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Alloy 690 has been widely used as steam generator tubing material in nuclear power plants owing to its
excellent properties such as stress corrosion cracking resistance. In the present study, a series of nanoin-
dentation experiments were conducted to explore the nanomechanical characteristics of the grain
boundaries (GBs) and grain interior (GI) in the alloy 690 that were isothermally aged for four different
times (for simulating the 20–80 years operation under power plant condition). While the accelerated
aging induced no pronounced degradation, the GB and GI show remarkable and reproducible differences
in nanohardness (plastic flow), pop-in stress (yielding), and strain-rate sensitivity. The results are dis-
cussed in terms of dislocation activities in the various mechanisms of deformation behavior.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Alloy 690, a nickel-based alloy having high chromium contents
(up to �30%), was developed as the replacement for alloy 600 in
steam generator tubing of pressurized water reactors (PWRs) in
nuclear power plants, and now has been widely used owing to
its excellent resistance to stress corrosion cracking (SCC) in aggres-
sive primary water environments at temperatures up to 603 K
[1,2]. Since the SCC mechanism is strongly dependent on the struc-
tures of grain boundaries (GBs) for a given composition, commer-
cial alloy 690 is typically ‘thermally-treated’ (so-called TT) at
�988–1005 K for �5–15 h and thus exhibits significant carbide
precipitations formed along random high-angle GBs [1].

In order to ensure the material’s long-term reliability under
operation environment, extensive research on the aging-induced
degradations is essential. In this regard, the GBs has been reported
to also play some important role in the possible age degradation
mechanisms during operation (such as SCC [3] and intergranular
attack [4]), which can be understood by the crystalline incompati-
bility nature of the GBs. Therefore, analysis of the GBs’ mechanical
characteristics, especially at the nanoscale, can provide some in-
sights for better understanding of both strengthening and age deg-
radation mechanisms of TT 690. In addition, it is somewhat
interesting to note that while nearly all previous studies on the
aging of alloy 690 were performed on the solution-annealed (SA)
690 specimens (in which the carbides are dissolved by the solution
annealing at �1293–1423 K for �1 h) [2–5], but not on the TT 690
specimens.

With these in mind, here we attempted to explore the nanoin-
dentation behavior (that is, nanohardness, yielding stress, and
strain rate sensitivity) of the TT 690 specimens for which the accel-
erated isothermal aging was performed for four different times in
consideration of operating condition. To gain some clue for the
GBs’ role in strengthening and age degradation, we decoupled
the target material into GB region and grain interior (GI) region
and systematically evaluated the nanomechanical properties of
each region.

2. Experimental

Examined material is a commercial grade TT 690 alloy whose nominal compo-
sition (in wt%) is 29Cr–10Fe–0.02C–0.3Mn–0.2Si–0.2Ti–0.01Co with the balance Ni.
In order to simulate the aging at the average operating temperature of steam gen-
erator tubes (�573 K) for target life of 20, 40, 60, and 80 years, the virgin samples
were isothermally aged at 648 K for four different times. The ‘‘accelerated aging’’
times were determined based on Larson–Miller parameter (LMP), a popular mea-
sure for degree of aging [6], that is,

LMP ¼ Tðlog t þ CÞ ð1Þ

where T is the absolute temperature, t is the aging time in hours, and C is a material
specific constant (which can be 20 for a Ni-based alloy [7]); i.e., first, the LMP values
for T = 573 K and t = 20, 40, 60, and 80 year were calculated by Eq. (1), then equiva-
lent aging times to produce the same LMPs for T = 648 K were determined as 210,
387, 554, and 715 h, respectively.

Metallurgical examinations were carried out by a field-emission scanning elec-
tron microscopy (FE SEM) JSM-340 (JEOL Ltd., Tokyo, Japan) with the samples
whose surfaces were mechanically polished with 2000-grit SiC paper and 0.3 lm
alumina, and then electrolytically etched at 4 V for 60 s in 6% nital solution in order
to reveal GBs for SEM observation.
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Fig. 1. Representative SEM micrographs of the as-received and isothermally aged specimens. Right-top inset of each image shows the GB precipitates morphologies.
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Nanoindentation tests were performed using the Nanoindenter-XP (formerly
MTS; now Agilent, Oak Ridge, TN) equipped with two different indenters. First,
nanohardness and its rate-sensitivity were estimated with a three-sided pyramidal
Berkovich indenter. The hardness calculation and area function calculations were
conducted in accordance with Oliver and Pharr method [8]. Second, small-scale
yielding behavior was examined with a spherical indenter whose tip radius was
verified as 68.5 lm. Before nanoindentation, an electrolytic polishing was con-
ducted at a voltage of 22 V for 20 s in an electrolyte of 20% perchloric acid and
80% ethanol for removing the hardened surface layer (that was induced during
mechanical grinding). In addition, this electrolytic polishing induced a slight etch-
ing of the GBs, which helped us to find the locations for the nanoindentations on
GBs. More than twenty indentations were made for each condition, and the distance
between neighboring indentations was set to be always over 4 times the indenta-
tion depth.
3. Results and discussion

Representative SEM micrographs of the as-received and aged
specimens are shown in Fig. 1. In the as-received (AR) sample,
Cr-rich M23C6 precipitates are located along GBs (which is an
important feature of TT 690) as well as at either coherent/incoher-
ent twin boundaries or intragranular matrix (probably on disloca-
tions). In addition, a few randomly distributed TiN/Ti(C,N) particles
exist in the matrix.

Fig. 1 also exhibits that the accelerated aging adopted here did
not alter the microstructures noticeably. The average grain size of
the AR specimen was �30 lm and did not vary remarkably with
aging time, which is in a good agreement with previous SA 690
studies [2] where the low-temperature aging treatment barely af-
fects the grain size but mainly induces carbide precipitations. Inset
images of Fig. 1 shows typical micrographs of the GB precipitates.
Regardless of aging time, the discrete but closely-spaced M23C6

carbide precipitates are located along GBs. The M23C6 carbides
were mostly precipitated upon TT processing of this alloy, and al-
most no carbon was available for additional carbide nucleation
during aging. Hence, the carbide morphology can be changed only



Fig. 2. Summary of measured nanohardness values. DH is the hardness difference
between GB and GI. The inset image shows representative optical microscopy
images of nanoindentations located on GB and in GI.

Fig. 3. Typical example of the P–h curve from spherical nanoindentation test; this
example is for GI of AR sample. Insert shows the fully elastic curve obtained at low
load.
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by coarsening of precipitates rather than their nucleation. This sug-
gests that no dramatic change in the carbide morphologies is pos-
sibly due to the very slow coarsening of pre-existing carbides at
the relatively low aging temperature adopted here (�648 K that
is higher than operating temperature by only 75 K).

Nanohardness values of the GB and GI were obtained from the
nanoindentation tests with a Berkovich indenter at a peak load of
100 mN and a constant strain rate of 0.05 s�1. Note that, in this
study, no noticeable influence of either the GB types or the grain
orientations on nanoindentation results was found, which is in
agreement with literature data of alloy 690 showing a weak depen-
dence of nanohardness on the grain orientations [9], grain size [9],
and GB types [10].

Measured nanohardness values are summarized in Fig. 2 where
inset image showing impressions located on GB and in GI is also
provided. It is obvious that the hardness of the GB is always higher
than that of GI in any specimen. There can be two possible contri-
butions to the higher hardness of the GB. On one hand, the GBs are
not only the obstacles of dislocation motion but also strong sources
of dislocations (especially, geometrically necessary dislocations,
GNDs). Therefore, high hardness of the GBs should be closely asso-
ciated with Taylor hardening by high-density dislocations near GBs
during nanoindentation [11]. On the other hand, intergranular
M23C6 precipitates additionally enhances the GB hardness by par-
ticle strengthening mechanisms such as Orowan bowing and cut-
ting mechanism [12,13].

An important feature in the figure is that the difference in
nanohardness, DH, between the GB and GI (i.e., amount of GBs’
contributions) remains almost constant and is almost independent
of aging time, which can be explained by the lack of additional pre-
cipitate nucleation and the slow coarsening of pre-existing precip-
itates during aging (as mentioned above). No pronounced change
in the GI hardness in Fig. 2 may indicate that the alloying elements
for solid-solution strengthening in the matrix (mainly chromium)
were not consumed for the GB carbides formation during aging,
which supports the lack of precipitates nucleation during aging.

During nanoindentation tests with a spherical indenter, load–
displacement (P–h) curves often exhibit a sudden displacement
excursion (referred to as ‘pop-in’) at relatively low load. Fig. 3
shows a representative example of the P–h curve recorded during
a spherical indentation, in which several pop-ins are observed. It
is well accepted that the ‘first’ pop-in is associated with the onset
of plasticity, i.e., elastic-to-plastic transition or yielding [14,15].
The deformation prior to the first pop-in is purely elastic (which
is supported by the fact that the loading curve is fully recoverable
upon unloading, as shown in the inset of Fig. 3) and thus the elastic
P-h behavior follows the Hertzian contact theory [16]:

P ¼ 4
3

ErR
1
2h

3
2 ð2Þ

where R is the tip radius (68.5 lm in this study), and Er is the re-
duced modulus, which is given by 1=Er ¼ ð1� m2

s Þ=Es þ ð1� m2
i Þ=Ei.

In this expression, E is the Young’s modulus and m is Poisson’s ratio,
with the subscripts s and i indicating the sample and the indenter.
For the diamond tip employed in the studies, Ei = 1141 GPa and
mi = 0.07. By fitting the loading segment of the P-h curve by Eq. (2)
(see Fig. 3) [16], the indentation modulus of the sample,
Es=ð1� m2

s Þ (that can be easily calculated from Er), was determined
as �225 GPa. The value is in good agreement with literature data
(�232 GPa based on Es = 211 GPa and ms = 0.289 [17]).

As the first pop-in event is caused by the yielding, the maxi-
mum shear stress at the first pop-in load, smax, represents the crit-
ical shear yield strength. For Hertzian contact, the smax occurs at a
distance approximately half the contact radius directly below con-
tact on the axis of symmetry. The magnitude of this shear stress is
given by [16]:
smax ¼ 0:31
6PcriE

2
r

p3R2

 !1
3

ð3Þ

where Pcri is the critical load at the first pop-in event.
Fig. 4 presents the plot of the smax for the GB and GI as a func-

tion of aging time. If one may consider a typical wide distribution
of the smax for a given condition (conceivably due to the nature of
inhomogeneous distribution of dislocation sources [9,18]), the
aging-induced variations in smax for both the GI and GB indenta-
tions are almost negligible. This is mainly owing to the absence
of dramatic microstructural change during aging, being similar to
nanohardness change in Fig. 2. However, the average smax for the
GI is higher than that of the GB, which is opposite to the trend of
nanohardness (i.e., nanohardness of the GB is higher than that of
the GI). This difference can be explained by the different natures
between plastic flow (for nanohardness) and yielding (for pop-in)
during nanoindentation [18]. The former is governed by interac-
tions between moving dislocations and crystalline defects (e.g.,
the GBs and other dislocations) and thus a material is seriously
strengthened by the presence of the GBs, whereas the latter is con-
trolled by the dislocation nucleation underneath the indenter and
can occur more easily (i.e., smax is decreased) in the vicinity of
GBs that are strong sources of dislocation nucleation [10].



Fig. 4. Summary of the estimated maximum shear stress at the first pop-in.

Fig. 5. Representative P–h curves of AR specimen recorded under three different
indentation strain rates.

Fig. 6. Double logarithmic plots of hardness versus strain rate (for AR and 715-h-
aged specimens). Each slope indicates the m value.

Table 1
Strain rate sensitivity m and activation volume V⁄ of AR and 715-h-aged samples.

AR 715 h aged

GB GI GB GI

m 0.01 0.006 0.011 0.007
V� �54b3 �94b3 �48b3 �78b3
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Now, we turn our attention to two key signatures for thermally-
activated, stress-assisted plastic deformation mechanism; strain
rate sensitivity (SRS) m and activation volume V⁄, which provide
both a quantitative rate-dependency of flow stress and a clue for
the deformation mechanisms. In nanoindentation, the SRS m of
material can be experimentally obtained from the relation be-
tween hardness H and strain rate _e [19]:

m ¼ @ ln H
@ ln _e

: ð4Þ

The nanoindentation strain rate is defined as the instantaneous
descent rate of the indenter divided by the depth, _e = (dh/dt)/h [20].
The activation volume V⁄ can be expressed as [21]:

V� ¼ 3
ffiffiffi
3
p

kT
@ ln _e
@H

� �
¼ 3

ffiffiffi
3
p

kT
mH

ð5Þ

where k is the Boltzmann’s constant, and T is the absolute
temperature.

The nanoindentation tests for determining SRS were performed
on the AR and 715-h-aged (i.e., the most aged) specimens with a
Berkovich indenter at a peak load of 100 mN and at three different
constant strain rates: 0.01, 0.05 and 0.1 s�1. Fig. 5 shows typical P-h
response of AR specimen. A detectable effect of indentation strain
rate on the curve is evident, that is, with increasing strain rates, the
hmax decreases and thus nanohardness increases.
The m estimated from Fig. 6 and the corresponding activation
volume V⁄ are listed in Table 1. The V⁄ values are expressed in
terms of b3, where b is the Burgers vector and �0.249 nm for nickel
[22]. While there is no significant difference in SRS between AR and
715-h-aged specimen (as expected from the lack of serious aging-
induced microstructural changes), the m is largely enhanced for
GB.

The m for the GI is 0.006 and 0.007 for AR and 715-h-aged spec-
imens respectively, which is very close to the literature value of
0.005 in coarse-grained Ni estimated through nanoindentation
tests [23]. One possible predominant rate-limiting mechanism is
cross-slip by screw dislocations which can escape from their
locked positions to change slip planes. Activation volume of the
cross-slip in coarse-grained fcc metals is known to be �10–100b3

[24], which is in agreement with our values. In the area where
GBs are involved, the GBs may provide additional active deforma-
tion mechanisms such as dislocation generation/emission [25],
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leading to increase in m (�0.01) and decrease in V⁄ (�80–90b3)
compared to those in the GI (m � 0.006 and V⁄ � 50b3).

4. Summary

In this study, we explored the nanoindentation behavior of the
GBs and GI in the TT 690 alloy specimens that were isothermally
aged for four different times (for simulating the 20–80 years oper-
ation under power plant condition). While no pronounced aging-
induced degradation was detected, the GBs show reproducible dif-
ferences in nanohardness (plastic flow), pop-in stress (yielding),
and strain-rate dependency of hardness from those from GIs. The
results are discussed in terms of the roles of dislocations in the
mechanism for each behavior.
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