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Nb rich precipitates in Inconel 718 produced by selective laser melting
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Microstructure of nickel-based superalloy Inconel 718 produced by selective laser melting (SLM) was studied by electron
microscopy. Multiple cycles of heating and rapid cooling during SLM lead to the formation of a complex microheterogeneous
structure in the alloy. At the same time, a chemical analysis of such a microstructure showed a high homogeneity. The
microstructure consisted of y grains with a size of about 10 um banded with § phase particles and small carbides. Scanning
and transmission electron microscopy examination showed that the y grains consisted of columnar and equiaxed subgrains.
The intermetallic phases based on Ni,Nb (y" and §) were found to be homogeneously precipitated. The volume fraction of
these precipitates was experimentally defined to be about 20%. The carbides with dimensions of 2 - 10 pm typically observed
in Inconel 718 manufactured by conventional ingot metallurgy were not detected. The untypical microstructure of the SLM
material presumably resulted from fast cooling during SLM process. The maximum volume fraction of the intermetallic
phases y” and § was also calculated on the assumption that niobium was not dissolved in the matrix y phase. The calculated
volume fraction of the niobium containing phases was determined to be 13.6%. Energy dispersive X-Ray analysis of niobium
containing precipitates showed that the Ni,Nb based intermetallic phases also contained molybdenum and titanium. The
maximum volume fractions of virtual intermetallic phases Ni,Ti and Ni,Mo were calculated on the assumption that these
elements were not dissolved in the matrix y phase as well. The calculated volume fractions of these virtual phases were shown
to be equal to 4.3 and 7.5%, correspondingly. The defined volume fraction of niobium containing phases was less than the
calculated volume fraction (20% against 25.4%). This suggests that Nb, Ti and Mo were not completely presented in the
niobium containing phases and were partially dissolved in the matrix y phase during SLM process.
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Nb-conep:xaniue Boigenenns cinasa Inconel 718
M3TOTOB/ICHHOTI'O CEIEKTVBHBIM 1a3€PHBIM IIaBJIEHNEM
[ITaxos P. B."", MyxTaposa K. III.?

MucturyT npobnem cBepxmactudrocty Metamios PAH, yin. Cr. XantypuHa, 39, Yda, 450001, Poccus
2Ybumckmit rOCY/JapCTBEHHDI aBMALIMOHHBI TEXHIMYECKMIT YHUBepCuUTeT, yi. K. Mapkca, 12, Yba, 450008, Poccust

VccnenoBaHye MUKPOCTPYKTYpPBI HMKeNeBOro cIyraBa Inconel 718, M3roTOBIEHHOTO METOHOM CEJIEKTMBHOTO JIa3ePHOIO
wiasieHusA (SLM), DpoBOfMIOCh ¢ IIOMOMLIBIO 9/IeKTPOHHOM MUKPOCKOIMY. MHOXeCTBeHHbIe IIMK/IB HarpeBa 1 ObICTPOro
OXJIQXK[IeHMSI BO BPeMs €ro IIPOM3BOJCTBA IPUBEIN K 00pa3oBaHMIO CJIOKHON MUKPOTeTepOreHHOI CTPYKTYPHL. B To ke
BpeMs XMMUYECKUII aHaIM3 TaKOl MUKPOCTPYKTYPBI II0Ka3al BHICOKYIO OZHOPOZHOCTb. MUKPOCTPYKTYpa COCTOUT U3 )
3epeH pasMepoM OKOJIO 15 MKM, II0 IpaHMI}aM KOTOPBIX BBIJeNeHbl YacTUIBL § (a3bl U Hebomblnne KapOugbl. DIEeKTPOH-
HO-MMKPOCKOIYeCKIe YICCTIeOBAH ITOKa3a/Il, YTO CTONOYaThle Cy03epHa COCTOAT Y3 paBHOOCHBIX CyO3epeH pa3MepoM
okoro 0,5 Mkm. TTokasano, yTo nHTepMeTannuanbie (asbl Ha ocHose Ni,Nb (y” u §) BoiensIoTCA TOMOrenHO. O6BheMHas
TOJIS1 9TUX BBIJIe/IeHNIT ObLIa 9KCIIepUMEHTAIbHO OIpefieieHa ¥ cocTaByta okono 20%. Kapouper ¢ pasmepamn 2 - 10 MKM,
00BIYHO HabyIofjaeMble B IIPOMBIIIIEHHBIX FOPAYeKOBaHHBIX cIUIaBa Inconel 718, He 6pum 06Hapy>keHbl. HeobbruHas Mu-
KpocTpykTypa SLM cmiaBa, mo-BupMMoMYy, 6bUta 00ycIoBaeHa OBICTPBIM OXIX[EHNeM B IIPOLiecce ero M3rOTOBJICHMA
U BBICOKOJI XMIMIYECKOJI OJHOPOIHOCTBIO YICXOZHOTO IopoliKa. MakcuManbHas o6 beMHas K0/ MHTepMeTa/UIMIHbIX (a3
p" 1 § TakKe ObIIa TEOPETUYECKY pacCYUTaHa B IPEAIIONIOKEHUY, YTO HNOOWIT He PacTBOPSICA B MaTpU4HOIL y dase. Pac-
cuMTaHHaA 06'beMHas Hoyd (a3, copepKalmx Huobuit, cocrasmna 13,61%. DHepropucriepcnoHHbI peHTreHOBCKMiT (EDX)
aHa7nu3 BbIJIENIEHNIT TI0Ka3as, 4To uHTepMeTannuanbie (aspl Ha ocHose Ni,Nb Taroke comepskar monubpen n Turan. Mak-
cUManbHble 00beMHbIE O/ BUPTYanbHbIX nHTepMeTanmuanbix ¢as Ni,Ti n Ni,Mo 6b1m1 paccanTanbl B IPeTIONOXKEHNM,
YTO 3T 9/IEMEHTHI He ObUIM PAacTBOpPeHbI B MaTpU4HOI y ¢ase. PaccunraHHble 00beMHbIE JOMU 3THUX BUPTYaIbHBIX (a3
COCTaBUIN, COOTBETCTBEHHO, 4,34 11 7,49 %. DKCIlepiMeHTaIbHO OIlpefie/ieHHas 00beMHas B0y (a3, cogepKalyx HuoOuit,
6pIma 67M3Ka K pacdeTHON 06beMHO [lo7Te, TIpefonaras, 4ro pactsopenue Mo, Ti B dasax Ni,Nb u Nb B marpuunoit pase
MPOM3OIIIO B HEKOTOPOIJI cTenleHn BO BpeMsa SLM mporecca.

KiroueBble cmoBa: )XaponpoyHblii crias, Inconel 718, crpykrypa cinasa, Ni,Nb, cenexruBHOe 1a3epHoOe ILIaBIEeHMeE.
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1. Introduction

INCONEL 718 is an austenitic nickel-chromium-based
superalloy capable of withstanding high mechanical and
thermal loads and widely used for rocket and aircraft engine
applications [1]. This alloy was used for the production of
about 1500 individual parts of Space Shuttle main engine
including a combustion chamber. This is more than 50% of
the engine mass with a total weight of about 1 ton [2, 3].
The performance characteristics of this alloy depend not
only on the chemical but also on the phase composition,
as well as on the technology of its production and heat
treatment. For example, the use of modern technology of
selective laser melting (SLM) is ideally suited for producing
components with complex geometries. This process involves
multiple cycles of heating and rapid cooling that leads to
the formation of a complex microheterogeneous structure
with the precipitation of dispersed phases. The precipitated
phases, which are the main components responsible for
hardening of the alloy, were identified in the work [4]. These
include the intermetallic phases: DO,, — ordered Ni,Nb
(y"), L1, — ordered Ni,(ALTi) (y) and DO, — ordered
Ni,Nb (6). Carbides of the type MC, M,C, M ,C, and the
Laves phase of type (Ni,Cr,Fe),(Nb, Mo, Ti) also can be
presented in the microstructure of the alloy [5, 6, 7]. The
composition and microstructure of Alloy 718 was studied by
STEM X-ray energy dispersive spectrometry in ref. [8]. The
main strengthening phase of this alloy is the metastable y”
phase, which can be transformed into the stable & phase [9].
These phases contain Nb and therefore the amount of the
strengthening phases and mechanical properties of the alloy
depend on the quantity of Nb in intermetallic phases. Basing
on this, it is of interest to study microstructure features of
SLM alloy and the chemical composition of the niobium
containing phases as well as the maximum volume fraction
of the Ni,Nb based phases in the alloy on an assumption that
niobium can be replaced by other alloying elements.

2. Experimental procedures

The chemical composition of nickel-based superalloy
Inconel 718 produced by SLM in weight percent was taken
from ref. [10]. The recalculated chemical composition of the
alloy in atomic percent is given in Table 1.

Scanning electron microscopy (SEM) and electron
backscattered diffraction (EBSD) analyses were performed
by Tescan Vega 3SBH and Mira-3, transmission electron
microscopy (TEM) was carried out on a JEOL JEM-2000EX
microscope. The samples and foils were polished by Tenupol-5
at 50V using the following electrolyte: 10% perchloric acid
+ 90% butanol. The chemical composition was determined
by SEM equipped with energy dispersive X-Ray (EDX)

Table 1. Chemical composition of Alloy 718.

system produced by Oxford instruments. The average grain
and subgrain sizes as well as the phase composition were
determined using TEM and SEM images. EBSD analysis was
performed with a scanning step 0.4 um and Ni was chosen as
the input phase due to high dispersion of y-phase.
Calculations in the present work were done in an
assumption that Nb, Ti and Mo entered completely into the
composition of the intermetallic phases Ni,(Nb, Ti, Mo). The
mass of i-th element in one mole of the alloy is equal to:

m=m_xat, (1)

where m_ is the atomic mass and at, the fraction of atoms
of i-th element in the alloy according to Table 1. The mass
of phase Ni,Me (Me=Nb, Mo, Ti) in one mole of the alloy is
defined as:

m X at, +3m

Xat,, (2)

NisMe atNi

where m_ , m . and at, at are the atomic masses and
fractions of Me and Ni, respectively. The mass of one mole of
the alloy is calculated by summing the masses of all elements

in the alloy:
M=y m. (3)

The molar volume of the alloy V,, - can be determined by
dividing its mass by the density p, :

Vo =MIp - 4)

alloy =
Similarly, volumes of the phase Ni,Me in one mole of the
alloy is determined as

Vv

NizMe = MNi3Me/PN13Me : (5)
Then, the volume fraction of the Ni,Me phase in the alloy,

is calculated by the following equation:

=(V, . /V_  )x100%. (6)

Ni;Me alloy

(PNi3Me’

(PNi3Me

3. Results and discussion

3.1. Microstructure characterization of Inconel 718
obtained by SLM

Fig. 1 represents SEM images of the as-received alloy
produced by SLM. The microstructure of alloy consists
of y grains with a size of about 10 um, that correspond to
ref. [11], banded with § phase particles and small carbides.
The y grains consist of columnar and equiaxed subgrains
(Fig. 1). Nearly the same microstructure was interpreted as
cellular and dendritic microstructure [12, 13] observed in
columnar grains [14, 15, 16]. SEM and TEM examination
showed that the columnar subgrains in their turn consisted
of equiaxed subgrains with a size of about 0.5 um (Figs. 1¢, 2)

Cr Al Ti Fe Nb Mo Co B C Ni %
19 0.5 0.9 18.5 5.1 0.1 0.025 0.04 52.8 wt.
21.15 1.072 1.08 19.17 3.18 1.81 0.098 0.134 0.192 52.09 at.
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[7, 17]. The §-phase plates were mainly located along grain
boundaries [7, 18] as it takes place in the commercial alloy
Inconel 718 [2, 4] (Fig. 1).

Dispersed y" particles with a size less than 50 nm
were homogeneously precipitated during cooling (Fig. 2).
Interestingly, carbides with a size of 2-10 um typically
observed in this commercial alloy were not detected. Thus,
the use of SLM resulted in a very untypical microstructure in
Inconel 718. The microstructure features of the SLM material
include a developed substructure in y grains and the presence
of dispersed precipitates along subgrain boundaries.

Fig. 3 illustrates the distribution of Nb, Mo and Ti in the
SLM material. EDX analysis showed that Nb, Mo and Ti were
homogeneously distributed both in the y” and § phases. The
volume fraction of y” and § phases was defined using TEM
images. The evaluation revealed about 20 vol. % of niobium
containing phases. The EDX analysis showed that Nb, Mo and
Ti were present in the dispersed y"and & phase precipitates. It
is qualitatively seen that large precipitates of the § phase along
with Nb contained also Mo and small quantity of Ti.

From EBSD analysis the grain size and the crystallographic
texture of SLM alloy can be determined. Fig. 4 displays
microstructure with grain size of about 10 um that is
consistent with the data of SEM micrographs. The fraction

of high-angle grain boundaries on the selected sample area
was about 26%.

It is of interest to know the maximum volume fraction of
the Ni,Nb based phases in the alloy on the assumption that
niobium may be replaced by Mo and Ti.

3.2. Calculation of the volume fractions of the
virtual phases

In order to evaluate the maximum amount of the niobium
containing hardening phases, volume fractions of virtual
phases Ni,Nb, Ni,Mo and Ni,Ti were calculated basing
on the alloy composition given by Table 1 and Egs. 1-6.
For Nb, the atomic mass is equal to 92.9 g/mol and for Ni
58.69 g/mol, and the mass of Ni,Nb in one mole alloy is
My, =0.0318x92.9+0.0318 x 3x 58.69=8.553 g. The mass
of one mole of the alloy is equal to M =57.885 g.

Taking for the densities of Inconel 718 alloy and Ni,Nb
phase the values p | =8.2 g/cm’ [10] and p,, |, =8.9 g/cm’,
the volume of the Ni,Nb phase in one mole alloy is estimated
to be VNing=8.553/8.9=0.961 (cm?). The molar volume of
the alloy Vanoy =57.885/8.2=7.059 (cm?). Then, the maximum
volume fraction of the Ni;Nb phase in the alloy, ¢, , ., defined

by Eq. 6 is equal to ¢\ =0.961/7.059 X 100% =13.6%.

Fig. 2. Bright field TEM images of the alloy Inconel 718 obtained by SLM.
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Fig. 4. EBSD orientation map (a) and grain boundary distribution (b) of SLM Inconel 718.

Taking the densities of Ni, Ti and Ni,Mo phases 7.9 and 7.9
g/cm’, respectively, similar calculations yield for virtual Ni, Ti
and Ni;Mo phases the values ¢, . =4.3% and ¢, , =7.5%.

Thus, the maximum volume fraction of Ni,Nb and virtual
Ni,Ti, Ni,Mo phases in the alloy is 25.4%.

The presented calculation is inconsistent with the
experimentally defined volume fraction of the niobium
containing phases. This discrepancy may be due to the fact
that Nb, Ti and Mo were not completely presented in the
niobium containing phases and were partially dissolved in
the matrix y phase owing to rapid cooling and slow diffusion
during SLM process. Note that the calculated volume
fraction of niobium containing phases (25.4%) is close to the

experimentally defined volume fraction of these phases in ref.
[19]. Probably, a higher quantity of the niobium containing
phases was precipitated during annealing. The authors in ref.
[20] suggested that other elements also may replace niobium
in the niobium containing intermetallic phases.

4. Conclusions

Microstructure examination revealed that SLM of the
alloy Inconel 718 led to the formation of an untypical
microstructure. The microstructure features of the SLM
material included developed substructure in y grains and the
presence of dispersed precipitates along subgrain boundaries.
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The experimental evaluation and calculation of the
volume fraction of the niobium containing phases showed
that Ti and Mo were not completely presented in the niobium
containing phases and were partially dissolved in the matrix
y phase due to rapid cooling and slow diffusion during SLM.
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