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Dissolution Kinetics and behavior of 6 phase in Inconel 7 18"
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Abstract: Dissolution kinetics of 8 phase in Inconel 718 at 980, 1 000 and 1 020 C respectively was established using
the quantitative X-ray diffraction( XRD) method. Microstructure evolution during dissolution process was analyzed with

scanning electron microscopy( SEM) .

Dissolution rate of 6 phase during high temperature heating keeps at a high level at

the beginning stage, and then decreases gradually with the increase of heating time. A dynamic equilibrium state ap
proaches after being heated at 980 C for more than 30 min and at 1 000 C for more than 2 h, and the equilibrium mass

fraction are 3% and 0. 6% respectively. 6 phase fully dissolves into the austenitic matrix after being heated at 1 020 C

for more than 2 h. The dissolution and fracture effects cause the morphology evolution of 6 phase from long needle shape

to short bars or particles at high temperature.
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1 INTRODUCTION

NrFe base superalloy Inconel 718, which is age
hardened by combined precipitation of fine ¥ and Y
phases in austenitic matrix, has been widely used for
high temperature services such as gas turbine disks.
The amounts of precipitation phases together with
their shape and distribution have determinant influ-
ence on the mechanical properties of Inconel 718.
The precipitation of intermetallic phases in Inconel
718 has been intensively studied'" *'. Tt has been
found that the major hardening phase is Y , and Sis
the equilibrium phase. All these three phases are of
the A3B type: the Y and & phases are based on the
composition of NisNb and the Y phase on the
Ni3(AlTi). The precipitation of & phase is always
preceeded by ¥ and Y precipitation in the low tem-
perature range( below 900 C), and always occurs in
the approximate temperature range of 750 = 1 050
‘C. The 0 phase can precipitate directly from the su-
persaturated ¥ matrix if the treatment is carried out
at 900 = 1 000 ¥,

/4 -
Y and Y, the 8 phase seems to have a beneficial ef-

Contrary to the behaviors of

fect on stress rupture ductility. Controlled precipita-
tion of the & phase at grain boundary is believed to
have beneficial effect on the stress rupture ductility,
and can also inhibit the growth tendency of austenitic

[679

grain during forging process'“”. During hot working

such as forging, the & phase may partially dissolve in-

to the austenitic matrix. So controlling the precipita-
tion and dissolution of 0 phase is the most important
aspect. But little work has been performed in the lat-
ter aspect.

The aims of this work are to analyze the dissolu-
tion kinetics and behavior of & phase at evaluated

temperatures.
2 EXPERIMENTAL

2.1 Materials and heat treatment

Hot rolled bars of Inconel 718 were selected for
the dissolution behavior analysis and the average grain
size was about 20 Hm. The chemical composition is
listed in Table 1. Solid solution treatment was per-
formed at 980 C for 3 h and then followed by air
cooling. The 6 phase ageing treatment ( heating at
890 C for 20 h) was carried out to insure adequate
amount of 6 phase in the austenitic matrix for disso-
lution analysis. Dissolution treatment was performed

at 980, 1 000 and 1 020 C, respectively.

Table 1 Chemical compositions of Inconel

718 alloy
C Cr Ti Ni Mo

( mass fraction, %)

Nb+ Ta

0.032 18. 8 1.05 53.28 2.97 5. 12

Al B Fe Mn Si S P

0.58 0.002 Bal 0.13 0.09 0.002 0.005
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2.2 Xrray diffraction quantitative phase analysis 100
and microstructure observation

According to the phase transformation specialties 80 .
of Inconel 718, Y phase, & phase and NbC are the ::?%%OCC
main three phases after dissolution treatment. The S 60l A—1020C
amount of & phase can be directly determined using >
X-ray diffraction( XRD) technique from comparison “E. a0l
of the integrated intensity of the diffraction =~ -
peaks' %

Microstructure evolution during dissolution pro- 2T
cess was observed by KYKY 2800 SEM. —

0 ; ; g

3 RESULTS AND DISCUSSION

3.1 Dissolution kinetics of & phase in Inconel 718

To establish the dissolution kinetics of & phase in
Inconel 718, the amounts of & phase during dissolu-
tion process are defined. Fig. 1 shows the calculated
w,/ wo—t profiles for different dissolution tempera-
tures, where w is the initial mass fraction; w, is
mass fraction at any instant during dissolution pro-
cess. Three different dissolution stages can be found
during heating at 980 and 1 000 C, and two stages
at 1 020 C. The first stage occurs at the beginning of
dissolution process, during which the dissolved
amount of 6 phase is linear with the heating time.
Dissolution rate keeps nearly constant and at a high
level in this stage. The second one is characterized as
a parabolic type between dissolved amount and time.
In this stage, dissolution rate decreases gradually
with the proceeding of dissolution process, and high
dissolution rate accompanies with high heating tem-
perature at the same instant. The dissolution process
finishes at the end of the second stage at 1 020 C,
and & phase fully dissolves into the matrix. By con-
trast, another linear stage appears at 980 and 1 000
‘C, and dissolution rate keeps at a nearly constant
value 0. In other words, the dissolution process ends
with the coming of a dynamic equilibrium state and
the corresponding equilibrium mass fraction of &
phase are 3% and 0. 6% respectively.

The above results are input into Origin 6.0 for
further processing. An empirical relation between w,
/ w o and heating time ¢ is obtained as Eqn. (1). Val-
ues of the corresponding parameters are listed in
Table 2.

A m

wl/M}(): B+ T[.4([_ [0)2+ m2 (1)

Table 2 Parameters in Eqn. (1)

v R S
980 35.3 14.2 0.13 -0.02
1 000 12.3 152 0.08 -0.14
1020 4.23 157 0.07 -0.13

Time/h

Fig. 1 Dissolution kinetics of & phase in
Inconel 718

where A, B, m and t¢ are constants, ¢ is holding
time at a certain temperature.

The dissolution process of 0 phase in Inconel 718
is controlled by the diffusion of Nb atoms in the
austenitic matrix. The diffusion process proceeds in
two sequence steps. One is a short distance migration
of atoms from one side of phase boundary adjacent to
& phase to the other side adjacent to austenitic ma

trix! 1!

I, The flux Jp of atoms across the phase bound-
ary is determined by the boundary migration rate M
and migration driving force AMg, which can be de-
scribed by Eqn. (2)

Jp <M< ABg (2)

The other step is a long distance diffusion pro-
cess of atoms from the phase boundary adjacent to
matrix to the austenitic matrix, and the flux J 5 of
atoms is controlled by the coefficient of cubic diffusion
and concentration gradient between phase boundary
and matrix. This process can be expressed by

Eqns. (3) and (4)

/ Ocy
J5 D5 (3
D= Doexp(- 57) (4)
where Dgand () are frequency factor and activation

energy respectively.

Between the two diffusion steps, the slow one is
the controlling step. The boundary migration rate M
in Eqn. (2) is dependent upon the accommodation
probability when atoms migrate from one side of
phase boundary adjacent to 0 phase to the other side
adjacent to matrix. The accommodation probability,
also defined as carrying factor, is mainly determined
by the structure of phase boundary. The interface be-
tween O phase and matrix in Inconel 718 is incoher
ent, where atoms are in disarrangement. So the ac
commodation position has little influence on migration
process of atoms from one side of the phase boundary
to the other, and the carrying factor is close to 1. Ac
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cording to the adequate migration rate of phase
boundary, the whole dissolution process is determined
by the long distance diffusion process of atoms from
the phase boundary to the matrix.

As described in Eqns. (3) and (4), the main
factors affecting the diffusion process are concentra-
tion gradient and temperature. Due to the high con-
centration gradient, the dissolution process of & phase
proceeds with high and nearly constant rate at the be-
ginning stage. The concentration gradient decreases
gradually with the proceeding of dissolution process;
meanw hile, dissolution rate decreases. An equilibri-
um diffusion state will reach with a certain amount of
6 phase in the matrix at 980 and 1 000 C, so the
dissolution rate is equal to 0. Also temperature has
decisive effects on the diffusion process. That the dis-
solution rate increases with the increase of tempera
ture can be interpreted by the high diffusion coeffi
cient at high temperature. Also it should be noted
that high temperature should be accompanied with
high solid solubility of Nb atoms in matrix, so the 6
phase can fully dissolve at 1 020 C.

3.2 Morphology evolution of 6 phase during disso-

lution process

Fig. 2 shows the morphology evolution of 6
phase during high temperature heating process. Large
amount of long needlelike & phase exist in the
austenitic matrix at ageing state before dissolution
process( Fig. 2(a)), and then it gradually dissolves
into the matrix ( Fig. 2(b)). Meanwhile, the long
needle-like 6 phase breaks into pieces and transforms
into short bars or particles ( Figs. 2 ( ¢)

same characteristics during heating at different tem-
peratures. Large amount of 6 phase, existing as short
bars or particles, still distribute in the austenitic
grains and along grain boundaries when being heated
at 980 C for 6 h, and the grain size changes little.
On the contrary, the amount of & phase decreases ob-
viously after being heated at 1 000 and 1 020 C, and
the austenitic grain size increases ( Figs. 2 (e) and
().

Relationship between the solubility of secondary
phase and its curvature was proposed by the colloidal
state equilibrium law!'?!.  Generally, the particles
with high curvature have high solubility. Regarding
the long needle-like & phase in Inconel 718, the solu-
bility at the point end is higher than that at the face.
So the concentration of Nb atoms in the matrix adja-
cent to the point end is higher than that in the matrix
adjacent to the face. Thus, the concentration differ-
ence caused by diffusion in the matrix destroys the
concentration equilibrium state of Nb atoms among
the phase interfaces. In order to reach a new equilib-
rium state, further dissolution of 6 phase continues.
The above process proceeds repeatedly until a dynamic
equilibrium state comes. Moreover, sub-grain bound-
ary or high density dislocation zone might exist in the
& phase, where dissolution occurs preferentially. As a
result, channels will appear at the defect locations accom-
panying with the dissolution process. Because of the dif-
ference of curvature between the channel and other faces,
dissolution rate difference increases between the channel
zone and plane position. As a result, the 6 phase will dis-
solve gradually and fracture from the defect zone. The
dissolution and fracture schematics of 6 phase is shown
in Fig . 3. The above dissolution and fracture effect

and (d)). Microstructure evolution indicates the

Fig. 2 Morphology evolution of 6 phase in Inconel 718 during dissolution process
(a) —Ageing state; (b) —980 C, 1 h; (¢) —980 C, 2 h; (d) —980 C, 6 h; (e) —1 000 C, 2 h; (f) —1 020 C, 1 h
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Fig. 3 Schematics of dissolution and fracture process of & phase in Inconel 718

will cause the morphology evolution of & phase from
long needle shape to short bars or particles.

4 CONCLUSIONS

1) 6 phase can fully dissolve into the austenitic
matrix after being heated at 1 020 C for more than 2
h. A certain amount of 0 phase still exist after being
heated at 980 and 1 000 C for more than 6 h respec
tively.

2) Dissolution rate keeps at a high level at the
beginning stage, and then decreases gradually with
the increase of heating time. A dynamic equilibrium
state approaches after being heated at 980 C for more
than 30 min and at 1 000 C for more than 2 h re-
spectively.

3) The dissolution and fracture effects cause the
morphology evolution of & phase from long needle
like shape to short bars or particles.
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