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Abstract:

The present work further develops the multi-temperature approach on load, time, and temperature-
dependent deformation for indentation creep. Multi-temperature micro-indentation creep tests were
carried out on nanotwinned copper (nt-Cu) at five temperatures of 22 °C (RT), 40 °C, 50 °C, 60 °C
and 70 °C. In analogy with stress, hardness is used to gauge the indentation creep loading level,
while the indentation depth is used to characterize the indentation creep deformation and the creep
strain rate is represented by the indentation depth strain rate. The multi-temperature micro-
indentation creep tests generate sufficiently large experimental data, which makes the development
of a novel formula for indentation creep feasible. There are few intrinsic parameters that
characterize the capability of the microstructure of a material against load, time, and temperature
dependent deformation and they are the strain rate sensitivity, the athermal hardness exponent,
intrinsic activation energy, and activation volume. The strain rate sensitivity is determined from
isothermal creep data at one temperature, while the other parameters have to be determined from
multi-temperature creep data. The novel formula is validated by the experimental data of the multi-
temperature indentation creep tests on the nt-Cu. The creep mechanisms of the nt-Cu are also

discussed and analyzed by using the determined values of the intrinsic parameters.
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1. Introduction

Creep behaviors of materials under sustained load at elevated temperatures are essential to
their practical applications. The rate of creep deformation is related to the types of materials, and
the external conditions including load, creep time, and temperature. Based on experiments,
atomistic simulations and/or theoretical models, the creep deformation behaviors and associated
mechanisms of various types of materials, such as metals and alloys (Kassner and P&ez-Prado,
2004; Lee et al., 2016), polymer and composites (Jiaet al., 2011; Tehrani et al., 2011), and ceramics
(Gan and Tomar, 2010; Kassner et al., 2007), etc., have been extensively investigated for many
years. In the conventional polycrystalline metals, the creep deformation can be accommodated by
the lattice or grain boundary (GB) diffusion (Choi et al., 2013a; Coble, 1963; Fischer and Svoboda,
2011; Herring, 1950), and movements and associated consequences of interfaces, GBs and twin
boundaries (TBs) (Basirat et al., 2012; Morra et al., 2009; Mufbz-Morris et al., 2009; Oberson and

Ankem, 2009), and dislocation activities (Wang et al., 2011), etc.

When grain size is at the nanoscale (typically < 100 nm) in polycrystalline metals, the
nanograined (ng) metals exhibit enhanced strength. However, the creep deformation is severely
accelerated in the ng metals, because decreasing grain size significantly increases the volume
fraction of GBs, which possess very poor thermal stability and thus provide fast diffusion path for
creep deformation and failure (Sanders et al., 1997; Wang et al., 2013b; Wang et al., 2012b). The
creep rate in ng metals depends greatly on the grain size, that is, the smaller the grain size is, the
higher the creep rate will be (Sanders et al., 1997). Similarly, the reported uniaxial creep strains
and creep strain rates in smaller Ni nano-pillars were correspondingly higher than those in Ni
micro-pillars (Choi et al., 2013a) due to surface diffusion. Therefore, the weak creep resistance of

ng metals is one of the bottleneck problems for their practical applications, especially at elevated



temperatures. In contrast, coherent twin boundaries (CTBs) resistance against dislocation motion
is much more moderated, thereby optimizing both the strength and ductility of metals (He et al.,
2016; Lu et al., 2004; Xiao et al., 2015). CTBs are not fast diffusion channels in comparison with
GBs, resulting in more thermal stability of nanotwinned (nt) structures compared with the twin-
free ng counterparts (Li et al., 2016; Zhang and Misra, 2012; Zheng et al., 2013). For example, the
cyclic nano- and micro-indentation creep (Bezares et al., 2012) and uniaxial tensile creep
experiments (Yang et al., 2016b) on nt-Cu indicate that nt structure exhibits greater creep resistance
than twin-free ng-Cu, and the simulations (Jiao and Kulkarni, 2015) reveal that the creep resistance

increases with decreasing TB spacing.

Nano/micro-indentation is a fast and effective technique to characterize the mechanical
properties of materials at the nanometer/micrometer scales. Due to its unique feature of small size-
scaled characterization, the nano/micro-indentation has been widely utilized in the mechanical
characterization of various materials, especially nanomaterials, nanostructured materials,
biomaterials, thin films, (Ma et al., 2012; Wang et al., 2015) etc. Within such small detected volume
in nano/micro-indentation tests, the strain magnitude, the stress level, and the strain rate could be
considerably high, which are hardly achieved in conventional tensile tests (Choi et al., 2013b). In
normal uniaxial tensile (compression) test, the cross-head movement rate of a testing machine is
pre-set and the load cell and the extension meter record, as functions of time, the load and sample
displacement, respectively. Then, based on the geometry of a tested sample, load and displacement
are correspondingly converted to stress and strain, and then stress rate and strain rate can be
calculated. The strain rate is linked to the cross-head movement rate and a pre-set cross-head
movement rate corresponds generally to a constant strain rate. In this sense, normal uniaxial tensile

(compression) test is carried out under a sustained strain rate, during which the stress varies with



the deformation characterized by strain. In contrast, a sustained stress is applied on a sample in
uniaxial tensile (compression) creep test and creep deformation strain is recorded with creep time.
Based on the creep deformation behavior, creep deformation is usually divided into three stages of
the primary (transient) stage, the secondary steady stage, and the tertiary (unstable) stage. In the
primary stage, the strain rate decreases with time and reaches a steady value in the secondary stage,
while in the tertiary stage, the strain rate increases until failure of the crept sample. The creep strain
rate in the secondary steady stage is approximately constant independent of time, which is the most
critical creep strain rate. This is because that the period of steady state creep spends, in most cases,
the largest portion of the creep life, and the higher the steady creep rate is, the shorter the survival
life of the crept material will be. In indentation creep tests there is a challenging issue that which
parameters should be used to represent and describe the loading level and the degree of deformation.
This is because the stress distribution is completely inhomogeneous inside the tested sample under
an indentation load (Wang et al., 2015) and the inhomogeneous stress distribution causes
inhomogeneous deformation. It is suggested that hardness might be the appropriate parameter to
describe the loading level, since hardness in nanoindentation tests is defined as the averaged
pressure on the project contact area. Indentation depth might be the appropriate parameter to
describe the deformation, because indentation depth is the only measurable parameter in
nanoindentation creep under a given indentation load (Gan and Tomar, 2011). Indentation creep is
actually the inhomogeneous deformation varying with time under a given load, in which the
indentation depth increases and the hardness decreases monotonically with time. Commonly, the
creep deformation will eventually saturate under a given compressive indentation load (Zhang et

al., 2017a).

Sharma et al. (Sharma et al., 2005) conducted the indentation creep tests on the iron aluminide



intermetallic (Fe-28Al-3Cr) at the temperature range of 843-963 K. The experimental results
showed that the hardness decreased with creep time and the stress exponent n was weakly
dependent on temperature, being 5.52 at 843 K and 4.53 at 963 K. The determined stress exponent
of ~ 5 and the activation energy in the range of 339-341 kJ/mol (Sharma et al., 2005) were found
to be consistent with the dislocation climb creep mechanism. Nanoindentation creep tests on ng
Cu-based alloys at room temperature (RT) (Liu et al., 2012) exhibited that the stress exponents
(ranging from 5 to 50) increased with the increase of the indentation load. Besides, it was found
that the higher the temperature was, the lower the determined activation volume and stress
exponent would be (Alizadeh et al., 2013; Ma et al., 2002; Ranganath and Mishra, 1996; Wang et
al., 2009a). Wang et al. (Wang et al., 2009a) performed the indentation creep tests on the ng-Ni
with grain size of 14 nm under sustained load of 1 mN at temperatures of 348 K, 398 K and 448 K,
respectively. The corresponded stress exponents and activation volumes at the three temperatures
were determined to be 14.81 and 3.78b%, 7.14 and 2.74b3, and 4.91 and 2.48b®, where b denoted
the magnitude of Burgers vector. The calculated activation energy of 123.1 kJ/mol was remarkably
close to that for the GB self-diffusion in Ni, but far less than that for lattice diffusion, indicating
that the rate controlling process was meditated by GB diffusion in the ng-Ni (Wang et al., 2009a).
Zhang et al carried out the indentation creep tests on In-617 alloy under sustained load of 200-400
mN at temperatures from RT up to 800 °C (Zhang et al., 2017a) and Raman spectroscopy
measurements of depth sensitive stress distribution (Zhang et al., 2017b). The determined stress
exponent values for the indentation creep were between 5 to 6, thereby suggesting that the creep
mechanism of IN-617 at nano/micro scales was dominated by dislocation climb. The creep
properties of silicon microcantilevers were in-situ investigated at temperatures of RT, 50 °C and

100 °C under uniaxial compressive stress within range of 50-100 MPa (Gan et al., 2014), showing



that the creep rate of the silicon cantilever was increased with both compressive stress and

temperature.

The indentation creep behaviors depend on the experimental conditions of load, creep time,
and temperature, and the micro/nanostructure of a crept material. The micro/nanostructure under
the experimental conditions gives the material responses and hence yields the load, time, and
temperature-dependent deformation, which can be characterized by the creep parameters of strain
rate sensitivity, activation energy, activation volume, and stress exponent. The four parameters
describe the material intrinsic creep behaviors and thus are micro/nanostructure related. It is
desirable to let the creep intrinsic parameters be independent of the external loading conditions at
least within certain ranges of the loading conditions (Gan and Tomar, 2011). To achieve this goal,
Yang et al. (Yang et al., 2016a; Yang et al., 2016b) developed the multi-temperature approach
based on the hypothesis that the temperature dependency of deformation is expressed by the
Arrhenius equation, and the activation energy is independent of temperature within the temperature
range and depends on applied load only. This hypothesis holds if no change in the deformation
mechanism occurs within the temperature range, which should be verified by experimental results.
Yang et al. (Yang et al., 2016a; Yang et al., 2016b) conducted tensile stress relaxation tests and
tensile creep tests at various temperatures and the results validated this hypothesis. Starting from
this hypothesis and based on experimental results, Yang et al. (Yang et al., 2016a; Yang et al.,
2016b) developed a formula for load, time, and temperature-dependent deformation, which is
described later in Section 2 of Theoretical Analysis. If experiments on load, time, and temperature
dependent-deformation are conducted only at a temperature, we shall call this type of investigations
one-temperature approach, which will be also discussed in Section 2. The goal of the present work

is to build up a formula for indentation creep based on the previous work (Yang et al., 2016a; Yang



et al., 2016b) and indentation creep test results at various temperatures.

This paper is organized as follows. Firstly, Section 2 gives the theoretical analysis that
illustrates the mathematically consistent multi-temperature approach for the determination of creep
activation parameters and building-up the creep strain rate formula. Section 3 describes the
experimental procedures of micro-indentation creep tests, which were conducted under sustained
load of 100 mN at temperatures of RT, 40 °C, 50 °C, 60 °C and 70 °C, to investigate the hardness,
time, and temperature-dependent indentation creep deformation. Section 4 summarizes the
experimental results of micro-indentation creep tests, which build-up the theoretical formula of Eq.
(9d) to describe indentation creep deformation. The relationship between the strain rate sensitivity
parameter, athermal hardness exponent and activation volume is also discussed in Section 4. Based
on the determined activation parameters, Section 4 also discusses the hardness related transition of
indentation creep mechanism in nt-Cu, i.e., from perfect dislocation mediated deformation to the
TB migration, as the hardness decreases. Finally, concluding remarks are given in Section 5 to
emphasize that the greater indentation creep resistance property of nt structure and the newly

developed creep strain rate formula to describe the indentation creep deformation.
2. Theoretical Analysis

As described by the words “load, time, and temperature dependent deformation”, deformation
is a function of load, time, and temperature. As described above, strain rate represents the
deformation rate of crept sample under a sustained stress at a given temperature. Generally, strain
rate is a function of stress, time and temperature, and in the secondary creep stage, strain rate is a
function of stress and temperature merely and does not depend on time anymore. The novel formula
developed in the previous work (Yang et al., 2016a; Yang et al., 2016b) is based on that strain rate

depends only on stress and temperature, which is also the basis of the present theoretical analysis.



The strain rate sensitivity m has been used for a long time to describe the dependency of plastic

strain rate, é‘p, on applied stress o at a given temperature T (Dieter, 1986). Its definition is given
by

i 6Iogo—| _ alna|

_alogép‘ 6Ing’p‘T" @)

T

Eqg. (1) indicates that the strain rate sensitivity m can be determined from isothermal experimental
data of strain rate versus stress and thus Eq. (1) is used in the one-temperature approach and multi-
temperature approach as well. As described in many literatures (Cao et al., 2012; Elmustafa and

Stone, 2002; Raj and Langdon, 1989; Wang et al., 2009a; Wang et al., 2009b), experimental data

curves of Ino versus In ¢, during the tensile creep tests appear approximately linear and linearly
fitting Ino versus In ¢, determines the value of m. Then, integrating Eq. (1) with the linear
relationship between Ino and In €, gives a power-law relation of o o épm. In the one-temperature

approach, it is also to take it as granted to have the power law of & o o" in the description of

strain rate dependency on stress. That is why the strain rate sensitivity m is believed, in the one-

temperature approach, to equal to the reciprocal of conventional stress exponent 1/n. As indicated
in Eq. (1), the strain rate sensitivity m is defined as the differentiation of In & with respectto Ino
at a constant temperature and thus determined experimentally by carrying out creep tests at various
stress levels at only one temperature. It should keep in mind that strain rate £, is a function of both

o and 7. This consideration suggests that the strain rate sensitivity m might be related to

temperature, even it is a constant at a temperature, as described below.

It is widely accepted that the temperature dependency of plastic strain rate £, is expressed by



the Arrhenius equation

AG
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where ¢, is the prefactor, Ky is the Boltzmann constant, and AG is called the apparent (nominal)

&, =& exp(—

activation energy. The apparent activation energy is the real activation energy reduced by the
applied stress and the activation volume V, as a conjugate of applied stress, is introduced to count

the reduction in activation energy. Thus, we have (Zhu and Li, 2010; Zhu et al., 2007)

AG = AG, -2V, 3)

V3

where AG; is called the intrinsic activation energy and 1/\/5 is the numerical factor to convert

shear stress to tensile stress. The intrinsic activation energy and the activation volume can be
determined by plotting AG versus o. As described above about the hypothesis, the exponential

term in Eq. (2) is the only term involving temperature and stress, while the prefactor &, depends
on applied stress only, being independent of temperature. With this hypothesis, the apparent
activation energy AG and the prefactor ¢, are determined experimentally by plotting In €,

versus reciprocal absolute temperature in the multi-temperature approach, where the data of strain
rate must be obtained under a certain stress level. This means that creep tests must be carried out

at various temperatures in order to experimentally determine the apparent activation energy and

the prefactor. Under a certain stress level, the plot of In €, versus reciprocal absolute temperature

gives a value of prefactor and a value of the apparent activation energy. Then, the values of AG
under various stress levels allow one to calculate the activation volume by using Eq. (3) in the

multi-temperature approach.
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On the other hand, Eq. (2) gives the following derivation:
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Eq. (4) indicates that if the prefactor &, is stress-independent, we will have the relation between

strain rate sensitivity m and activation volume V as:

1__ov | (5)
m  /3k,T

Eq. (5) shows that the strain rate sensitivity m depends on temperature. In the one-temperature

approach, Eq. (5) is often used to estimate the value of activation volume (Asaro and Suresh, 2005;

1/m

Wei et al., 2004; Zhu et al., 2007). If one uses the power law &, oc o~ to describe the relationship

between strain rate and stress, one cannot use Eq. (5) to estimate the value of activation volume by

treating the prefactor &, stress-independent. The above description from Eq. (1) to Eq. (5)

indicates that Eq. (5) holds only if the strain rate is expressed by the Arrhenius equation with the
assumption that the prefactor is independent of stress. In this case, the strain rate cannot be
expressed by the stress power law relation anymore, even experimental results show this trend of
power law. In other words, if the power law relation is adopted to express the strain rate, one cannot
use Eq. (5) to the value of activation volume. In one sentence, the stress power law is
mathematically inconsistent with the Arrhenius equation, in which the prefactor is stress-
independent. Therefore, the one-temperature approach cannot simultaneously determine both stress
exponent and activation volume. This mathematic inconsistency implies that the prefactor must be

stress-dependent.
As mentioned above, in the multi-temperature approach, the plot of In é‘p under a certain

stress level versus reciprocal absolute temperature gives a value of prefactor and a value of the
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apparent activation energy. Then, conducting the multi-temperature approach under various stress
levels leads to many values of the prefactor and the apparent activation energy. From the values of
apparent activation energy, one is able to determine the intrinsic activation energy and the
activation volume with Eq. (3). The experimental results (Yang et al., 2016a; Yang et al., 2016b)
exhibit also that the prefactor is stress-dependent. Usually, the stress-dependency is expressed by
power law. With this consideration, Eq. (2) is further expressed by (Yang et al., 2016a; Yang et al.,

2016b)

o " AG oV
5 T)=¢&,| — —— |, 6
gp(o- ) 800(()_()} exp( kT + T ,_3j (6)

where o, is a reference stress, whose the magnitude is one and has the same unit as o . Here, the
“athermal stress exponent n”’ is redefined to be the exponent for the prefacor in the Arrhenius
equation, rather than the traditional “stress exponent n” for the creep strain rate in the conventional
creep studies. With Eq. (6), we have

1 oV
=N )
m +J§kBT

Eq.(7) shows the relationship among the strain rate sensitivity m, athermal stress exponent n', and

activation volume V. Only when the ratio of mechanical work over the thermal energy approaches

zero, i.e., 7%%0, we shall have %: n'. Eq. (7) also indicates that if the value of 7‘3’% is large

and positive, the m value is still positive even the value n' is negative (Yang et al., 2016a; Yang et
al., 2016b). Using the multi-temperature approach, the present work is going to verify that Egs. (6)

and (7) basically work for indentation creep.
3. Experimental Procedures

The presently used nt-Cu sheets are the same as previously used ones (Yang et al., 2016a;

12



Yang et al., 2016b), which were synthesized by direct current electro-deposition method with
CuSOs electrolyte (Wang et al., 2009¢c; Xu et al., 2008). The transmission electron microscopy
(TEM, JEOL 2010F) was operated at 200 kV to characterize the microstructure of nt-Cu before
and after indentation creep tests. Fig. 1(a) is a TEM image of the used nt-Cu, showing intragranular
nanotwins embedded ultrafine grains, which gives the average subgrain size of ~ 65 nm and the
twin lamellar thickness of ~ 50 nm (Yang et al., 2016a; Yang et al., 2016b). The micro-indentation
creep samples were polished with SiC paper from #600 to #1200, and finally 0.1 um alumina
suspensions. The micro-indentation creep tests were carried out with a NanoTest platform (Micro
Materials Ltd, UK) equipped with a temperature stage and a Berkovich diamond indenter (the
nominal tip radius of curvature is ~ 150 nm). The purpose of the present work is to study the
indentation creep behavior of the nt-Cu specimens and thus the purely temperature-induced
microstructure change of grain and twin growths should be avoided. The annealing experiment
shows that the grain growth occurs in ng-Cu once the temperature is higher than 100 <C (Cai et al.,
2000). To make sure there is no grain growth induced purely by the elevated temperature during
the creep tests, therefore, the micro-indentation creep tests were isothermally conducted at various
temperatures of RT, 40 °C, 50 °C, 60 °C and 70 °C, which are all lower than the temperature of
100 <C. Fig. 1(b) provides the TEM image of the overall microstructure of the nt-Cu after the creep
tests at temperature of 70 °C, showing almost the same subgrain size and the twin lamellar thickness,
comparing to that in the as-deposited nt-Cu without creep test in Fig. 1(a). This comparison implies
that the thermal-induced grain growth and twin growth are not detected after the creep tests.
Thermal drift is the most obvious problem in the nano/microindentation tests at elevated
temperatures, especially for performing long-term creep tests at elevated temperatures. In the

present work, the micro-indentation machine was well stabilized to minimize the thermal drift
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lower than 0.01 nm/s and the temperature was precisely controlled with the error of 20.1°C. Each
isothermal micro-indentation creep test was repeated at least 5 times. Fig. 1(c) shows the
morphology of one representative micro-indentation in the indented sample, where a Berkovich
indenter-shaped plastic deformation region covers numbers of nanograins and nt lamellas.
Following the multi-temperature approach, micro-indentation creep tests were performed at five
temperatures of RT, 40 °C, 50 °C, 60 °C and 70 °C in the present study. The loading/unloading rates
were set to be the same 2 mN/s for the five temperatures and the maximum sustained load was set
at 100 mN to be the same for the five temperatures. Fig. 2(a) shows the load-time profile of the
micro-indentation creep test at temperature of RT, where the load and indentation displacement are
recorded as a function of indentation time. A load cell and a displacement voltage dilatometer with
resolution of 0.1 nm and 100 nN, respectively, were used to control the applied load and to measure
the penetration depth of the indenter. The indentation depth was controlled below 1/10 of the film
thickness to avoid any potential substrate effect. Under a loading rate of 2 mN/s, the indentation
load was increased from zero to a maximum load of 100 mN, which was fixed and hold for 1000
seconds (s) for the creep deformation, and then unloaded to zero with the unloading rate of 2 mN/s.
The measurable indentation creep is observed, as shown in Fig. 2(a), with the creep displacement

(indentation depth) increases within the entire creep time of 1000 s.
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Figure 1 TEM images showing the microstructures of the (a) as-deposited, (b) as-crept nt-Cu at
elevated temperature of 70 °C, and (¢) the morphology of one representative micro-indentation in
the indented nt-Cu.

4. Results and Discussion

Note that it takes 50 s for the indentation load to increase from zero to the pre-set maximum
sustained load, as the loading profile indicated in Fig. 2(a). Fig. 2(b) gives the indentation
displacement 4 with the indentation time ¢ from 50 s to 1050 s of the nt-Cu under sustained
indentation load of 100 mN at various temperatures, where ¢ = 50 s denotes the indentation creep
starting time. The indentation creep is observed and measured at each of the five testing
temperatures, as shown in Fig. 2(b). The indentation creep displacement increases monotonously
as a function of the indentation time during the entire creep time. In particular, the starting
indentation creep displacement at = 50 s and the ending indentation creep displacement at ¢ =
1050 s are respectively increased with the increase of the creep testing temperature. For example,
at the creep time of 50 s, the corresponded starting indentation creep displacement is ~ 1430 nm at
temperature of RT, which is increased to ~ 1520 nm at temperature of 70 °C. On the other hand,
the ending indentation creep displacement at the creep time of 1050 s are ~ 1620 nm at temperature
of RT and ~ 2170 nm at temperature of 70 °C. Accordingly, Fig. 2(c) shows the magnitude of total
indentation creep displacement A/ as a function of creep time Az =t - 50 s, indicating the primary
stage and the steady stage of creep. At a given creep time, the higher the creep temperature is, the
larger the magnitude of indentation creep displacement will be. For example, when the indentation
creep test last about 1000 s, the total indentation creep displacements are ~ 190 nm and ~ 650 nm
at RT and 70 °C, respectively. This phenomenon is expected since creep is a thermally activated
process and can be promoted under a higher temperature.

For a self-similar indenter, generally, the hardness H and the indentation strain rate € in the
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displacement sensing indentation are respectively defined by (Lucas and Oliver, 1999; Mayo and

Nix, 1988)
P
H=-, 8
y (8a)
1 dh
.1 an 8b
“Thdt (86)

where £ is the instantaneous indenter displacement, dh/dt is the displacement rate of the indenter,
with 7 being the creep time, P is the sustained creep load, and 4 is the projected contact area, which

is estimated from indentation displacement 4 by
A =24.56h? (8c)

for the Berkovich indenter tip (Chang et al., 2006; Giannakopoulos and Suresh, 1999; Oliver and

Pharr, 1992; Wang et al., 2013a; Zhang et al., 2017a).
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Figure 2 (a) The loading profile of the micro-indentation creep on the nt-Cu at RT. (b) The curves
of the indentation displacement /# with the indentation time # from 50 s to 1050 s of the nt-Cu at
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various temperatures. (¢) The magnitude of total indentation creep displacement A/ as a function
of creep time At. (d) The curves of creep hardness versus logarithmic creep time, and (e, f) the
curves of indentation creep rate (e), and logarithmic indentation creep rate (f), respectively, versus
creep time under sustained load of 100 mN at various temperatures.

With Eq. (8a) and the measured data of creep depth versus creep time, the curves of creep
hardness versus logarithmic creep time are plotted in Fig. 2(d) for the nt-Cu at various temperatures.
The indentation creep hardness is apparently time- and temperature-dependent. At each of the creep
temperatures, the hardness reduces monotonically with creep time. At a given creep time, the
higher the creep temperature is, the lower the magnitude of hardness will be and the higher the
reduction rate of hardness will be. Specifically, Fig. 2(d) also compare the reduction rate of
hardness at RT in the nt-Cu to that in the twin-free ng-Cu with grain size of d ~ 45 nm from the
reference (Zhang et al., 2004), because its grain size is slightly smaller than the twin lamellar
thickness of A ~ 50 nm in the nt-Cu. At the initial stage of the creep at RT, the hardness is ~1.9 GPa
in the nt-Cu and ~ 1.95 GPa in the referenced ng-Cu, as shown in Fig. 2(d), which are
correspondingly reduced to ~ 1.55 GPa and ~ 1.45 GPa after the creep tests last about 1000s. The
averaged reduction rate of hardness of nt-Cu is 0.35 MPa/s, lower than that of 0.5 MPa/s in the
reference ng-Cu. Considering the coherent nature of CTBs and the present results, one might
believe that nt metals possess higher creep resistance and structural stability compared to their
twin-free ng counterparts, i.e., the grain size in the ng counterparts should be more or less the same
as the lamellar thickness in the nt metals. With Eq. (8b) and the measured data of creep
displacement versus creep time, the curves of indentation creep rate versus creep time and
logarithmic indentation creep rate versus creep time are respectively plotted in Fig. 2(e) and Fig.
2(f) at creep temperatures from RT to 70 °C. At a given creep time, the creep rate increases
obviously with the increase of the creep temperature. At each of the creep temperatures, the creep

rate decreases continuously with the creep time, exhibiting two characteristic stages. It is noted that

17



creep rate decreases rapidly in the beginning and reaches an apparent steady state with a creep rate
on the order of about 10* s, The transient time from the primary to steady-state creep, or the
primary creep region, is observed to increase with the test temperature. In the beginning stage, the
creep rates drop very rapidly with creep time and after that the creep rates drop much more slowly.
Taking the creep at 70 °C as an example, the creep rate decreases from ~ 5.6x 10 st at t=0 to ~
3.9 x 10 s at t=200 s, and within the range of creep time (0s, 50s), the logarithmic indentation
creep rate drops almost linearly with creep time with an absolute slope of ~ 9.5 x 10 s, From
t=200 s to t=1000 s, the creep rate falls from ~ 3.9 x 10 s to 1.34x 10™* s! roughly linearly with
an absolute slope of ~ 3.7 x 107 s, which is obviously lower in magnitude than that in the
beginning stage. The difference in creep rate drop might imply the change in creep mechanism,
which will be discussed later. The overall experimental results shown in Fig. 2(b-f) indicate clearly
that, after a given indentation creep period, the higher the creep temperature is, the larger the
indentation creep displacement Ah and the greater the hardness decreases, which implies that the
creep rate during the same creep period increases with the creep temperature. In one sentence, the
indentation creep deformation on nt-Cu is obviously accelerated with the increase of the

indentation creep temperature.
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Figure 3 Plots of logarithmic indentation creep rate versus logarithmic hardness for the indentation
creep of nt-Cu at various temperatures.

In analogy with Eq. (1), the strain rate sensitivity parameter m in the indentation creep may

: olnH . _— N
be defined by m :W . Fig. 3 plots the curves of logarithmic creep rate versus logarithmic
&

.
hardness at various temperatures, showing that these curves can be approximately divided into two
linear regions, i.e., the linear high hardness region (LHHR) in the initial stage and linear low
hardness region (LLHR) in the final stage of indentation creep. The LHHR occurs at all the creep
temperatures and at each of the temperatures, the logarithmic creep rate drops quickly with the
decrease of logarithmic hardness. The higher the indentation creep temperature is, the lower the
drop rate is and the shorter the LHHR is. The second LLHR happens with low hardness only at
temperatures of 50 °C, 60 °C and 70 °C, showing that an apparently slower drop occurs in the
logarithmic creep rate against logarithmic hardness. In LLHR, the lower the indentation creep
temperature is, the faster the drop rate is, and the shorter the LLHR. Specifically, if the testing
temperature is too low, the second LLHR will not show up at temperatures of RT and 40 °C, as
indicated in Fig. 3, which implies that the indentation creep behaviors depend greatly on the testing
temperature. The plastic deformation in indentation creep is attributed to the combined mechanical
and thermal action, where hardness is still the driving force and the indentation creep is a thermally
activated time-dependent process. Each slope of LHHR and LLHR denotes the strain rate
sensitivity in that linear region. The determined values of mynnr in the first LHHR are 0.044, 0.049,
0.059, 0.069, and 0.125, respectively, at temperatures of RT, 40 °C, 50 °C, 60 °C, and 70 °C, while,
the values of mynr in the LLHR are 0.154 at 50 °C, 0.205 at 60 °C, and 0.347 at 70 °C, higher than

the corresponding values of minHgr, 0.059 at 50 °C, 0.069 at 60 °C, and 0.125 at 70 °C, respectively.
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The m parameter in each of the two linear regions depends highly on the temperature, that is, the
higher the creep temperature is, the higher the strain rate sensitivity will be, as indicated in Fig.3.
As indicated by the definition of Eq. (1), the value of strain rate sensitivity m, which represents the
isothermal relationship between stress (hardness) and strain rate, is actually equal to the reciprocal
of the conventional stress (hardness) exponent n, i.e., m = 1/n. Generally, a highly strain rate
sensitive [or low conventional stress exponent] material is expected to resist localized deformation
and hence be ductile, and even superplastic (Hutchinson and Neale, 1977), which is related to the
diffusion-dominated creep mechanism. While the dislocation-mediated plasticity mechanism
results in a low strain rate sensitivity [or highly conventional stress exponent]. The values of stress
exponent ranging from 1 to 5 [or 0.2 < m < 1] are widely reported for the creep deformation in
various types of materials in many textbooks. According to the results shown in Fig. 3, the
determined convention hardness exponents [or strain rate sensitivity] are 2.88 < n < 6.5 [or 0.154
<m < 0.347] in the LLHR, while 8 < n <22.7 [or 0.044 < m < 0.125] in the LHHR with higher
hardness level. Apparently, the values of conventional stress exponent n in the LHHR are higher
than the typical values in the textbooks. This is because of that, besides the creep temperature, the
strain rate sensitivity m (or the conventional stress exponent n) is also highly depended on the
external stress/hardness condition (Liu et al., 2012). As the testing temperature is relative low and
the applied stress (i.e., hardness) in the LHHR is much higher than the applied stress (normally
lower than the yield strength) in the conventional creep tests reported in the textbooks, it might be
reasonable to expect that a higher value of the conventional hardness exponent n would be observed
in our experiments. In addition, it has been reported that the high value of n might be attributed to
the volumetric densification and dislocation pile-up related creep mechanisms (Gan and Tomar,

2010; Gan et al., 2014). Furthermore, the value of the strain rate sensitivity parameter m [or
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conventional stress exponent n] is depended on the material microstructure, and has been found to
be increased commonly for fcc metals, with decreasing in the characteristic of grain size or twin
spacing. For example, experiments have revealed that the m values of m = 0.01-0.03 in ultrafine
grained metals, and m = 0.02-0.1 in ng and nt metals, which are higher than the values of m =
0.002-0.007 in the cg counterparts (Chen et al., 2006; Dalla Torre et al., 2002; Lu et al., 2001; Lu
et al., 2005; Wei et al., 2004). The present experimental investigation measures the values of the
strain rate sensitivity in the nt-Cu at the five temperatures. These values will be used to discuss the

creep mechanism in the following section.
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Figure 4 The determination of the thermal creep activation parameters in the two linear hardness
regions for the nt-Cu. (a) Arrhenius plots of logarithmic indentation creep rate against the
reciprocal temperature in the LHHR. (b) The plots of hardness-dependent nominal activation
energy versus hardness in the LHHR. (¢) The plots of logarithmic temperature-independent creep
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rate versus logarithmic hardness in the LHHR. (d) The reciprocal strain rate sensitivity against the

term of H /KT at various temperatures in the LLHR.

In nano/micro-indentation, hardness H is actually the averaged compressive stress, as shown
by Eq. (8a), on the projected contact area. The value of hardness is automatically and instantly
determined by the computerized indentation machine. In analogy with Eq. (2) in the Arrhenius
relation, the creep rate in indentation creep might be expressed by replacing stress with hardness,

g‘(H,T)zg'O(H)exp[—gj, (9a)

B

where €,(H) and AG are the prefactor and the apparent (nominal) activation energy. Again, the

hypothesis holds in Eq. (9a), meaning that the prefactor and the apparent activation energy are

temperature-independent and depend on hardness. The apparent activation energy AG and the
logarithmic prefactor In(£,(H)) can be determined from the Arrhenius plots of logarithmic creep
rate at the same hardness level against reciprocal temperature.

As described in the previous section and shown in the Fig. 2 (c-d) and Fig. 3, the hardness and
the creep rate in the indentation creep are reduced with the increase of creep time at each of the
temperatures and there are two linear regions of LHHR and LLHR. Note that a sustained load in
indentation creep tests generates various values of hardness, meaning that the varying the value of
hardness is achieved by changing temperature, even the applied load remains unchanged. Therefore,
a series of these two hardness-dependent activation parameters can be obtained from Arrhenius
plots under a series of hardness in the indentation creep tests performed under only one sustained
load. This is different from that in the uniaxial tensile or compressive creep experiments, where the

varying the level of applied stress requires to change the magnitude of applied load when the
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sample geometry and size remain unchanged. Fig. 4(a) gives the Arrhenius plots of the logarithmic
creep strain rate versus reciprocal temperature under a series of hardness of 1.4 GPa, 1.5 GPa, 1.6
GPa, 1.7 GPa, and 1.8 GPa in the LHHR shown in Fig. 3. The experimental data are selected to
cover, as many as possible, the five creep temperatures. As shown in Fig. 4(a), the data for hardness
1.4 GPa covers four temperatures and the rest data cover all the five temperatures. As expected,
Fig 4(a) shows that the curves of the logarithmic strain rate versus reciprocal temperature are
almost linear under a given hardness, indicating that the indentation creep is thermally activated
deformation and the creep rate follows the Arrhenius relation of Eq. (9a) over the testing
temperature range. The experimental results confirm the hypothesis again. The slope of the linear
fitting of the experimental data under a given hardness gives the value of the apparent activation

energy AG , while the fitted intercept determines the logarithmic temperature-independent creep

rate In(éo(H)).

The apparent activation energy denotes real energy barrier, reduced by applied stress
(hardness), to against the dislocation motion, GB and TB movement, or/and diffusion, etc. The
activation volume, as a thermodynamic conjugate of flow stress, represents the generalized change
in volume caused by flow stress and the mechanical work, e.g., the product of activation volume
and flow stress, can reduce the activation energy. In dislocation-mediated deformation, the
activation volume represents the generalized area swept over by mobile dislocations with an
averaged value of Burgers vector. In indentation creep, hardness represents the averaged applied
compressive stress on the projective contact area. Thus, a common and simple relationship between

the apparent activation energy, hardness and activation volume can be expressed by

AG = AG, — HV = AG, — %v , (9b)
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where AG; is a hardness-independent intrinsic activation energy or activation energy at zero of

hardness, V' is called the hardness conjugated activation volume, the half is approximately
introduced to link hardness to the maximum shear stress based on the elastic Hertz contact theory
(Johnson, 1985), and V is the shear stress conjugated activation volume. The determined nominal
activation energy in the LHHR is plotted versus the hardness in Fig. 4(b), showing that the nominal
activation energy decreases almost linearly with increasing hardness, which verifies that Eq. (9b)

holds. Based on Eq. (9b), the linearly fitting the curves of apparent activation energy versus
hardness determines the AG, and V to be AG,, = 2.232 eV and Vy = 18.64 b® in the LHHR,
respectively, with b = 2.56 A standing for the magnitude of Burgers vector of a perfect dislocation

3(110){111} in fec copper.

On the other hand, Fig. 4(c) shows an almost linear relationship between the In(&,(H)) versus

logarithmic hardness in the LHHR, indicating that the prefactor, i.e., temperature-independent

plastic deformation rate, depends on hardness with a power law relation, which is expressed by

&(H) =&y [Hioj : (9¢)

where €, and H, are the hardness-independent parameter and reference hardness, respectively;

while n'is the athermal hardness exponent for the temperature-independent indentation creep rate
component/prefacor &, (H) in the Eq. (9a). Note that the strain rate sensitivity is determined from
the linearly fitting of the experimental data curves of log-log plots of creep rate versus hardness,
as shown in Fig. 3. Therefore, the athermal hardness exponent n’ in the present work is actually
different from the traditional “stress exponent n”, i.e., 1/m, for the creep strain rate in the
conventional creep research community. Linear fitting of the experimental data of In(&,(H))
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versus logarithmic hardness yields the athermal hardness exponent of n'y = -43.37 in the LHHR.
Noticeably, the athermal hardness exponent n' is negative here, which will be discussed later.
Substituting Egs. (9b-9¢) into Eq. (9a), the Arrhenius equation for the indentation creep can be

finally re-written as:

H " AG HV
(HT)=¢,.| — | exp| ——2+ 9d
( ) EOOLHO) p( KT 2kBTj ©d)

Eq. (9d) is the experimentally verified strain rate equation with hardness and temperature as

independent parameters for indentation creep. From Eq. (9d), we have

1 . HV
—=n'+
m 2k, T

(10)

for the relationship between the parameters of the strain rate sensitivity m, athermal hardness
exponent n' and activation volume V. Eq. (10) is obviously the version of Eq. (6) for indentation
creep. This relationship indicates the 1/m change linearly with hardness. As described above and
in the previous works (Yang et al., 2016a; Yang et al., 2016b), experimental errors and the small

variation in hardness keep the m value approximately constant in a narrow hardness range. With

, where H is the average hardness in the LHHR.

. o L1
this approximation, we may write — =n'+
m

2k T

HV
2k, T

The experimentally determined value of the 1/m, n', the calculated term of , and the average

hardness H in the LHHR at various temperatures are listed in Table. 1 and these data validate the

N 1 HV
relationship of —=n'+
m B

HV
2k, T

. For instance, it has %(8.016) ~n'(-43.37)+ (51.313)
C

70°
with average hardness H of 1.562 GPa in the LHHR at 70 °C. As indicated in Fig. 3, no LLHR

shows up at temperatures of RT and 40 °C and it is very hard to find three data with the same value
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of hardness at three temperatures in the LLHRS, while a reasonable Arrhenius plot of logarithmic
creep strain rate versus reciprocal temperature requires at least three data. The experimental data
in the LLHRs do not meet the requirement of the multi-temperature approach. Therefore, the
apparent activation energy at a given hardness cannot be determined in the LLHRs. Fortunately,

three values of m are determined from the experimental data shown in Fig. 3, which allows to plot

H ~
the reciprocal strain rate sensitivity 1/m against the term of ﬁ in Fig. 4(d) with H being the
B

average hardness within a given LLHR based on the relationship of 1_ n'+ HV
m

. Fig. 4(d)

B IT
shows an almost linear relationship and the linear fitting gives the values of activation volume V
and athermal hardness exponent n', which are Vi = 3.64 b® and athermal hardness exponent n', = -

3.83in the LLHRs.

Table 1 The determined reciprocal strain rate sensitivity m, athermal hardness exponent n', the
HV
2k, T

term , and the average hardness H in the LHHRs.

Linear High Hardness Region (LHHR)

RT 40°C 50°C 60°C 70°C

m 0.044 0.049 0.059 0.069 0.125

1/m 22.726 20.286 17.080 14.491 8.016

n' -43.37 -43.37 -43.37 -43.37 -43.37

67.264 64.009 61.260 57.152 51.313

H (GPa) 1.76 1778 175 1689 1.562
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As described above, the athermal hardness exponent n' are both negative in the two linear

hardness regions, meaning that the temperature-independent prefactor £, is decreased with the

increase of hardness. As indicated by Eq. (9d), the hardness contribution to the creep strain rate is
done through two channels, a) lowering the intrinsic activation energy by doing the mechanical
work with its thermodynamic conjugate of activation volume, and b) changing the value of

hardness-dependent prefactor . While the temperature contribution to the creep rate is just done

through one channel, i.e., increasing the thermal energy of ksT in the exponential part in Eq. (9d),
which will increase the strain rate exponentially, as evidenced by the experimental results of

accelerated indentation creep deformation with the increase of temperature shown in Fig. 2.
The determined deformation parameters, i.e., strain rate sensitivity m, activation volume V

and activation energy AG,, might uncover the micro-indentation creep competing mechanisms in

the two linear hardness regions. In the LHHR, the values of m, ¥ and AG; are 0.044-0.125(RT-

70 °C), 18.64 b® and 2.323 eV, respectively, whereas the m is 0.154-0.347(50 °C-70 °C) and V is
3.64 b in the LLHR. It has been widely accepted that a low m [high conventional stress exponent

n] (m < 0.1, [n > 10]) (Coble, 1963; Lithy et al., 1979), large V (several hundred b® and above)
(Dao et al., 2006; Lu et al., 2005), and large AG, (AG,>1 eV) (Wang et al., 2006) relate to the

dislocation-mediated plasticity. While GB diffusion creep (Coble creep) results in the large m (m

~ 1.0, [n ~ 1]) (Coble, 1963; Lithy et al., 1979), extreme small V (less than 1 b%) (Dao et al., 2006;
Lu et al., 2005) and AG, (0.2-0.7 eV) (Cai et al., 2000; Dickenscheid et al., 1991; Horvéh et al.,

1987; Van Swygenhoven and Caro, 1998). The 0.1 <m < 1 [1< n < 10] might be related to the GB
sliding or/and grain rotation. The V ranging from several b® to 100 b® might be corresponded to the

dislocation cross-slip or/and dislocation nucleation (Dao et al., 2006; Lu et al., 2005; Wang et al.,
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2011). Besides, the generalized swept area by dislocations can also be calculated according to the
definition of activation volume. Assuming the perfect dislocation sweep mechanism applicable in
all hardness regions, hence the swept area in the LHHR is 1.09 (nm)?, referring to the GBs and TBs
impede dislocation motion. However, it decreases to 0.21 (nm)? in the LLHR, which is too small
to believe the perfect dislocation sweep mechanism, thus suggesting the GB/TB movement, or/and
partial dislocation-mediated creep mechanisms. Combing all determined deformation parameters,
we suggest the predominant indentation creep mechanism transition with the decrease of hardness,
i.e., from the dislocation activity-dominated deformation in the LHHR primary creep region to the
boundary-associated deformation in the LLHR steady-state creep region. The dislocation activity-
dominated deformation might be attributed to the interaction of dislocations with the GBs and TBs
in the nt-Cu, such as dislocation pile-up and cut-off the twin lamellas (Dao et al., 2006; Lu et al.,
2005; Lu et al., 2009; Wang et al., 2012a; Yang et al., 2016a; Yang et al., 2016b). On the other
hand, different from the GB sliding or/and grain rotation boundary-associated deformation in ng
structure, the TB rotation is confined and difficult to occur as the twin planes are coherent in nature.
Alternatively, the nucleation and motion of partial dislocations parallel to TBs, i.e., TB migration,
could be the creep mechanism in the lower hardness region, which has been reported by simulations
(Li et al., 2010) and observed by high-resolution TEM for the nt-Cu with the same order values of

the deformation parameters in the previous works (Yang et al., 2016a; Yang et al., 2016b).
5. Concluding Remarks

In summary, the present work analyzes the mathematic inconsistency when the strain rate
sensitivity m is used to express the stress exponent n and to estimate the activation volume V,
simultaneously. The analysis indicates that multi-temperature approach must be adopted in order

to determine the athermal stress exponent n' and the apparent activation energy, and then the
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intrinsic activation energy and the activation volume. The multi-temperature indentation creep tests
were conducted on nt-Cu, which generated a large number of experimental data. It is the
experimental data driven development of the indentation creep formula that the strain rate is a
function of temperature and hardness, which represents the mechanical loading level. The
experimental results verify the developed formula, which is explicit, analytic, and user friendly.
This formula is essentially based on the Arrhenius equation and the temperature dependency is
purely via the exponential term, rather than via the prefactor. The intrinsic activation energy,
apparent activation energy, and mechanical work are all independent of temperature within a
certain temperature range during which no change in the deformation mechanism occurs. The
athermal hardness exponent is introduced naturally to express the hardness dependency of the
prefactor. The hardness contribution to the creep strain rate is attributed to two aspects, thermal
and athermal, i.e., a) the reduction of the intrinsic activation energy by the mechanical work with
its thermodynamic conjugate of activation volume and b) the change in the value of prefactor
through a manner of power law. While, the temperature contribution to the creep rate is purely
through the change of the exponential term by varying the thermal energy of ksT. Equations (9d)
and (10) represent the theoretical achievement of the present work.

The experimental data shows the greater indentation creep resistance of the nt-Cu compared
to that of the reference twin-free ng counterpart. In addition, the indentation creep deformation on
nt-Cu is obviously accelerated with the increase of the indentation creep temperature. The results
of multi-temperature indentation creep tests also indicate the change in the strain rate sensitivity m
at the testing temperatures of 50 C, 60 °C and 70 C, where the experimental curves of logarithmic
indentation creep rate versus logarithmic creep hardness can be approximately divided into two

linear regions of the linear high hardness region (LHHR) in the initial stage and the linear low
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hardness region (LLHR) in the final stage of indentation creep. The change in the strain rate
sensitivity m implies the change in the creep mechanism. Analysis on all determined values of the
intrinsic parameters suggests a transition of indentation creep mechanism from perfect dislocation

mediated plasticity in the LHHR to the twin boundary migration in the LLHR.
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