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Abstract

Atom probe tomography has revealed that the individual secondary precipitates that form in
Alloy 718 on low temperature annealing at 873 K are a mixture of the ¢¢ and g phases. In
addition, small g precipitates were observed on the surface of the primary @@ precipitates. The
compositions of the g, g and ¢¢ phases have been determined experimentally by atom probe
tomography and the results have been compared to thermodynamic predictions based on the
Thermocalc™ program. The solute partitioning is in qualitative agreement with the
thermodynamic predictions but quantitatively there are significant differences between the
measured and predicted solute concentrations.

I ntroduction

In order to improve the properties of nickel-base superalloys, it is essential to determine the
partitioning behavior of the solute additions within the microstructure. The techniques of atom
probe field ion microscopy (APFIM) and atom probe tomography (APT) permit the solute
partitioning and compositions of the coexisting phases to be determined with near atomic
resolution [1,2]. These atom probe techniques are particularly powerful for the characterization
of these complex superalloys due to the number of elements present and the fine scale of some
of the features present in the microstructure.



Niobium-containing Alloy 718 is strengthened by a combination of DO,,-ordered ¢ and L1,-
ordered g precipitates [3-7]. The crystal structures of both precipitates are derivatives of the
face centered cubic structure and these precipitates have a cube-on-cube orientation relationship
with each other and the g matrix. The DO,,-ordered structure may be described as an L1,-
ordered structure with an a2 1 0] displacement every other 001 plane thereby converting a
cubic structure into a tetragonal one. The composition of both ordered phases can be described
as Niz(Al,Nb,Ti) with different levels of niobium, aluminum and titanium. However, it is
advantageous to know the precise levels of all the elements in each phase so that the aloy
composition can be optimized. In this paper, the results of an atom probe tomography
characterization of the compositions of the coexisting phases are compared to thermodynamic
predictions.

Previous atom probe field ion microscopy and transmission electron microscopy
characterizations of this superalloy have demonstrated that the intragranular microstructure
consists of the g matrix at 1311 K. After annealing at 1143 K, lenticular DO,,-ordered ¢?
precipitates are present in the g matrix [3-7]. On further ageing at temperatures in the range 873
to 1033 K, small roughly spherical secondary precipitates form in the g matrix. The precise
identity of these secondary precipitates was not established experimentally until recent atom
probe tomography studies were performed. Atom probe tomography revealed that the
composition of the secondary precipitates were not uniform throughout their volume but
divided into two distinct types of regions [8,9]. One of these regions was enriched in niobium
and the other in aluminum and titanium. The compositions and crystal structures of these two
types of regions are characteristic of the ¢¢ and g¢phases, respectively. The interface between
these regions was determined to be on the (001) , //{001}, planes.

A Laves (Cl14) phase with a composition consistent with (NiCr,.Fe,:),(NbMo), an
orthorhombic d (Ni;Nb) phase and coarse MC carbides have also observed in Alloy 718 by
transmission electron microscopy [6]. The Laves and d phases were observed at grain
boundaries and the MC carbide was observed both within the grains and occasionally at grain
boundaries. No s phase was observed in this previous transmission electron microscopy
characterization [6].

Experimental

The composition of the Alloy 718 used in this investigation is given in Table I. All
compositions quoted are in atomic percent. All specimens were given a treatment of 1 h at
1311 K (A) and some were given an additional treatment of 8 h at 1143 K (AC). These two
stages are standard for acommercial heat treatment for these alloys. These two conditions were
also investigated after subsequent isothermal ageing treatments at 873 K for times from 10 h up
to 2012 h. The specimens were water quenched to room temperature between each stage.

The microstructure and compositions of the g matrix as well as the ¢ and g phases were
determined experimentally with an energy-compensated three-dimensional atom probe [2].
Analyses were performed with a specimen temperature of between 50 and 60 K, a pulse
fraction of 20% and a pulse repetition rate of 1500 Hz. Field ion micrographs were recorded
with neon as the image gas and with a specimen temperature of 60 K. The chromium-enriched
s phase and the carbides were not characterized in this investigation due to their low volume
fractions.



Thermodynamic predictions

The equilibrium compositions and the volume fractions of the phases at the different annealing
temperatures were predicted with the Thermocalc™ program for three different temperatures,
1311, 1143 and 873 K based on the bulk composition of the alloy. The calculations describe
multi-component and multi-phase thermodynamic equilibrium. The calculations used an 11
element Ni-Fe database [10]. The aloying elements considered in the calculations are Ni, Fe,
Al, Nb, Ti, Cr, Co, Mo, and C. The phases considered in the equilibrium calculations are
Ni;Nb, MC carbonitride, g (face centered cubic), g (L1,-ordered), s, d’, MC, laves, M,,C,,
M.C,, and liquid. The results are summarized in Table I. At 1311 K, this program predicts that
the microstructure is predominantly g matrix with small amounts of (Nb,Ti,M0,Cr)C and
(Nb,M0,Cr),C carbides. At 1143K, the g matrix coexists with the Ni;Nb phase and a minor
amount of (Nb,Ti,Mo,Cr)C carbide. However, the (Nb,Mo,Cr),C is not stable at this
temperature. At 873K, the volume fraction of Ni,Nb phase increases, and the g and chromium-
enriched s phases are also present. In addition, the (Nb,Ti,Mo,Cr)C carbide is no longer stable
at 873 K and is replaced with a chromium-rich M,,C, carbide.

TableI. Equilibrium compositions of the phases at the different annealing temperatures as
predicted with the Thermocalc™ program. The balance of each analysisis nickel and the data
are in atomic percent.

Phase | Temp. | Cr Fe Nb Mo Ti Al Co C Moles
Bulk K 21.80 | 2030 | 320 | 181 | 115 | 096 | 0.26 | 0.26 %

g 1311 | 2187 | 2061 | 266 | 173 | 113 | 094 | 0.26 | 0.008 | 98.6
1143 | 2444 | 2292 | 091 | 200 | 058 | 1.01 | 0.27 | 0.008 | 87.9
873 | 2373|2638 | 009 | 113 | 005 | 025 | 0.26 - 70.7
ot 873 | 054 | 270 | 594 | 0.09 | 807 | 950 | 0.11 - 7.5
Ni,Nb | 1143 1.05 156 | 19.62 | 049 4.59 0.30 0.17 - 11.6
873 | 024 | 048 | 2060 | 038 | 382 | 020 | 0.13 - 13.2
s 873 | 53.80 | 19.24 - 11.45 - - 0.46 - 7.2
MC 1311 | 0.06 - 35.87 | 0.13 | 17.67 - - 46.27 | 0.2
1143 | 0.04 - 3243 | 1.06 | 20.52 - - 46.90 | 05
M, | 1311 | 369 | 0.08 | 4496 | 8.23 - - - 1429 | 1.2
M,Cs| 873 | 6767 | 1.26 - 10.12 - - - 2069 | 13

In addition to these predictions, a second set of thermodynamic predictions were performed for
873K that were based on the composition of the g phase at 1143 K. This temperature defined
the matrix composition from which the secondary precipitates formed. The results are
summarized in Table Ila. A comparison of these two sets of predictions reveals some minor
differences. Comparing the predictions for the g concentrations at 873 K when starting with the
g composition at 1143 K versus the bulk composition reveals that the chromium, niobium and
aluminum levels are dlightly higher in the former predictions and the iron level isdightly lower.
Similarly in the g phase, the chromium, niobium, molybdenum and aluminum are dlightly
higher and the iron and titanium are dlightly lower. In the Ni;Nb phase, the niobium and
aluminum are slightly higher and the chromium, iron, and titanium are slightly lower. Theratio
of the volume fractions of the additional secondary g and Ni;Nb phases do not change
significantly between these two calculations. The differences in the predicted compositions of
the s phase and the M ,C, carbide are extremely small.




These thermodynamic calculations were also performed with the suppression of the s phase
and the results are summarized in Table Ilb. The suppression of the chromium- and
molybdenum-enriched s phase increases the amount of the g phase and increases the chromium
and molybdenum contents of the g g and Ni;Nb phases. Some minor changes were aso
observed in the other elementsin these phases.

Table Il. Equilibrium compositions of the phases at 873 K as predicted with the Thermocalc™
program based on the composition of the gmatrix at 1143 K: a) with s phase, b) with s phase
suppressed. The balance of each analysisis nickel and the data are in atomic percent.

a) Phase Cr Fe Nb Mo Ti Al Co C Moles
gat 1143K | 2444 | 2292 | 091 | 200 | 058 | 1.01 | 027 | 0.008 | %
g 2387 | 2585 | 010 | 114 | 0.04 | 030 | 0.26 - 82.1
ot 0.57 244 | 642 | 012 | 6.79 | 1041 | 0.11 - 7.3
Ni;Nb 0.22 044 | 2141 | 039 | 291 | 029 | 0.12 - 1.7
S 53.77 | 18.72 - 11.69 - - 0.45 - 8.8
M .Cq 67.72 | 1.22 - 10.01 - - - 20.69 | 0.01
b) Phase Cr Fe Nb Mo Ti Al Co C Moles
gat 1143K | 2444 | 2292 | 091 | 200 | 058 | 1.01 | 027 | 0.008 | %
g 26.89 | 25.00 | 007 | 217 | 0.03 | 0.26 | 0.28 - 91.0
ot 0.61 227 | 647 | 018 | 6.87 | 1056 | 0.11 - 7.2
Ni;Nb 0.31 051 | 2116 | 053 | 305 | 0.27 | 0.13 - 1.8
M .Cq 67.88 | 1.05 - 10.18 - - - 20.69 | 0.01

Results and Discussion

A volume of atom probe tomography data containing an interface between a primary @@
precipitate and the g matrix in the material aged for 1 h at 1311 K, 8 h at 1143 K and 500 h at
873 K, is shown in Fig. 1. The phases observed in the atom probe were identified from their
measured compositions and from correlation with the electron diffraction results of the previous
transmission electron microscopy study [4-7]. The iron plus chromium isoconcentration surface
delineates the interface between the primary ¢¢ precipitate and the g matrix. In addition, the
aluminum isoconcentration surface reveals the presence of two small g precipitates on the
surface of the primary @@ precipitate. The composition of these g precipitates was determined
to be Ni-10.6+0.6 at. % Al, 10.5+0.6% Nb, 6.8+0.5% Ti, 2.1+0.3% Fe, 1.6+0.2% Cr.
Concentration profiles normal to the g’ —g interface, shown in Fig. 2a, revea a marked ~1-nm-
thick enrichment of niobium and depletions of chromium, iron and titanium on the g’ side of
the g’ —ginterface. Similarly, concentration profiles through ag precipitate are shown in Fig.
2b. The partitioning of the aluminum, titanium and niobium to the g precipitate is clearly
evident. The morphologies of these ultrafine g precipitates are oblate spheroids that are ~4 nm
thick by ~10 nm diameter. These g precipitates were not observed in the material after the
preliminary 1 h at 1311 K and 8 h at 1143 K annealing treatment. This observation indicates
that the g precipitates formed during the 873 K anneal. A 1- to 2-nm-deep depression in the
surface of the primary ¢? precipitate was observed under the g precipitates. This depression
suggests that the g precipitate nucleates on the original surface of the primary ¢ precipitates



and then grows into the g matrix. In addition, the primary ¢? precipitates coarsen by 1 to 2 nm
during the 873 K annealing treatment.

The evolution of the size and morphology of the brightly-imaging secondary precipitates as a
function of annealing time at 873 K is shown in Figs. 3 and 4. Some impingement of the
secondary precipitates was observed after 10 h of ageing, as shown in Fig. 4a. The roughly
spherical morphology of these secondary precipitates after 2012 h of ageing is also evident in
the isoconcentration surfaces shown in Fig. 4b. The size of these secondary precipitates was
found to follow a t* power law where the time exponent a was 0.34. A decrease in the number
density from 1.8 x 10% to 9.1 x 10® m™ was observed between the 10 and 2012 h annealing
times.

A composition profile through the central region of a secondary precipitate is shown in Fig. 5.
The orientation of the composition profile is perpendicular to the (001) planes. Therefore, the
compositions of the individual atomic planes are distinguished. The first thirteen planes are in
the niobium-enriched ¢ phase and the remainder are in the aluminum-enriched g phase. The
ordering between the nickel (A) planes and the mixed B and C planes is clearly evident. The
first mixed plane in the g phase is significantly enriched in aluminum. This auminum
enrichment is also evident in the atom maps of the secondary precipitates and indicates
rejection of aluminum from the @@ phase.

The phase compositions of the g matrix and the intragranular ¢ and g phases, as determined
by atom probe tomography, are presented in Table I11. The compositions have been divided into
two sections: one section from material annealed for 1 h at 1311 K and 2012 h at 873 K and a
second section for material annealed for 1 h at 1311 K, 8 h at 1143 K and 2012 h at 873 K. In
this table, the reported compositions are the averages of several measured regions. The
individual composition determinations were performed by defining small volumes within the
three-dimensional volume of analysis that contained only one specific phase and counting the
number of atoms of each element within those volumes.

Atom probe composition measurements reveal that the g matrix is characterized by high levels
of chromium, iron and molybdenum and by low levels of niobium, titanium and aluminum. The
¢# phase is characterized by high levels of niobium and titanium and by low levels of
chromium, iron and molybdenum. The g phase is characterized by high levels of aluminum,
titanium and niobium and by low levels of chromium, iron and molybdenum. The solute
partitioning isin qualitative agreement with the thermodynamic predictions. However, there are
some differences between the measured and predicted solute concentrations. The niobium and
titanium levels measured in the g matrix were significantly higher than predicted. The
chromium level measured in the ¢ phase was also higher than predicted. The molybdenum
levels measured in all phases were higher than predicted. Better agreement is found between the
molybdenum level in the gphase measured with the atom probe and the thermodynamic
predictions when the s phase was suppressed from the calculations. Some of the differences
may also arise because the 2012 h aging time at 873 K may not be sufficient to reach
equilibrium for all elements due to kinetic effects.



Table I11. Compositions of the coexisting intragranular phases as determined by atom probe
tomography. The balance of each analysisis nickel and the data are in atomic percent.

Agedlhat 1311 K + 2012 hat 873 K

Phase Time Cr Fe Nb Mo Ti Al Co

g 2012h | 27.0 26.2 0.58 2.26 0.19 0.22 0.25
+0.36 | +035|+£0.05| +0.10| £0.03| +£0.03 | £0.03

ot 2012h | 0.39 1.78 7.65 0.76 5.61 9.46 0.21
+0.07 | +016 | £033| +0.10| £0.28| +0.37 | £0.06

o2 2012h | 175 1.29 16.6 1.56 3.75 0.43 0.17
+031 | +033|+£119|+037 | £057| +0.19| £0.12

Aged1lhat 1311 K + 8 hat 1143 K + indicated time at 873 K

Phase Time Cr Fe Nb Mo Ti Al Co

g 2012h | 238 25.6 0.52 254 | 013 0.19 0.38
+031 | +033|+£0.05|+0.10| £0.02| +0.03 | £0.04

ot 2012h | 0.59 1.57 8.21 1.22 7.30 9.28 0.30
+0.05 | +024 | £055|+021| £052| +£058 | +£0.10

& 2012h | 1.98 0.81 20.6 2.37 3.68 0.40 0.20
+031 |+020| +£101|+034 | £034| +0.14 | £0.10

Primary 500 h 2.00 1.43 16.0 2.38 5.68 0.41 0.39
o2 +0.19 | +016| £054| +021| £0.31| +£0.09 | £0.08

Conclusions

Atom probe tomography has revealed that the secondary precipitates that form in Alloy 718
during low temperature annealing at 873 K are a mixture of the? and g phases. In addition,
small g precipitates were observed on the surface of the primary @@ precipitates. The solute
partitioning is in quantitative agreement with thermodynamic predictions but there are some
significant differences between the measured and predicted solute concentrations.
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Fig. 3. Field ion micrographs of the brightly-imaging secondary precipitatesin Alloy 718
aged for Lhat 1311 K + &) 100 h, b) 500 hand c) 2012 hat 873K and 1 h at 1311 K, 8 h
at 1143 K +d) 100 h, €) 500 h and f) 2012 h at 873 K.







