Available online at www.sciencedirect.com
L 4

“e.* ScienceDirect

Trans. Nonferrous Met. Soc. China 32(2022) 206-216

Transactions of
Nonferrous Metals
Society of China

" as. Science
ELSEVIER Press

www.tnmsc.cn

Effects of loading rate and peak load on nanoindentation creep behavior of
DD407 Ni-base single crystal superalloy

Zhen-nan ZHANG', Yun-li LI?, Wen-ping WU~

1. Department of Engineering Mechanics, School of Civil Engineering, Wuhan University, Wuhan 430072, China;
2. School of Civil Engineering and Architecture, Wuhan Institute of Technology, Wuhan 430074, China;
3. State Key Laboratory of Water Resources & Hydropower Engineering Science,
Wuhan University, Wuhan 430072, China

Received 7 January 2021; accepted 26 July 2021

Abstract: Nanoindentation experiments were conducted under loading rates of 500-6000 uN/s and applied peak loads
of 4000—12000 uN to measure the creep behavior of DD407 Ni-base single crystal superalloy at room temperature.
Experimental results demonstrated that DD407 Ni-base single crystal superalloy had a good creep resistance, but its
creep properties were sensitive to the loading rate and peak load. The fitting creep parameters significantly increased
with increasing loading rate and peak load based on the Findley’s model, and the corresponding creep mechanism was
governed by dislocation based on the calculation of creep stress exponent. During nanoindentation creep tests, it was
found that the hardness and reduced modulus decreased with increasing the loading rate and peak load, and through a
dimensionless analysis, it was also noted that the effect of the dimensionless loading rate was stronger than that of

dimensionless peak load on the creep properties.
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1 Introduction

Ni-base single-crystal superalloys have been
widely used as crucial materials for turbine blades
in aero-engines, due to corresponding superior
mechanical  strength and  excellent creep
resistance [1]. Creep-induced failure is an important
lifetime limiting failure mode in Ni-base single-
crystal superalloys applications [2,3]. Usually, these
alloys are produced as single crystals for increased
creep resistance [4], among which, the newly
developed DD407 single crystal Ni-base superalloy

presents good comprehensive mechanical properties.

Consequently, to better understand the creep
behaviors of Ni-base single crystal superalloy under
different loading conditions, several experiments

were conducted for the DD407 Ni-base single
crystal superalloy in this study.

As a standard technique to determine the creep
behavior of engineering materials, the uniaxial
tension test has constituted the main utilized
method for creep research in recent years. Based
on this technique, WOLLGRAMM et al [5,6]
determined that the stress dependence of creep rates
could be well described by the power law in an
ERBOI single crystal superalloy. SHI et al [7]
predicted the creep lifetime of a directionally
solidified (DS) superalloy at elevated temperatures.
SUN et al [8] studied the effect of film-hole
configuration on the creep rupture behavior of DD6
nickel-based single crystal superalloys. Adversely,
many uniaxial creep tests were required for
each specimen that could only yield one data point,
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resulting in the heavy consumption of materials.
Moreover, in certain cases, the results obtained
from the standard uniaxial creep specimens did not
always represent the mechanical properties of the
serviced materials. As an example, for the turbine
blades that had been serviced for a certain period,
the corresponding creep properties were required to
be measured by the standard uniaxial creep test;
however, it is not suitable for thin films, coatings or
other low-sized material structures. It must be noted
that the mechanical properties of these widely
employed low-sized material systems can be quite
different compared to their bulk counterpart [9,10].
Therefore, the effective measurement of their creep
properties imposed a significant challenge in the
cases where the conventional uniaxial method was
no longer suitable.

Nanoindentation provided an effective choice
to achieve this goal and determines the mechanical
properties of a material in the sub-micron or
nanometer scales. Nanoindentation technique was
first proposed by DOERNER and NIX [11] and
further developed by OLIVER and PHARR [12,13].
The mechanical information can be derived from
both recorded depth and measured applied load.
The creep behavior was measured through the
indenter driving into the material until a certain
loading force was reached. This force was
consequently retained constant and the sample
indentation was measured as a function of time. In
comparison to macroscopic mechanical testing
(such as uniaxial tension), nanoindentation exhibits
several attractive advantages in the mechanical
property determination of materials, and this
technique has been widely applied to studying the
creep behavior of metallic alloys. For instance,
HASEEB et al [14] investigated the nanoindentation
creep on the copper alloys with different doping
components. MA et al [15] studied the creep
behavior of two different structural states of a
ferroalloy through nanoindentation. A bridge
between nanoindentation creep and uniaxial creep
for aluminum of the commercial purity was
established by PHANI and OLIVER [16].
Nevertheless, only a few studies regarding the creep
behavior of Ni- base single crystal superalloy with
nanoindentation have been carried out [17], there
was a lack of in-depth understanding of the creep
behavior and related influencing factors during
nanoindentation.

In this work, the effects of loading rate and
applied peak load on the nanoindentation creep
behavior of the DD407 Ni-base single crystal
superalloy at room temperature were highlighted.
The loading rates (500—6000 uN/s) and the applied
peak loads (4000—12000 uN) were selected on
account of certain successful nanoindentation creep
experiments [18—21]. All results were analyzed in
terms of the Findley’s model [22] which could
quantificationally describe the creep curves, and the
creep stress exponents were calculated to analyze
the creep mechanism. Based on the analysis of the
results under different testing conditions, the
relationship between load levels and creep
behaviors in nanometer-scale was explored, to
provide a new way of thinking for the follow-up
studies and contribute to the working condition
optimization for blades in aero-engines.

2 Experimental

2.1 Materials and preparation

The studied single-crystal superalloy was
DD407, as presented in Fig. 1(a), for nano-
indentation testing. Figure 1(b) presented the
DD407 microstructure, which displayed a near-
unimodal distribution of the submicron cuboidal y’
precipitates within y matrix from the SEM image.

(a)
DD407
sample

Fig. 1 Treated DD407 sample embedded in epoxy resin
(a), and SEM image of y/y’ microstructure of DD407 (b)
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The chemical components of DD407 were
presented in Table 1 [23,24]. Before nano-
indentation testing, certain preparations were made
as follows: (1) The samples were embedded in
epoxy resin and dried for 24 h; (2) The samples
were polished with a Buehler polishing machine
with sandpapers of 800" and 2500" grit.
Consequently, 3, 1 and 0.05 um of a polishing
slurry were used until the sample surfaces were
mirror cleaned. During experimentation, each
sample was tested 9 times.

Table 1 Chemical components of DD407 (wt.%)
Cr Al W Mo Co Ti Ta Ni

8.00 6.00 5.00 225 550 2.00 3.50 Residue

2.2 Nanoindentation

Nanoindentation creep testing was conducted
at room temperature of 22 °C on Hysitron Ti—950
Tribolndenter (Hysitron Inc., USA) equipped with a
spherical diamond indenter, with a tip radius of
528 um wupon the standard aluminum sample
calibration, as shown in Fig. 2. Note that a spherical
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Fig. 2 Hysitron TI-950 Tribolndenter equipment (a), and
typical load versus time curve of nanoindentation creep
test including loading stage, holding stage and unloading
stage (b)

tip was better than sharp tips (such as Berkovich
and Vickers) owing to relatively low stress
concentration and large indentation/process zone on
the contact surface [25].

Two sets of nanoindentation experimental
schemes were designed: (1) Loading rate-sensitive
experiments: The peak load remained unchanged at
6000 uN and the holding time was 100 s, but the
loading rate varied with different constant values of
500, 1000, 2000, 4000 and 6000 uN/s, respectively;
(2) Peak load sensitive experiments: The holding
time and the loading rate were maintained at 100 s
and 1000 uN/s, but the peak load varied from 4000
to 12000 pN with an increment of 2000 puN for each
group of tests. In addition, every point was selected
in the imaging pattern, which was similar to in-situ
testing, to reduce the error caused by the surface
difference.

A typical load (P) versus time () curve of
nanoindentation creep test (peak load 12000 pN,
loading rate 1000 uN/s, holding time 100s) is
shown in Fig. 2(b). This curve can well describe the
loading mode of nanoindentation. Other loading
modes are similar to this one.

3 Results and discussion

3.1 Nanoindentation creep analysis

Nanoindentation constitutes the diamond
indenter pressing into the testing material with a
certain geometric shape. For the spherical indenter,
the directions of the stresses varied with each point
in the region of action due to the geometry
inhomogeneity. Therefore, it was necessary to use
the equivalent method to obtain the stress value
through the indentation testing measurements. The
model can be simplified as a rigid indenter, and
pressed into a semi-infinite volume. During the
nanoindentation creep testing, the equivalent stress
(0) can be described as [12]

P
o= le = kl A—c (1)
A=nh(2R—h,) (2)
eP
h =h-"— 3
A S 3)

where k; is a constant, H and P represent the
hardness and the applied load, respectively. Usually,
the value of &, is 1/3, and A, represents the contact
projection area. R is the radius of the indenter; /. is
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the contact depth of the indenter and initial surface,
which can be calculated according to the Oliver—
Pharr method [12,13]; 4 is the total displacement at
random time during holding period; ¢ is the
geometric constant, usually ¢=0.75 for spherical
diamond indenter; S is the stiffness.

Through Egs. (2) and (3) substitution into
Eq. (1), the relationship between the stress (o) and
the total displacement (/) is expressed as follows:

P

%ﬂh—OJSP%éR—(h—OJSPJ}
S S

The strain rate £ is defined as the
instantaneous rate of the indenter, which is the ratio
of dA/dt to the instantaneous depth 4.

i dh 1
£=k, (EJZ (5)

o=

Q)

where k, is a constant and equals 1 in these
experiments. According to the exponential creep
law, the relationship between & and o is
established upon the power law equation:

é=A,0" (6)

where A, is the material constant; n is the creep
stress exponent that can reflect the mechanism of
creep, as presented in Table 2 [26—28]. This

mechanism can be defined by
ne d(In €) 7)
d(In o)

Table 2 Creep stress exponent and corresponding creep
mechanism

Stress exponent Mechanism

Grain boundary diffusion control or

12 lattice diffusion control

>3 Dislocation control

3.2 Creep behavior at various loading rates
Figure 3(a) showed the representative (P—h)
curves of DD407 samples corresponding to five test
loading rates (500, 1000, 2000, 4000, 6000 uN/s).
The applying peak load was 6000 uN under a
specific holding time of 100s. Figure 3(b)
illustrated the variations in creep depth of the
indenter tip into the sample surface with
holding time for the DD407 Ni-base single crystal
superalloy at different loading rates. The starting
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Fig. 3 Typical loading rate-sensitive P—h curves (a),
typical Findley’s creep curves and fitting parameters (b),
and variations in creep strain rate with holding time of
100 s (c) for DD407 Ni-based single crystal superalloy
under different loading rates

points of creep depth were aligned for comparison.
Rate dependence of the creep displacement and the
time relationship demonstrated that the maximum
creep penetration depth continuously increased as
the loading rate increased from 6.07 nm at 500 puN/s
to 15.94 nm at 6000 uN/s. This was consistent with
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the observations from the bulk metallic glasses
(BMGs) and the other crystalline materials [29].

To further analyze the creep behavior of
DD407 through the Findley’s model, the A—¢ curve
during holding time at constant indentation load can
be expressed as [30]

h(t)=h +B(t—t)" +kt (8)

where 4; and ¢; are the displacement and time at the
beginning of the holding period, respectively, and
the values were 0 by default in this study for better
comparison. It can be simplified as follows:

h(ty=pt"+kt 9

where f and m are related to the transient creep, and
k represents the change of displacement, due to the
steady-state creep. The experimental creep curves at
different applied loading rates were fitted with the
Findley’s power law and illustrated in Fig. 3(b).

The creep displacement 4 increased as the
applied loading rate increased. It was observed that
the transient creep and steady-state creep displayed
apparent distinctions. The Findley’s model fitted
very well with the current results with R*>>0.99.
The results quantificationally demonstrated that the
high loading rates corresponded to high valued
parameters (f, m and k), suggesting that the creep of
DD407 had a strong loading rate response.
According to the nanoindentation creep research in
polycrystalline Ni films, MA et al [21] found that
under the minimum load rate, the strain rate was
also the lowest. Therefore, it was necessary to
maintain the load for a long duration. Also, the
creep deformation might occur during this loading
time. Consequently, the creep would decrease in the
subsequent period. Another reason might be related
to the research of GONG et al [29], when the
indenter was pressed into the material, elastic
deformation firstly occurred, then the elastic and
plastic deformation simultaneously coexisted.
Finally, the entire deformation became plastic
deformation. For the alloys, the elastic deformation
might spread faster compared to plastic
deformation. When the sample was subjected to a
high loading rate, plastic deformation might occur
with delay for certain parts for the residual plastic
deformation to be released during the holding time,
resulting in a relatively large creep displacement.
Furthermore, it also should be emphasized that
although the spherical indenter was applied in the

present work (not a Berkovich indenter), a certain
radius of curvature still existed, which led to stress
concentration near the indenter tip, and thus
increased the creep displacement to some extent.
The results indicated that DD407 Ni-base single
crystal superalloy had a good creep resistance at a
lower loading rate though the creep displacement
showed sensitivity to loading rate response in the
nanoindentation experiment.

To further study the effect of loading rate on
creep, the strain rate £ was obtained based on
Eq. (8) and it can be expressed as [31]

. dhl 4 1

£=—== t—t)" +k|— 10
5 =P k] (10)
During the loading period, the creep

phenomenon occurred, while the strain rate from a
high value gradually reached a relatively stable
stage. The curves of creep rate versus holding time
were plotted in Fig. 3(c). As it could be observed,
every creep strain rate tended to saturate in the
steady-state creep stage subsequently to 4s. This
was mainly attributed to certain features of work
hardening during the steady-state creep process [32].
NORTHWOOD and SMITH [33] demonstrated that
work hardening and recovery remarkably occurred
during steady-state creeping in polycrystalline
cadmium. This meant that the creep rate decreased
with increasing time, becoming diminished. In
order to compare the creep rates of the specimens,
the values of stress and creep rate were defined
following the initial sharp drop, as steady-state
stress and creep rate. In this study, it could be
observed that as the loading rate increased from
500 to 6000 uN/s, the steady creep rate changed
from 6.8x10* to 1.1x10°s'. RAMAN and
BERRICHE [34] provided a possible reason to
explain this phenomenon. The corresponding
research demonstrated that the
substructure formed in the head under different load
strain rates, which would affect the subsequent
creep behavior. Another possible explanation could
be obtained from certain earlier studies [35—37], in
which, it was observed that higher loading rates
could lead to higher energy states. Apparently,
higher energy might contribute to local heating,
which would cause additional creep displacement.
Although many possible theoretical explanations
existed, the explanation for the dominant effect of
the latter theory was still unclear. This also required

dislocation
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further study from the micro level. Accordingly,
certain researchers suggested that the application of
a high loading rate during testing constituted a
feasible method to mitigate the creep effect [38].
Adversely, YANG et al [39] indicated that a quite
high loading rate might induce a high-sized
overshot on the preset indentation load, which
could further provoke the peak load instability.
Therefore, the selection of an appropriate load rate
must be paid full attention to the materials.

Figure 4(a) presented the logarithmic plots of
strain rate versus stress extracted from typical creep
curves at different loading rates. The transient creep
(a;) and steady-state creep (a,) were fitted
respectively. The slopes of the straight lines in
Fig. 4(a) represented the stress exponent n, which
could be extracted from Eq. (7). Figure 4(b)
presented the average stress exponents and their
error bars for several typical stress exponent lines at
each loading rate. An apparent decrease in the
steady-state creep stress exponent from 7.95 to 2.56
could be observed as the loading rate increased
from 500 to 6000 uN/s. Compared to certain earlier
experiments [16,40], the creep stress exponent
under nanoindentation was a little higher than that
under uniaxial creep, because higher stress/strain
gradients and lower-sized indentation/process zones
made the stress state under nanoindentation more
complex and severer than the uniaxial state, the
nanoindentation was capable of capturing highly
localized effects [41,42].

In the nanoindentation creep analysis, a certain
connection existed between the stress exponent and
the deformation mechanisms [43]. The diffusion
creep was dominant as the n value was below 1.
The grain boundary sliding creep led to a value
between 1 and 2. When the n value exceeded 3, the
dislocation was mainly considered responsible for
the creep behavior. Clearly, dislocation was
dominant in these creep experiments, because all
stress exponent values exceeded 3. The stress
exponent decreased as the loading rate increased,
whereas the mechanisms tended to be diffusion
creep or grain boundary sliding creep when the
loading rate was 6000 uN/s. One possible reason
was that the high loading rate led to local heating,
which caused the local temperature increase [44].
Higher temperature contributed to the diffusion
acceleration of the atoms, while both the climb of
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Fig. 4 Variation of stress exponent under different
loading rates extracted from transient and steady-state
creep stages (a), and average stress exponents and their
error bars extracted from steady-state creep stage taken
as valid » under different loading rates (b)

dislocations and the directional diffusion of vacancies
contained atomic diffusion processes [45,46].
Therefore, as the loading rate increased, the creep
stress exponent presented a decreasing trend.
Furthermore, variations in loading rate have
also been associated with mechanical properties in
DD407 such as hardness and reduced modulus. To
verify the experimental results comprehensively, the
values of hardness and resulted modulus were
extracted by the Oliver—Pharr method [12] in Fig. 5.
It can be seen that the higher loading rate
corresponded to a lower reduced modulus (£,) and
H. They respectively reached the maximum of
1236.7 and 73.4 GPa at 500 uN/s, and the minimum
of 811.3 and 50.4 GPa when the loading rate is
6000 pN/s. The main reason for this phenomenon is
the scale effect of the nanoindentation test. When
the indentation depth is deep, the bond energy of
the material surface layer has little influence on the
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measurement, which is mainly caused by the
dislocation expansion inside the material. When the
indentation depth is very small, there are only a few
dislocations in the deformation zone. The bond
energy of the atoms in the material surface layer
plays a leading role in the measurement of the
hardness [41].

R0 - 11300
- £
- i\\‘i ‘ 11200
_______ ;
70F ®eeeee. y 11100
£ §\\ \i <
% 65t § 41000 §
\\\\ \\‘ m
60 [ \\é . 1900
SSt o a0
o1 ¢ 700

500 1000 2000 4000 8000
Loading rate/(uN-s™")
Fig. 5 Reduced modulus and hardness data for DD407
alloy under various loading rates

3.3 Creep behavior at various peak loads

Figure 6(a) showed the representative P—h
curves under different holding peak loads (4000,
6000, 8000, 10000, 12000 uN). The applying
loading rate was 1000 uN/s under a specific holding
time of 100 s. Figure 6(b) presented the curves of
creep displacement at each holding-time segment
under the peak loads of 4000, 6000, 8000, 10000
and 12000 uN with a 1000 uN/s loading/unloading
rate and 100 s of holding time. As the peak load
increased from 4000 to 12000 uN, the maximum
creep depth during the holding period increased
from 6.8 to 23.3 nm. Moreover, through the slope
comparisons of the creep curves, it could be
observed that the creep rates decreased gradually
during the holding time, being easier to reach a
steady-state under the lower peak load within the
same period. This relationship was quantitatively
described with the Findley’s mode in Fig. 6(b). A
similar result was obtained compared to the loading
rate case. The result had a good fitting and all
fitting parameters increased as the peak load
increased. To better illustrate the creep effect, the
fitted creep rate curves under different peak loads
were extracted from Fig. 6(c). All curves decreased
rapidly in the beginning, consequently becoming
flat, but it was noticeable that the higher peak load

corresponded to a higher creep rate in the same time
frame.

The stress exponents from typical creep curves
were extracted as presented in Fig. 7(a). During
nanoindentation creep testing, the creeping of the
material was mainly related to the corresponding
hardness and work hardening ability, whereas the
creep stress exponent of the material could be
obtained with a single measurement. Figure 7(b)
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Fig. 6 Typical peak load-sensitive P—A curves (a), typical
Findley’s creep curves and fitting (b), and variations in
creep strain rate with holding time of 100 s for DD407
Ni-based single crystal superalloy under different peak
loads (c)
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presented the average stress exponents and their
error bars under different peak loads. The creep
stress exponents had apparent loading effects at
room temperature, which decreased from 7.01 to
3.82 in steady-static creep as the peak loads
increased. Similar to the analysis at different
loading rates, it was drawn that both the strain rate
and stress exponent decreased as the peak loads
increased. The main reason for the phenomena
could be explained as follows: as the peak load
increased, the deformation of the test material
increased, for the deformation resistance and the
degree of work hardening to abruptly increase.
Therefore, both the strain rate and creep stress
exponent decreased at the holding stage. For
Ni-based single crystal superalloys, LI et al [47]
found that by MD simulation, as the load
increased, the dislocations in the y matrix increased

and gathered at the y/y’ phase interface, the
dislocation network at p/y’ phase interface
effectively inhibited the dislocations emitted in the
y matrix to penetrate the y’ phase and absorb the
matrix dislocations to strengthen the matrix itself,
which increased the structure stability. This
indicated that dislocation motion and its evolution
are the main deformation mechanism of Ni-based
single crystal superalloys, which are consistent with
those observed by ZHAO et al [48]. Moreover, all
stress exponents exceeded 3 based on the
nanoindentation experiments in the current study,
which also indicated that the main factor causing
creeping was the dislocation motion during
nanoindentation under different peak loads.

The hardness and reduced modulus at each
peak load were extracted in Fig. 8. Similar to
different loading rates case, it can be seen that the
higher peak load corresponded to a lower E; and H.
They reached a maximum of 1270.7 and 93.4 GPa
at 4000 uN, and the minimum of 1071.3 and
55.4 GPa when the peak load is 12000 pN,
respectively. This indicated that the indentation
mechanical properties were sensitive to different
peak loads in the hardness and modulus
experiments of nanoindentation [39].
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Fig. 8 Reduced modulus and hardness data for DD407
alloy under various peak loads

3.4 Comparison of applied loading rate and peak
load effects on creep

The sensitivity of creep behavior to different
loading rates and applied peak loads observed in
this work indicated that the creep would propagate
faster within the high-speed load changing regions
or high peak load areas. Through our research, we
found that this phenomenon was more obvious at
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the nanometer scale. Therefore, the rapidly
changing load and the higher sustained load on the
samples led to significant differences in overall
creep durability states. To quantificationally
compare the effects of applied loading rate and peak
load on the creep properties of DD407 alloy, a
dimensionless approach, defined as the ratio of
creep displacement to corresponding parameter
ranges, was utilized to evaluate the temperature and
load effects as [49]

hPl_hPZ

=—f_F2 11
=" (11)

hRI_hRZ

=—RL__R2 12
MR R R, (12)

where #p is the ratio of creep displacement to
corresponding holding peak load, and #y is the ratio
of creep displacement to corresponding loading
rate. The average ratio of #p is 1.58x107, and the
average ratio of #7g is 1.33x107°. It was shown that
the dimensionless values, as calculated from
Eq. (11), were higher than the values determined
through Eq. (12). These observations indicated that
the loading rate effect on creep properties could
exceed the peak load effect.

4 Conclusions

(1) In the range of the loading rate and peak
load that we tested, only primary and secondary
creep stages were observed for DD407 Ni-base
single crystal superalloy, which did not enter the
third stage of creep, it indicated that the alloy
exhibited good creep resistance during nano-
indentation.

(2) Creep properties were sensitive to the
loading rate and peak load, as the loading rate and
peak load were increased, creep displacement
increased gradually, while the creep stress exponent
decreased. The creep mechanisms in both cases
were dominated by dislocation based on the
calculation of the stress exponent.

(3) The hardness and reduced modulus of
DD407 Ni-base single crystal superalloy decreased
with increasing the loading rate and peak load in
nanoindentation creep tests. Moreover, through a
dimensionless analysis, it was found that the effect
of the dimensionless loading rate was stronger than
that of dimensionless peak load on the creep
properties.
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