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Influence of isothermal aging on the microstructures and hardness in Inconel 740, a relatively new Ni-
based superalloy, was explored using the specimens aged at 810°C for different times. As aging time
increased, the size of gamma prime precipitates continuously increased while their fraction remained
almost constant. Nanoindentation experiments revealed that the overall hardness increased till the aging
time of 100 h and then decreased with the aging time. Estimation of phase hardness by applying a simple
rule-of-mixture showed that, with aging time, the hardness of gamma matrix decreased whereas that
of gamma prime precipitates increased. The aging-induced strength change is discussed in terms of the
possible contributions of precipitation strengthening and solid solution strengthening.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The Inconel 740, a relatively new member of Ni-based super-
alloy family, was developed for the applications to steam boiler
tubing in ‘Advanced Ultra-SuperCritical (A-USC) fossil power
plants [1-4]. Since the target steam condition of the new boiler
system is above 375 bar and 700 °C, this alloy was designed to have
excellent performances (such as good microstructure stability, high
resistance to coal-ash-corrosion/oxidation, and high creep-rupture
strength) at high temperature up to 770°C [1-4].

Like many other Ni-based superalloys, Inconel 740 is primar-
ily strengthened by the precipitation of very fine gamma prime (')
(having an ordered face-centered cubic structure) in the disordered
gamma (y) matrix [1-4]. It is generally accepted that the precipi-
tation strengthening in Ni-based superalloys is mainly controlled
by cutting mechanism rather than bowing (or typically referred
to as Orowan) mechanism [5]: while a pairofa/2 (1 1 0) {111}
dislocations passes through the y/vy’ structure, the first dislocation
enters the spherical v precipitates with the formation of an anti-
phase boundary (APB) and the following dislocation removes it [6].
This type of cutting mechanism can be roughly subdivided into two
groups; weakly coupled dislocations (WCD or weak pair-coupling)
model [7] and strongly coupled dislocations (SCD or strong pair-
coupling) model [8]. In superalloys, the former is typically applied
to the case that the size and volume fraction of y' are small [7],
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whereas the latter is known to be more appropriate for the case
that the spacing of the dislocation pairs becomes comparable to
the particle diameter [8].

Ni-based superalloys inevitably experience various microstruc-
tural changes during their high temperature service life, such as vy’
coarsening, formation of topologically close-packed (TCP) phase,
and increasing carbides contents (mostly M,3Cg) [9-12]. Thus, the
influence of aging on the microstructure and mechanical proper-
ties of Ni-based superalloys have been studied extensively over the
pastdecades[1,3,4,9-12]. However, limited efforts have been made
on the topic for Inconel 740. In addition, to our best knowledge,
there has been no attempt to analyze the role of each phase in the
strength change in detail. With this in mind, in this study, we have
explored how the overall hardness as well as phase hardness of
Inconel 740 can be affected by the isothermal aging. Results are
discussed in terms of aging-induced changes in the contributions
of precipitation strengthening and solid solution strengthening in
this new superalloy.

2. Experiments

Examined material is a commercial grade Inconel
740 (produced at Special Metals Corporation)
whose nominal chemical composition (in  wt%) is

0.03C-25Cr-0.5Mo0-20Co0-0.9A1-1.8Ti-2Nb-0.3Mn-0.7Fe-0.5Si

with the balance Ni. Since the dissolution temperature of <’
precipitates in this alloy is known to be 821°C [1], samples were
isothermally aged at 810 °C for different times (100, 200, 500 and
1000 h) and compared with as-received sample. The average grain
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Fig. 1. SEM micrographs used for measuring the fraction of ' precipitate (chemically etched samples) in the samples aged for (a) 0h; (b) 100h; (c) 200h; (d) 500h; (e)

1000 h.

size in the as-received sample was about 150 wm which is larger
than nominal grain size in the literature [1].

Microstructural change due to aging was examined by using
field emission scanning electron microscopy, FE-SEM (JSM-6340F,
JEOL Ltd., Tokyo, Japan). With the SEM micrographs, the size
and fraction of " were quantitatively measured using an image
analyzer software (Image-pro, Media Cybernetics Inc., Bethesda,
MD). An electrical etching (at 10V for 90s in a solution of 10 ml
perchloric acid, 30ml propionic acid and 40ml ethanol) and a
chemical etching (for 10s in a solution of 33 ml nitric acid and
66 ml hydrochloric acid) were adopted for measuring the size
and fraction of ' respectively. Adoption of different methods
was because the electrical etching (that selectively etches out the
v matrix having a large fraction) could induce an overestima-
tion of vy’ fraction, whereas the chemical etching (that selectively
etches out the y matrix) could result in an overestimation of y’
size.

The transmission electron microscopy (TEM) characteriza-
tion was performed on selected samples with a CM-30 (Philips
Electronic Corp., Mahwah, NJ) operating at 200 keV. Energy dis-
persive X-ray microanalysis was performed using a Link Pentafet

energy-dispersive spectrometer (EDS) with an ultra thin window,
controlled using the Link eXL system. To prepare TEM thin foils,
thin sheet were cut out using a low-speed diamond saw and were
mechanically thinned down to about 100 wm in thickness using a
SiC paper of #1000. Discs having a diameter of 3 mm were punched
out of the thin sheets and electropolished to perforation with an
800 ml methanol and 200 ml perchloric acid electrolyte at —50°C
and 20V, using a double-jet electro polisher.

To investigate the aging-induced hardness change, nanoinden-
tation experiments were carried out using a Nanoindenter-XP (MTS
System Corp., Oak Ridge, TN) with a common Berkovich indenter.
During the test, the sample was loaded up to the peak load (Pmax)
of 3mN under a constant strain rate of 0.05s~!. The tip calibra-
tion and the hardness calculation were conducted in accordance
with the Oliver-Pharr method [13]. The specimen surfaces were
initially ground with fine SiC paper of #2000 and to avoid artifacts
related to a hardened surface layer, indentation tests were made
on electro-polished surface instead of mechanically polished one.
Electrical polishing was conducted in a solution of 850 ml methanol
and 150 ml hydrochloric acid at a room temperature and 40V for
20s.
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Fig. 2. Microstructural change of y’ precipitates; (a) variation in fraction and diam-
eter; (b) LSW analysis of ¥’ coarsening.

3. Results and discussion
3.1. Microstructural change

Representative SEM micrographs for the aged samples are
shown inFig. 1 where all samples exhibited uniform dispersion of y’
precipitates iny matrix. Two types of changes in the precipitates are
notable in the figure. First, the size of the ' precipitates increased
with aging time, which will be discussed below. Second, as the aging
time increased, the morphology of v’ precipitates changed from a
spherical shape to a rounded cubic form. The formation of rounded
cubic v may be attributed by the medium degree of y—vy’ lattice
mismatch. Nevertheless, if compared to other Ni-based superal-
loys, the shape change is not significant and this relatively higher
stability of " precipitates in Inconel 740 is known to be beneficial
to the mechanical performance (such as rupture strength at 750 °C)
during high-temperature service [1].

Using the high-resolution SEM images, the size and fraction of v/
were quantitatively investigated. For each aging condition, at least
6 micrographs were used for measuring the vy’ fraction, and more
than 150 precipitates were examined for estimating the diameter
of the ' precipitates. The results are summarized in Fig. 2(a) where
it is shown that, with increasing aging time, the size of y' continu-
ously increased whereas their fraction was not seriously changed.
The aging-induced coarsening of y’ precipitates could be described
by Lifshitz-Slyozov-Wagner (LSW) theory for which coarsening
process is driven by reduction in total interfacial energy and thus
growth kinetics would follow an equation given as

r3—rg3 =kt (1)

where ris the averaged radius of the precipitates at time t, rg is the
initial size, and k is the rate constant. In Fig. 2(b), it is seen that the
plot of 3 vs. time in the present study is following the relation in
Eq. (1).

To analyze other-typed precipitates, microstructures nearby
grain boundaries (which are good places for heterogeneous nucle-
ation of other precipitates) in each sample were examined, as
shown in Fig. 3. While almost no precipitate was found in the
as-received sample [Fig. 3(a)], the My3Cg carbide precipitates
were obviously observed at grain boundaries after aging for 100 h
[Fig. 3(b)]. In 200-h-aged sample, small quantity of a needle-like
eta (m) phase was found mainly nearby grain boundaries [Fig. 3(c)].
The m phase and M,3Cg carbide continuously grew during aging
[Fig. 3(d)].

The M,3Cg carbides are known to be formed by the decom-
position of MC carbide decomposition reaction that is frequently
written in the literature as

MC + v — My3Cg + ’Yl.

This is based on the observations that both M,3Cs and ¥’
typically form in the area surrounding the degenerated MC car-
bide [9,11,12,14]. Examination of TEM diffraction patters and EDS
spectra suggested that MC and M,3Cg carbides (which are major
carbides of Inconel 740) [3] are (Nb,Ti)C- and Cr,3Cg-type carbide,
respectively [see Fig.4(a)and (b)]. As the MC carbide decomposition
reaction proceeds, the MC acts as the source of C and Ti in M53Cg
carbides while the y matrix serves as the source of their Ni, Al and
Cr [12]. In addition, as shown in Fig. 4(c), m phase was found to be
hexagonal close-packed Nis(Ti,Nb). Lvov et al. [9] reported that the
growth of m) phase might occur at the expense of the ' precipitate
because there was a -y’ precipitate denuded region surrounding m
phase.

3.2. Overall hardness change

Nanoindentation experiments were conducted to investigate
the aging-induced variation in the hardness H (which is called
‘overall hardness’ below, to differentiate it from ‘phase’ hardness).
The results are provided in Fig. 5 in which the overall hardness
was found to rapidly increase between as-received and 100-h-aged
samples, and then continuously decreased with aging time.

In order to analyze how much the precipitation of vy’ affects
the overall hardness variation, the contributions of both cutting
and Orowan (bowing) mechanism responsible for precipitation
strengthening were estimated in terms of the critical resolved shear
stress (CRSS). Precipitation strengthening in a superalloy is usually
controlled by cutting mechanism that can be subdivided into two
models, i.e., weakly coupled dislocations (WCD) model for small
precipitates [7] and strongly coupled dislocations (SCD) model for
large precipitates [8]. For both cases, it is possible to estimate the
CRSS necessary for cutting the precipitates based on the assump-
tions that a pair of edge dislocations travels in the (11 0) direction
on the {111} plane and cut through the ordered v’ precipitates in
a disordered matrix.

In the case of WCD model appropriate for small precipitates, the
CRSS can be given as [7]

1 /vaes\32/bdf\"?> 1 /y
wwe =5 (42) (7)) A5 (5) 2)

where yapp is anti-phase boundary energy (APBE) of the v’ in the
{111} plane, b is the Burgers vector of edge dislocation in the
matrix, d the precipitate diameter, f the volume fraction of the -y’
precipitates, T the line tension of the dislocation, and A a numeri-
cal factor depending on the morphology of the precipitates (that is
0.72 for spherical precipitates) [5].
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Fig. 3. Precipitation behavior near grain boundaries of the samples aged for (a) 0 h; (b) 100 h; (c) 200 h; (d) 500 h; (e) 1000 h.

For SCD model applicable to larger precipitates, the CRSS can be
obtained by [8]

V3 112w d 1/2
Top scp = (2) L (128 1) 3)

where w is a constant (of the order of unity) which accounts for the
elastic repulsion between the strongly paired dislocations [5] and
is considered as unity in this work. In order to calculate Egs. (2) and
(3), the value of b, ypp, G, and T should be known; In present study,
b and yapg were taken as 0.254 nm and 0.28 ] m~2, respectively [15].
The shear modulus G [=0.5E/(1+v)] was calculated using elastic
modulus E=221 GPa (of Inconel 740) and Poisson’s ratio v=0.35
[16], and T was estimated as 0.5Gb? [7].

Although the cutting mechanism is known to be pre-dominant
mechanism for the precipitation strengthening in a superalloy, pre-
vious works [14] reported that, in a limited condition (e.g., for large
precipitates in an overaged condition), precipitation strengthening
of superalloys can be also controlled by Orowan mechanism. It is
well accepted that the CRSS necessary for Orowan mechanism can
be expressed as [17]

Gb
Tppt,Oro = o (4)

where A is interparticle spacing between precipitates and is often
simplified as

2(1 —-f)d
=T

where f is the volume fraction of precipitates and d is the diame-
ter of the spherical precipitate. Since these f was already obtained
experimentally (see Fig. 2(a)), the CRSS for Orowan mechanism can
be easily evaluated according to Egs. (4) and (5).

With the values of the CRSS calculated according to Egs. (2)-(4),
one can estimate the contribution of each strengthening mecha-
nism to the measured overall hardness. The calculated CRSS for
each strengthening mechanism (7pp¢) was plotted against the pre-
cipitate diameter, which is given in Fig. 6(a). For this theoretical
calculation, the fraction of precipitates was fixed as average values
for each sample [see Fig. 2(a)]. In the figure, for a given diameter,
the mechanism showing the lowest CRSS is supposed to mainly
contribute to the strengthening. With increasing precipitate size,
there is a transition of the governing mechanism from WCD cut-
ting to Orowan mechanism. The SCD cutting mechanism could
be ruled out for entire range of precipitate diameter. The maxi-
mum CRSS (at the transition point from the WCD cutting curve
to Orowan curve) indicates the maximum possible amount of the

(5)
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Fig. 5. Variation in the overall hardness with aging time.

precipitate strengthening. Therefore, it is expected from Fig. 2(a)
that, as the average diameter (d) of precipitates increases, the
strength of the superalloy increases till critical diameter d; (that is
about 35-40 nm in the present work) and then decreases. This may
explain the highest overall hardness of the 100-h-aged sample in
Fig. 5, since the sample exhibits the average diameter of around
40 nm [see Fig. 2(a)].
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By applying Tabor’s relationship and von Mises flow rule, the
CRSS values for each strengthening mechanism (zppt) can be con-
verted into the amount of hardness increase due to the precipitation
strengthening, Hppt [18]:

prt = 30'ppt = 3\/§Tppt. (6)

The variation in the calculated Hpyp; is provided in Fig. 6(b). Sim-
ilar trend of the Hppt in Fig. 6(a) to that of the overall hardness H in
Fig. 5 may imply that the change in the contribution of y’ precipi-
tation strengthening plays conceivably the most important role in
the variation in overall strength with aging.

3.3. Phase hardness change

Now, we turn our attention into the phase hardness of y and
v’ for better understanding the strength change during aging.
Although some previous works have directly measured the phase
hardness in Ni-based superalloys through nanoindentation experi-
ments [19], here the size of v’ precipitates in as-received sample
is very small (about 30nm) and thus it is almost impossible to
directly measure their phase hardness. To overcome this difficulty,
we adopted a simple rule-of-mixture to obtain the phase hard-
ness as follows. Although the rule-of-mixture may not hold valid
in some cases, it is popularly used for analyzing the connection
between the strength (or hardness) of constituent phase and the
macroscopic overall strength in crystalline or amorphous alloys (for
recent example, see [20-22]).

As the first step, the basic hardness Hy is defined as the hardness
without contribution of precipitation strengthening and thus can
be given as

Ho = H — Hppt. (7)

Here H is the measured overall hardness and Hppt is the amount
of hardness increase due tothe precipitation, as discussed above.

Position 2

Marker Position 3

L
1 pm

Thus, Hp could be estimated by putting H in Fig. 5 and Hppt in
Fig. 6(b) into Eq. (7). Then, a simple rule-of-mixture was adopted
to establishment of the relation between Hy and hardness of each
phase;

Ho = VyHy + VyyHy = (1 — Vo )Hy + Vo Hy (8)

where Vy and V., denote the volume fraction of vy and ', respec-
tively. The volume fraction of v’ precipitates V., was determined
using SEM images: first, a big mark was introduced in the interest-
ing area and a SEM image of the region near the mark was taken
before indentations were made [Fig. 7(a)]. Note that the overall
hardness H values in Fig. 5 were obtained from these indentations.
Near the mark, nanoindentation tests were carried out and then
SEM images of the hardness impressions were obtained [Fig. 7(b)].
Now, it is necessary to consider the size of the indentation-induced
plastic zone, which should be much larger than the triangular
impression area. According to Johnson’s expanding-cavity model
for elastic-plastic indentation with a cone [23], the plastic zone
radius (rp) can be estimated as:

; E 1/3
= a{w [Gy tan 8+ 4(1 —2V):| } (9)

where a is the contact radius, g is the angle of inclination of the
conical indenter to the surface, E is Young’s modulus, v is Poisson’s
ratio, and oy is the yield strength. In order to relate this conical
indentation model to the present results, we adopted a general
assumption that similar behavior is obtained when the angle of the
cone gives the same area-to-depth relation as the pyramid. For the
Berkovich indenter (whose centerline-to-face angle is 65.3°), the
equivalent cone angle is 70.3° and thus 8 is 19.7°. By putting the
values, E=221GPa, oy =721MPa, v=0.35, and the contact radius
(determined by the Oliver-Pharr method [13]) into the right hand
term of Eq. (9), we could estimate the plastic zone radius. With the
results, the V., was easily obtained by drawing a circle of plastic
zone on the SEM images and analyzing the phase fraction using
image analysis software, as shown in Fig. 7(c).

Position 1

Fig. 7. Representative examples of the images used for applying a rule-of-mixture to the estimation of phase hardness from overall hardness; (a) before and (b) after

indentation test; (c) calculation of volume fraction.
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Table 1

Measured compositions of y and vy’ phases in the as-received, 100-h-aged, and 1000-

h-aged samples.

Phases Ni Cr Co Nb Al Ti Fe Si
Y
AR 40.1 329 19.2 1.7 22 0.8 14 17
100h 39.5 339 19.9 1.7 1.4 1.2 08 17
1000h 383 30.7 213 1.1 1.2 0.8 - -
v
AR 51.2 17.6 12.6 4.3 5.9 6.1 09 14
100h 55.8 14.1 11.7 4.1 6.8 6.7 08 -
1000h 56.4 5.1 8.0 10.0 113 9.1 - -

With the Ho (estimated by Eq. (7)) and the measured V., the
hardness of each phase (i.e., Hy and H,/) was obtained by applying
Eq. (8) with the least-square analysis method. The results are sum-
marized in Fig. 8. For all the cases, the hardness of y’ precipitate
(8-11 GPa) is much higher than that of y matrix (2-5 GPa). This dif-
ference in hardness between the two phases is in agreement with
the results by Goken et al. [19] who directly measured the hard-
ness of each phase in Ni-based superalloys CMSX-6 and Waspaloy.
Note again that, in the present work, such a direct measurement is
almost impossible due to the very small size of the precipitates in
Inconel 740.

It is interesting that the hardness change of -y’ precipitate and y
matrix exhibit opposite trends, i.e., with aging time, it appears that
the H, continuously increases whereas Hy is gradually decreas-
ing. To find out the reason for the phase hardness variation, the
chemical composition of as-received, 100-h and 1000-h-aged sam-
ple was investigated using EDS in TEM, as listed in Table 1. In v
matrix, the amounts of Cr, Nb and Al (which are known as solid-
solution strengtheners) were reduced with aging time, which may
cause the decrease in the Hy. The change in the matrix composi-
tion might be related with (1) the formation of other phases like
M>3Cg carbides and m phases both of which are formed during
aging, and (2) the relative change in the composition of ' pre-
cipitates. The discrete M,3Cg particles formed at grain boundaries
may withdraw solid solution strengthening elements (such as Cr)
from the matrix [11], while the nucleation and growth of ) phase
(Ni3(Ti,Nb)) progress with consuming the Nb in the matrix. In vy’
precipitates, the amount of Nb, Al and Ti increased with aging time,
which may be responsible for the hardness increase.
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From above analysis, one may completely understand the mech-
anism for the overall hardness change in Fig. 5. The increase in
hardness between as-received and 100-h-aged sample might be
mainly due to the increase in the contribution of precipitation
strengthening [Fig. 6(b)]. The large decrease in the overall hardness
after 100 h is conceivably caused by the decrease in the contribu-
tions of both precipitation strengthening by v’ [Fig. 6(b)] and solid
solution strengthening in y matrix (Fig. 8).

4. Conclusion

Influence of isothermal aging on the microstructures and hard-
ness in Inconel 740 was explored using the specimens aged at
810°C for different times. Microstructural analysis revealed that,
with increasing aging time, the size of ' precipitates continuously
increased following the LSW theory but their fraction was not sig-
nificantly changed. Nanoindentation experiments exhibited that
the overall hardness increased until the aging time of 100 h, how-
ever, after then, largely decreased with aging time. Estimation of
phase hardness by applying a simple rule-of-mixture showed that,
with aging time, the hardness of y matrix decreased and that of
v’ precipitates increased. From EDS analysis, it was found that the
mechanical degradation in the matrix may be due to the reduc-
tion of solid solution strengthener amount of the y matrix. Based
on above results, the overall hardness change with aging was dis-
cussed in terms of the possible precipitation strengthening and
solid solution strengthening.
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