2 pim the horizontal reference plar@nsistent with the spacing of
carbide precipitate columnar arraiysa Cebase alloy (ASTMF75)*" fabricated by EBM using

the same electron beam melt scan parameters as employed in the present work.

HIPing of the EBM adabricated cylinders at 1120°C for 4issolvedt he 2 é3Nd bct ) 1
precipitate columnar architecture and recrystallized the [20&jt&d columnar grains (which
measured ~ 20 Om immn lahgtheatore {2607) to formdan eQuiakedl graird
structure, containing coherent {111} annealing tsyinith an average diameter of ~ 50 um.

These equiaxed grains contained mostly mdgeneous distribution of Nb{aves phase

(hexagonal) globular precipitates. While there were almost no stacking faults, the microstructure
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exhibited complex dislocation arrays, including dipole arrays, emitted from the laves precipitates
on {111} plares, as well as dissociated partial dislocation arrays on {111}; indicative of low
stackingfault free energy. Essentially all of the precipitates exhibited TEMadilsitive strain

contours, and all illustrated dislocation emission or attachment of ldoche In addition, the

grain boundary structure exhibited a noticeably high energy as evidenced by selective etching at
the grain boundaries, and their structures were characterized by a complex arrangement of ledges

and dislocations.

These two contrastg microstructure/microstructural architecture regimeddbsgcated
(EBM) components versus thefabricated and HIPed components) exhibited correspondingly
contrasting mechanical properties. Foin examp
the asfabricated components exhibited a Vickers microindentation hardness varying from 2.8 to
2.5 GPa in the corresponding cylinder horizontal and vertical reference planes. This
microindentation hardness was reduced to 2.2 and 2.1 GPa in the f@@@ahvertical
reference planes for the HIPed cylinder components with an equiaxed grain structure containing
NbCr, (laves) precipitates. Correspondingly, thdawicated, tensile tested cylinders had a
yield stress of 0.41 GPa and a UTS of 0.75 GRamrast to 0.45 GPa and 0.89 GPa for
annealed, wrought alloy 625I'he corresponding elongation for the EBM fabricated alloy 625
matched that for annealed, wrought alloy 625 at 44 percent. However, the corresponding tensile
data for the a$abricated (BM) and HIPed cylinders exhibited a yield stress of 0.33 GPa, a UTS
of 0.77 GPa, and an elongation of 69 percent. The extraordinary elongation in the EBM
fabricated and HIPed cylinders (57Atrease over uhllPed materiglwas observed to be more
relatedto the annealed microstructure (equiaxed 50 um grains containing Mib€Es

precipitates) than the ding of bubbles and small pores although there was a roughly 1%
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decrease in porosity between thefasricated and HIPed samples (a measured densigaser

from ~8.4 g/cmto 08.5 g/cm).

The tensile testing of EBNhbricated cylinders at 538°C did not significantly alter the
microindentation hardness from the EBM fabricated cylinders tested at room temperature
(~20°C) (measured in the grip regiobyt the yield stress dropped from 0.33 to 0.30 GPa, and
the UTS decreased by 23%. The corresponding elongation increased from 44% to 53%.
Similarly, the EBM fabricated and HIPed cylinders when tensile tested at 538°C also illustrated
no significant mionindentation hardness in the grip area, but the yield stress decreased from 0.33
GPa to 0.30 GPa while the UTS decreased from 0.77 GPa to 0.61 GPa. However, the elongation
only increased from 69 to 70% ocomparing the afabricated +HIP cylinders tested room
temperature, in contrast to the same cylindrical specimens tested at EBB8t0mparison,
wrought alloy 625 tensile tested at 538°C exhibited a yield stress of 0.28 GPa and a UTS of 0.83

GPa, and an elongation of 50% (Table ).

The ductile dimp diameters measured on the fracture surfaces for both the EBM
fabricated and EBM fabricated +HIP components were essentially identical at ~ 2 um. This
dimension matches dimple diameters for EBMricated cylinders of a Cloase alloy tensile
tested at rom temperatuf&’). However, the dimples were not regular, orthogonal) (arrays
matching the 02¢é& precipitate architecture in

carbide precipitate columnar architecture inl2se, ASTMF75 alloy'".

In contrast to more conventional-Nase superalloys in cast and wrought forms, and with
a variety of thermanechanical processing schedules, the EBM fabricated and processed Inconel

625 examined in this study demonstrated very unusual if not unique mictostsiand
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microstructural (columnar precipitate) architecture. These unique microstructural features were
correlated with equally unique mechanical properties, especially elongations at room
temperature, which exceeded worked wrought alloy 625 prodyetebe than 283%, and

annealed, wrought alloy 625 products by 57% for EBM fabricated and HIPed (annealed)
components (Table Il). These unusual microstructure/microstructural architecture features in
EBM-fabricated and processed-base (Inconel 625) allajlustrates the unique potential for

EBM-fabricated products and their engineering applications.
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Tablel. Chemical Composition for Alloy 625 Precursor Powder and EBM Fabricaieth@nents

Element (wt%)

Material Component Ni Cr Fe Mo Nb C Mn  Si Al Ti
Nominal Standard 61 22 3.2 9.0 3.5 0.02 0.1 0.1 02. 0.3
Precursor Powder 65.7 21.3 04 9.3 3.7 0.004 --- 0.002
Mass Analysis

Precursor Powder 59.1 18.8 --- 7.6 3.0 *
EDS Analysis

As-Fabricated 61.1 192 --- 88 47 ~*

Cylinder EDS Analysis

*Variances of C and O are recorded in the EDS analyses. Oxygen varies from 3.3% in the powder to 2.6% in the as
fabricated productsC varies from 8% to 5%, respectively, and is not considered to be a real compositional feature
for the alloy since mass analysis showed essentially no C or O.
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Table II.

Mechanical Properties of EBM and Wrought Alloy 625

Material HV* HRCH Y uTs Elongation
(GPa) ksi (GPa) ksi (GPa) (%)
Precursor Powder 2.6 _ _ _ _
Cold Worked Wrought** _ 40 160 (1.10) _ 18
Annealed Wroughtt _ 20 65 (0.45) 130 (0.89) 44
As-Fabricated (EBM) 2.8/2.8* 14 60 (0.41) 109 (0.75) 44
EBM Fab. + HIR d 2.2/2.1* 8 48 (0.33) 112 (0.77) 69
Wrought @ 538°C _ 18 41 (0.28) 120 (0.83) 50
As-Fab. (EBM) @ 538°C 2.6/2.8* 14 44 (0.30) 86 (0.59) 53
EBM Fab. HIP @ 538°C 2.3/2.2* 6 34 (0.23) 89 (0.61) 70

aYS: 0.2% offset yield stress; UTS: ultimate tensile strength.
*Vickers (diamond microindentation hardness (IPad).
dRockwell Gscale hardness (150 kg loa()verage).

**Cold -worked (extruded) bar stock tensile tested at room temperature (~ 20°C).

*dAnnealed 1h at 1250°C and tensile testecbom temperature.

4 €£BM fabricated cylinders machined into tensile specimens and HIPed as described in the text.

®*Horizontal plane/vertical plane hardness.
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Figure Captions

Fig.1 EBM system schematicThe precursor powder loaded into cassettes shown is gravity fed and
racked onto the build platform in successive layers ~ 50 pum thick. Selected areas of each lay
are melted by the scanned beam.

Fig.2 SEM view of precursor powder showing sphericatipkes with varying sizes (a) as shown in
the histogram in (b).

Fig.3 Magnified SEM view of Inconel 625 powder particle showing classical RSR microdendrite
structure.

Fig.4 OM view for etched crossection of precursor Inconel 6pdwder particle asiFigure 3(b)
showing interior microdendritic structure (a) and a mostly regular precipitate array in an EBM
fabricated cylinder in a horizontal reference plane normal to the build direction and cylinder
axis (b).

Fig.5 OM view for a corresponding vertitreference plane parallel to the build direction (B) and the
cylinder axis with reference to Figure 4(b) showing columnar precipitate architecture in the
build direction along with columnar grains with grain boundaries indicated by large arrows.

Fig.6 OM 3D-reconstruction showing a solid cylinder view of the columnar precipitate architecture
illustrated by Figures 4(b) and 5. The arrow at right shows the build direction.

Fig. 7 Magnified OM 3Dreconstruction showing columnar precipitate (microstratf@architecture
and columnar grain boundaries (GB) containing precipitates. The arrow indicates the EBM
process build direction.

Fig.8 XRD spectra for (a) precursor alloy 625 powder, (b) ERBdricated cylinder horizontal plane;
(c) Vertical planesecton.

Fig.9 OM imagedor horizontal plane section from an EBfdbricated cylinder showing equiaxed
grain structure (a), and vertical plane section showing columnar precipitates and grains
(arrows) and spherical voids.
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SEM 3D composite foprecipitate columns in an EBf&bricated cylindrical component. The
horizontal section is a secondary emission (SE) image while the vertical sections are
backscatter electron (BSE) images.

Magnified BSE(SEM)images (a) and (b), showing precipéplatelets composing the
columnar architecture in Figure 10. Reference area is denoted A

TEM brightfield images ((a) and (b) showing precipitate platelets in (110) plane sections
representing the horizontal and vertical sectiomsespondingo Figure 10. (c) Bows for
comparison with (b) a BSE image as in Figure 11 for the precipitate column (white arrow).
The build direction is shown at B. Crystallographic trace directions corresponding to a [110]
zone axis are shown layb andcin (a)and (b), and described in the text.

TEM brightfield (a) and darKield (b) image sequence showingND precipitate platelets
coincident with (111) planes in the [Jirace directiornin a [311] zone. The aperture dark
field image utilized the NNb-bct reflection shown at the arrow in the SAED pattern insert.

TEM analysis sequence for4Nib precipitate platelet identification/verification. (a) Bright
field image for (111) @incident precipitate platelets at A and B; with thickness denoted t. (b)
SAED pattern corresponding to (a) showing [ttace direction (T), and operating reflection,
g=[020] in a [100] zone axis pattern. Note &) the precipitate at t intersectsather outof-
contrast platelet. (c)if®ws the corresponding EDS spectrum for (a). (d) Elemental mapping
sequence for (c) showing Nb at A and B precipitate platelets in (a). Weak Ni just above
background is also noticed.

Special OM image showingisNb {111} plane coincident precipitates in the equiaxed grain
structure in a horizontal plane section along a cylindrical specimen built by EBM. Some grain
boundary precipitates are also noticed.

OM 3D-image reconstruction showing equilibriueguiaxed grain structure in HIPed cylinder
of EBM-fabricated alloy 625. Arrow indicates the build direction.

OM of specially etched (phosphoric + hydrochloric acid) horizontal section as in Figure 16
showing globular precipitates and exaggeratednh boundary etching.
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Fig. 18

Fig. 19

Fig. 20

Fig. 21

Fig. 22

Fig. 23

XRD spectra representing the horizontal reference plane section (a) and the vertical reference
plane sectiorfb) in the 3Dcomposite in Figure 16 for the HIPed (annealed) alloy 625
fabricated (EBM) cylinders.

Examples of laves (Nb@rprecipitates in Figure 17 observed in the TEM. (a) and (b) show
precipitate and enlargement (arrow) while (c) illustrates the corresponding Cr map for (b). (d)
and (e) show a precipitate cluster and associated Cr map, redyedfivprecipitates near a
complex structural grain boundary (GBlhe larger precipitate appears to be ~50 nm thick.
Note precipitate particle in (b) is a bicrystal.

TEM image of Cr precipitate at the edge of a foil (a) in (110) orientétipn(c) shows the
corresponding EDS spectrum for (a), while (d) and (e) show Cr and Ni maps, respectively. (f)
s h o ws-matrix EDSaspectrum for reference.

TEM images of precipitate/dislocation microstructures in the vertical referencefptane

HIPed + 538°C exposure (in the grip region of a tensile specimen). (a) and (b) show

di sl ocation arrays associated with precipi
in (@)was[1 1]. (c) and (d) show arrays of dissociated partislogtations on {111} planes

(arrow in (c)) Note complex grain boundary structure (GB) in (c).

EBM asfabricated tensile samples (a) and SEM fracture surfaces at two magnifications ((b)
and (c))

Fracture sample (a) and SEM fracture surface examples ((b) and (c)) fefdbiabated and
HIPed (annealed) cylindrical components.
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