J. Iron Steel Res. Int. (2023) 30:1613-1621
https://doi.org/10.1007/s42243-023-01023-2

ORIGINAL PAPER

Effect of stabilizing treatment on microstructure and stress rupture

o)

Check for
updates

properties of phosphorus microalloyed Inconel 706 alloy

Sha Zhang'?
Zhi-ming Guo'? - Jian Liu'?

- Yu-chao Wu? : Yu Li' - Zhong-pei Dai' - Dan Jia* - Yan-fei Xu'? - Guang-sheng Zeng'? -

Received: 1 February 2023 /Revised: 16 April 2023 / Accepted: 22 May 2023/ Published online: 30 June 2023

© China Iron and Steel Research Institute Group Co., Ltd. 2023

Abstract

The microstructure and stress rupture properties of Inconel 706 alloy microalloyed with phosphorus are examined under
stabilizing and unstabilizing heat treatment conditions. It was found that applying the stabilizing treatment resulted in a
98% increment in the stress rupture life and a 215% increment in the elongation tested at 650 °C/690 MPa for the alloy
compared to that under the unstabilizing heat treatment condition. The stabilizing treatment led to the precipitation of rod-
shaped and needle-shaped m phases at the grain boundaries. Morphologies of y'—y” co-precipitates in the grain interior
were noncompact form and compact form for the alloy under unstabilizing and stabilizing heat treatment conditions,
respectively. Based on the microstructure characterizations, the improvement of stress rupture properties by the stabilizing
treatment was attributed to the precipitation of m phases at the grain boundaries, which can hinder cracks initiation and

propagation and relieve the stress concentration.
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1 Introduction

Inconel 706 alloy is an age-hardenable Ni—Fe—Cr based
superalloy. This alloy is used for various applications that
require high mechanical strength combined with ease of
fabrication, due to its low segregation tendency, good
workability and machinability, and low cost [1-3]. In
particular, the alloy is widely used for large forged gas
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turbine components [4—6]. The chemical composition of
Inconel 706 alloy was derived from Inconel 718 alloy by
removing Mo, reducing Ni, Cr, Nb, Al and C, and
increasing Fe and Ti [1, 4]. The austenitic matrix of Inconel
706 alloy is strengthened by two different kinds of coher-
ent, ordered compounds: the NisNb y” phase (tetragonal
DO», structure) and the Nis(Al, Ti) y' phase (cubic L1,
structure). The primary strengthening phase is y” phase,
which is caused by coherency strains resulting from the
large lattice misfit between the cubic cell of the y matrix
and the tetragonal cell of y” phase [2]. Moreover, a com-
bined form of the two precipitates, a so-called “co-pre-
cipitate”, can also form in Inconel 706 alloy, depending on
the heat treatment and processing conditions. The mor-
phologies of co-precipitates contain “compact” morphol-
ogy (i.e., a cube-shaped ¥’ particle coated on all six facets
with a shell of y”) and the “noncompact” morphology
(where ¥’ particle is sandwiched between two y” shells)
[3, 7]. In addition to the main strengthening phases, the
precipitation of n phases (DO,4 structure) can effectively
inhibit grain boundary sliding and enhance the resistance to
the creep crack growth of Inconel 706 alloy [8—12].
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Phosphorus (P) is one of the trace elements in primary
raw materials for the production of superalloys [13]. Pre-
vious studies have shown that P increases the solidification
temperature range and promotes the solidification segre-
gation of elements in superalloys. Therefore, it has been
suggested that the content of P should be decreased as low
as possible to get superalloys with low segregation and
excellent mechanical properties [14]. However, recently,
researchers have found that microalloying with P can
improve the creep properties and increase the stress rupture
life of some wrought superalloys, such as Inconel 718, ATI
718Plus, and Inconel 706 alloys [15-23]. The beneficial
effect of P is largely attributed to enhanced grain boundary
cohesion and improved morphology and distribution of
grain boundary precipitates, since P is found to be strongly
segregated at grain boundaries.

It is necessary to further modify the chemical compo-
sition and optimize the heat treatment procedure of the
superalloys for applications at even higher temperatures.
As mentioned above, P microalloying is an effective way
to increase the stress rupture properties of Inconel 706
alloy. Additionally, a stabilizing treatment between the
solution and age hardening treatment has been proposed for
the alloy to improve its creep rupture life [9, 10, 24].
However, the effect of stabilizing treatment on the
microstructure and stress rupture properties of Inconel 706
alloy microalloyed with P is still unclear. Hence, in the
present work, the effect of the stabilizing heat treatment on
the microstructural evolutions and creep rupture properties
of P microalloyed Inconel 706 alloy was investigated,
which provides a basis for the development of Inconel 706
alloy with more excellent mechanical properties.

2 Experimental procedure

A P microalloyed Inconel 706 alloy with a higher stress
rupture life compared with the standard alloy was manu-
factured in this study [19, 25]. The alloy ingot was vacuum
induction melted with a mass of 10 kg. A homogenization
treatment consisting of 1160 °C for 20 h and 1190 °C for
40 h was used to reduce residual elemental inhomogeneity.
Following the homogenization, the ingot was forged, fol-
lowed by hot rolling into bars of 16 mm in diameter. The
starting temperature of forging and rolling was 1200 °C.
The final temperature of forging and rolling was not lower
than 950 °C. The chemical composition of the test alloy
was Ni 41.93, Cr 15.36, Ti 1.82, Nb 2.64, Al 0.34, C 0.047,
B 0.004, P 0.008 and Fe balance, in wt.%. Figure 1 shows
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Fig. 1 Optical microscope image of as-rolled alloy

the as-rolled microstructure of the alloy. The average grain
size was 11.5 & 2.6 pm. The as-rolled samples were sub-
jected to one of two heat treatments, and the corresponding
schematic is presented in Fig. 2. In details, these two heat
treatments were: (1) the unstabilizing heat treatment
scheme including a solution treatment (980 °C for 3 h, air
cooling) and a two-stage ageing treatment (730 °C/8 h,
furnace cooling at 55 °C/h to 620 °C, holding for 8 h, air
cooling), and (2) the stabilizing heat treatment scheme that
added a stabilization treatment (845 °C for 3 h, air cooling)
between the solution and ageing treatments.

After the heat treatments, the samples were machined
into stress rupture samples with a 5-mm gauge diameter
and a 25-mm gauge length. The stress rupture tests were
performed at 650 °C/690 MPa until fracture. Two samples
for each heat treatment were tested, and the average value
was used to evaluate the stress rupture life and elongation.

The samples for optical microscope (OM, ZEISS Axi-
olab 5) and scanning electron microscope (SEM, TESCAN
MIRA) observation were prepared by the standard metal-
lographic method. The average sizes of grains and v’
phases were measured by the linear intercept method. The
samples were chemically etched using a solution of 5 g
CuCl,, 100 mL C,HsOH, and 100 mL HCI. The samples
for transmission electron microscope (TEM, FEI Tecnai
F30) observation were mechanically ground to a thickness
of 50-60 pm with SiC papers, punched to a diameter of
3 mm, and then twin-jet electropolished in an electrolyte of
10 vol.% perchloric acid in methanol with a voltage of
24V and -20 °C. The SEM equipped with an energy
dispersive spectroscope (EDS) and TEM fitted with a high
angle annular dark field (HAADF) detector were utilized
for elemental analysis.
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Fig. 2 Schematic of unstabilizing heat treatment (a) and stabilizing heat treatment (b)

3 Results
3.1 Microstructure

Figure 3 shows the microstructure of the as-rolled alloy
after solution treatment at 980 °C for 3 h. The grain size of
the sample was 46.6 = 18.4 um. Grain boundaries were
free from precipitates, while a few grey-colored and white-
colored particles were observed in y matrix. The EDS point
analysis indicated that the precipitates were Nb-rich MC
carbides (Fig. 3b and c) [5].

The microstructures of the heat-treated samples are
illustrated in Fig. 4. There was no precipitate at the grain
boundaries of the unstabilized sample (Fig. 4a). In contrast,
a number of intergranular precipitates were observed in the
stabilized sample (Fig. 4b). TEM analysis was applied to
identify the precipitates. Figure 5 shows the dark-field
image and corresponding selected area electron diffraction
(SAED) patterns of the precipitates at the grain boundary.
The precipitates were found to be consistent with the close-
packed hexagonal n phase [4, 26]. In the stabilized sample,
the mn phase appeared rod-shaped (Fig. 4c) or needle-
shaped (Fig. 4d) at the grain boundaries. Additionally, y”
and ' phase precipitated-free zone appeared around m
phases, as shown in Fig. 4d [27, 28].

Figure 6 shows the HAADF image and associated
chemical elements mapping around intergranular n phases
in the stabilized sample. Compared with the matrix com-
position, the 1 phases were rich in Ni, Nb and Ti and poor
in Fe and Cr. The element compositions of 1 phases in the
present work are consistent with the previous studies
[3, 29]. Although some studies have found that P atoms are
segregated at interfaces of mn/y phases by atomic probe
technique, this phenomenon was not found in this study,
which may be due to the low content of P in the alloy and
the inadequate resolution of TEM compared with atomic
probe technique [30].

The intragranular microstructures observed by TEM are
presented in Fig. 7. The presence of y” and y' precipitates
in dark-field TEM images was confirmed, which was also
indicated by the [001] zone axis diffraction patterns (in-
serted in Fig. 7). For the unstabilized sample, a few non-
compact y'—y” co-precipitates presented as sandwich-like
morphology were observed, as marked in Fig. 7a. For the
stabilized sample, compact y'—y” co-precipitates, with
cube-shaped 7y’ particle covered by disk-shaped vy’ parti-
cles, were precipitated, and the average diameter of y”
phase was 23.7 &+ 3.9 nm (Fig. 7b). The sizes of ¥ and v’
phases in the unstabilized sample were smaller than those
in the stabilized sample, and the average diameter of y”
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Fig. 3 Microstructure of alloy after solution treatment at 980 °C for 3 h. a SEM image; b high magnification SEM image of red dotted rectangle

marked in a; ¢ EDS spectrum of particles shown in b

phase was 15.0 & 2.5 nm. Apparently, the size and dis-
tribution of intragranular precipitates were influenced by
the stabilizing treatment.

3.2 Stress rupture properties

Figure 8 exhibits the stress rupture properties at 650 °C/
690 MPa. The stress rupture life of the unstabilized sample
was 59 h, while that of the stabilized sample was 117 h. The
stabilizing treatment increased the stress rupture life of the
alloy by 98%. The elongation was accordingly increased
from 4.0% to 12.6%, with an increase in 215%. To clarify the
fracture process of stress rupture tests, the fractured surfaces
are displayed in Fig. 9. The fractured surfaces of the two
heat-treated samples were composed of transgranular frac-
ture zone and intergranular fracture zone (Fig. 9a, d). The
intergranular fracture parts exhibited intergranular sec-
ondary cracks at the higher magnification SEM images, as
marked by the yellow arrows in Fig. 9b, e. Itis compared that
more intergranular cracks were observed in the stabilized
sample. The surface of grain boundaries in the intergranular
fracture parts of the unstabilized sample was smooth without
any deformation marks. In contrast, a few dimples existed on
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the fracture surfaces of the stabilized sample. With further
detailed observation, the transgranular fracture parts of the
two samples were detected under high magnification SEM
images, showing that the sections were covered with dim-
ples, as shown in Fig. 9c, f.

To reveal the intergranular cracks initiation and propa-
gation during the stress rupture, the microstructures of the
longitudinal sections near the fracture surface of the sam-
ples were observed by SEM, as shown in Fig. 10. It can be
seen that there was no intergranular crack in the unstabi-
lized sample except the secondary cracks near the main
fracture cracks (Fig. 10a). By contrast, few intergranular
cracks and holes in the interior of the stabilized sample
were found (inserted in Fig. 10b).

4 Discussion

4.1 Effect of stabilizing treatment
on microstructure

After the solution at 980 °C, the grains grew significantly
(Fig. 3a). The stabilizing heat treatment scheme increased



Effect of stabilizing treatment on microstructure and stress rupture properties... 1617

Precipitate-free zone

500 nm

Fig. 4 SEM images of alloy under unstabilizing heat treatment (a) and stabilizing heat treatment (b—d) as well as high magnification image of red

dotted rectangle (c) and blue dotted rectangle (d) in b

©00) @
. @ ~<(0001)n

110,

Fig. 5 TEM image of precipitated phase at grain boundary of alloy after stabilizing heat treatment. a Dark-field TEM image; b corresponding

SAED patterns

the stabilizing treatment (845 °C/3 h) between the solution
and ageing treatments in comparison with the unstabilizing
heat treatment scheme. It is worth noticing that no grain
growth occurred during the stabilizing treatment [31].
Therefore, the grain sizes were the same for the two heat-
treated samples. The main difference in grain boundary
microstructure between the samples was 1 phases precip-
itated in the stabilized sample, since the temperature of
845 °C crosses the n phase precipitation temperature range

according to the time—temperature—transformation diagram
[8]. In contrast, the sample that did not undergo the sta-
bilizing treatment was free from intergranular 1 precipi-
tates. The EDS mapping result shows that the n phases are
rich in Ni, Nb and Ti, but poor in Fe and Cr, in comparison
to the y matrix. Therefore, the nucleation and growth of the
T precipitates consume a certain amount of Ni, Nb and Ti
in the y matrix of the stabilized sample. As a result, the
precipitation of y”-Ni3Nb and y'-Niz(Al, Ti) phases during
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Fig. 6 HAADF image and associated EDS elemental mapping of whole area of alloy after stabilizing heat treatment

Fig. 7 Dark-field TEM images and corresponding SAED patterns of y” and y’ phases in tested alloy. a Unstabilized sample; b stabilized sample

ageing treatment was impeded around m phases due to the
lack of Ni, Nb and Ti, which caused the formation of the
precipitate-free zone around m phases [4].

After the solution treatment (980 °C/3 h), the precipi-
tates were dissolved completely except for carbides
(Fig. 3), and the y matrix is supersaturated solid solution.
Based on the previous study, few disk-shaped y” and
spherical y' phases are also precipitated in the stabilized
sample during 845 °C besides the n phases [5]. The pre-
cipitation of n phases consumes a certain amount of Ni, Nb
and Ti elements in the matrix. Thus, the supersaturation of
the matrix is decreased after the stabilizing treatment car-
ried out at 845 °C. After the two-stage ageing treatment

@ Springer

(730 °C for 8 h, furnace cooling at 55 °C/h to 620 °C
holding for 8 h, air cooling), new y” and Yy’ precipitates
were nucleated, and the pre-existing y” and y' precipitates
grew. For the unstabilized sample, the high supersaturation
of the matrix before ageing treatment leads to higher
nucleation driving force of precipitates, compared to the
stabilized sample. Thus, a large number of y” and 7y’ pre-
cipitates are nucleated and competitively grown.

Cozar and Pineau [32] reported that the size of the initial
v particles before the formation of y” precipitates signifi-
cantly affects the morphological characteristics of the y'—
v" co-precipitates in Inconel 718 alloy. If the initial size of
the Y’ precipitate exceeds critical size (about 20 nm) during



Effect of stabilizing treatment on microstructure and stress rupture properties... 1619

150

[E—] Unstabilized
R Stabilized

= Unstabilized
[ Stabilized | 16

100

Elongation/%

50

Stress rupture life/lh

Stress rupture life Elongation

Fig. 8 Stress rupture properties of alloy under different heat treatment
conditions

ageing, 7" phase tends to precipitate on the six faces of the
cube-shaped v’ particles. On the contrary, for the initial v’
particles smaller than the critical size, noncompact co-
precipitates are obtained [32, 33]. Considering similar
chemical composition with Inconel 718 alloy, it can be
deduced that pre-existing ¥’ and low nucleation rate in the
stabilized sample led to the y'—y” co-precipitates appearing

in compact morphology, while high nucleation rate caused
noncompact morphology to appear in the unstabilized
sample.

4.2 Mechanism of improvement in stress rupture
properties by stabilizing treatment

From the fracture morphology (Fig. 9) and longitudinal
section microstructure (Fig. 10), it could be known that the
stress rupture cracks initiated from the grain boundaries
and propagated along them during the stress loading. The
applied stress was gradually increased with the propagation
of the intergranular cracks, resulting in the transgranular
fracture instantaneously [34]. Apparently, the heat treat-
ment schemes did not change the fracture mode. Therefore,
the influence of heat treatments on the stress rupture
properties is closely relevant to the microstructure of grain
boundaries. Accordingly, the difference in the intragranular
microstructure between the samples under the two heat
treatment conditions has little influence on the stress rup-
ture properties in the present work.

In the process of polycrystalline plastic deformation, the
grain boundaries hinder the movement of dislocations,

Fig. 9 Fractographs of alloy after stress rupture test. a—c Unstabilized sample; d—f stabilized sample. b, ¢ are high magnification images in a; e,

f are high magnification images in d
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Fig. 10 Longitudinal microstructure of stress ruptured samples. a Unstabilized sample; b stabilized sample

which leads to the blockage of dislocations and stress
concentration. The similar phenomenon is also reported in
the high Mn and Al-containing steel [35]. Grain boundaries
decorated with m phases in the stabilized sample can
improve the stress rupture properties based on the mecha-
nisms such as suppression of crack initiation and propa-
gation, coordination of plastic deformation, and relief of
stress concentration [9, 10, 36-38]. On the contrary, there
was no m phase precipitated in the unstabilized sample.
The initial cracks rapidly expand along the grain bound-
aries and lead to the final fracture. Consequently, there was
no intergranular crack in the interior of the fractured
sample except for the secondary crack near the main crack
(Fig. 10a). It is deduced that the stabilized samples
underwent a long loading period before fracture compared
to the unstabilized samples. Therefore, more intergranular
cracks were found in the longitudinal microstructures of
the stress ruptured sample (Fig. 10b).

From the above discussion, the improvement in stress
rupture properties of P microalloyed Inconel 706 alloy may
be mainly due to the precipitation of 1 phases, which can
hinder cracks initiation and propagation and relieve the
stress concentration. Although it is found that the precipi-
tation of m phases is significantly affected by the P addi-
tion, the beneficial effect of | phases was still effective in
the present work [19].
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5 Conclusions

1. After the unstabilizing heat treatment, the grain
boundaries were free of 1 phases, and noncompact y'—
vy" co-precipitates were formed in the grain interior.
After the stabilizing heat treatment, the rod-shaped and
needle-shaped M phases were distributed at the grain
boundaries, and compact y'—y” co-precipitates were
formed in the grain interior.

2. The application of a stabilizing treatment at 845 °C

resulted in a significant improvement in the stress
rupture properties. The stress rupture life and elonga-
tion were increased by 98% and 215%, respectively.
The stress rupture fracture was found to originate from
the grain boundaries.

3. The precipitation of m precipitates at the grain

boundaries after the stabilizing treatment can hinder
cracks initiation and propagation and relieve the stress
concentration, which may be beneficial for the rupture
properties of P microalloyed Inconel 706 alloy.
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