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Different loading protocols have been developed in the past to investigate the creep properties of
materials using instrumented indentation testing technique. Recently, a new indentation creep method
was presented, in which the contact pressure is kept constant during the creep test segment, similar to
the constant stress applied in a uniaxial creep experiment. In this study, the results of constant contact
pressure creep tests are compared to uniaxial and constant load hold indentation creep experiments on
ultrafine grained Cu and CuAl5. The constant contact pressure method yields similar stress exponents as
the uniaxial tests, down to indentation strain rates of 10° s~!, whereas the constant load hold method
results mainly in a relaxation of the material at decreasing applied pressures. Furthermore, a pronounced
change in the power law exponent at large stress reductions is found for both uniaxial and constant
contact pressure tests, indicating a change in deformation mechanism of ultrafine grained metals.

Creep properties have been determined for a long time with
standardized, macroscopic test methods (e.g. [1-3]). However,
sample and test preparation of these standardized experiments
are quite time-consuming. Furthermore, it is not possible to test
individual phases such as those found e.g. in Ni-based super-
alloys using macroscopic test procedures. Macroscopic creep
testing methods require relatively large sample volumes, which
is critical for the analysis of the creep response in small volumes
of e.g. thin coatings [4].

Indentation testing, moreover, allows to perform a multitude
of creep tests semi-automatically on a single polished sample
surface, which significantly increases the sample throughput.
The small volume probed allows the mechanical properties of
individual microstructure components or thin films to be inves-
tigated [5, 6]. Therefore, various indentation creep and relaxa-
tion test procedures have been developed for investigating the
local, time-dependent mechanical properties. These test pro-
cedures promise to provide results comparable to macroscopic
tests [7-14]. However, a direct comparison of macroscopic and
indentation loading protocols reveals significant differences.

In an uniaxial creep experiment, the applied stress is kept
constant for the entire creep segment and the time-dependent

strain and strain rates are analyzed. In the most commonly used
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constant load hold (CLH) indentation creep method, the load
is kept constant and the time-dependent change of hardness
and indentation depth are analyzed. For self-similar pyramidal
indenters, the resulting strain gradient distribution below the
indent is often interpreted as a constant representative strain
whereas the hardness can be understood as a representative
stress acting within the plastic zone [15]. Indentation testing
results thereby in a complex triaxial stress state and the plasti-
cally deformed volume is expanding throughout the experiment
as described e.g. by Johnson’s expanding cavity model [16, 17].
Moreover, both, hardness and indentation strain rate decline
with increasing creep time during a constant load and hold
experiment, which is in contrast to uniaxial creep testing.

To overcome the limitations of the constant load and hold
test, namely the declining indentation stress and indentation
strain rate, we have recently presented a new constant contact
pressure (CCP) indention creep method [11], in which the con-
tact pressure, respectively, the stiffness based hardness [8, 11,
18]:
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is kept constant throughout the entire creep segment by con-

trolling P/S%, where P is the applied load and § is the contact
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stiffness, B is a geometrical constant and E, is the reduced modu-
lus. The contact stiffness is determined using the continuous
stiffness measurement (CSM) technique, where the loading
signal is superimposed with an additional sinusoidal dynamic
displacement. The contact stiffness is thereby determined at an
oscillation frequency of 45 Hz, applying a dynamic displace-
ment amplitude of 2 nm. Based on the contact stiffness, the
contact pressure can be easily evaluated by using Eq. 1, which
was introduced by Joslin and Oliver [18]. Since the contact stiff-
ness is directly related to the contact area, Eq. 1 can be used to
determined directly the contact pressure, assuming a constant
and depth independent Young’s modulus. This contact pressure,
determined at a frequency of 45 Hz, is thus based on the current
contact situation and is independent of pile-up or thermal drift
effects 8, 11, 18].

During a CCP test, the indenter tip is first indentation strain
rate controlled loaded onto the surface up to a predefined load or
depth, and then the contact pressure is kept constant, but at a lower
level compared to the initial hardness value. To keep the average
indentation stress inside the plastic zone (the mean contact pres-
sure) constant, the applied load P has to increase continuously,
which is in contrast to uniaxial testing (Fig. 1). The plastic zone
thus expands with the increasing load, while the resulting inden-
tation strain rate declines with creep time until a plateau in the
indentation strain rate is reached [11].

The contact stiffness, determined during the creep segment is
also used to assess the contact depth h_using Eq. 2 [8]:

h=h.+ £P 2

N
with indentation depth h, and a geometrical constant ¢ = 0.75
for a three-sided pyramidal Berkovich indenter. The indentation

strain rate &;,4 can be defined via Eq. 3:

kb B\ _1b o
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Indentation constant contact pressure creep test

Control parameter

to: begin creep segment t1 >t

whereas the indentation creep rate is defined as &j,q = h/hin
the CCP and CLH method.

Another advantage of the CCP test method is that the nanoin-
denter adjusts the loading rate, in order to keep the contact pres-
sure constant and only has to monitor changes in load or indenta-
tion depth vs time in order to determine the strain rate. This allows
to assess much smaller strain rates in comparison with constant
strain rate (CSR) and strain rate jump (SRJ) experiments, which
keep the strain rate constant and allow only a limited variation in
indentation strain rate (107'-107> s™1). Further details and results
of experiments performed with the CCP test methodology on
fused silica and ultrafine grained alloys can be found in [11].

The strain rate sensitivity can be analyzed by the strain rate
dependent change in deformation resistance or stress (Eq. 4) [7]:

d(InH) d(lno)

"= kg d(ln Een) )

with indentation strain rate &;,4 and uniaxial strain rate &yp;.
The activation volume is associated with the active deforma-
tion mechanisms and is given for uniaxial and indentation test
by Eq. 5 [7, 8]:

_ BT C/3kT

= (5)

1
m= —
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with stress exponent #n, Boltzman constant k, absolute tempera-
ture T and uniaxial flow stress of. It should be noted, that the
absolute number of V is not sufficient to describe the complete
deformation behavior, since several mechanisms may be active
simultaneously. The Berkovich hardness and uniaxial flow stress
at a representative strain of about 7.2% can be converted in each
other using a strain-rate independent constraint factor C, for
metals a constraint factor of 2.8-3 was found [7, 8].

It should be noted, that even if the indentation strain rate
plateaus during a constant contact pressure experiment and a

steady state in deformation resistance is achieved, the deformation

Uniaxial creep test
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Figure 1: Comparison of the CCP nanoindentation creep method with a conventional uniaxial creep test. Adapted from [11].
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microstructure is not necessarily in a steady state. This is caused by
a continuous expansion of the plastic zone, whereby fresh, initially
undeformed material is continuously being deformed. It is there-
fore not clear which creep mechanism dictates the minimum creep
rate measured during an indentation test and how this relates to
the minimum creep rate found in uniaxial creep experiments.

Comparing with literature, it should be noted that the
CCP test protocol is quite similar to uniaxial stress dip tests,
in which the sample is first loaded to a certain strain level
and then partially unloaded, until the desired stress level is
reached. Subsequently, the reduced stress is kept constant
until the end of the experiment, analyzing the transient creep
behavior [19-27]. Stress dip tests have been used in litera-
ture to investigate the materials response at different stress
levels and a quasi-constant microstructure [25, 28-32], by
Blum et al. e.g. [19-24, 31, 32] and Milicka e.g. [25-27]. It
has been observed that the resulting creep rate immediately
after a stress drop depends on the magnitude of stress reduc-
tion which can be related to a changing deformation behavior.

Furthermore, Sun et al. used uniaxial stress dip tests inside
a synchrotron to analyze the dynamic recovery behavior of
nanocrystalline Ni and NiFe alloys [31, 32]. They found that
the balance between dislocation nucleation and annihilation
and thus the dislocation density changes depending on the
amount of stress reduction during a stress dip test. At high
stress levels and forward deformation, grain boundaries can
act as sources but also as sinks for the dislocations. Strong
stress reductions cause an inversion of the dislocation motion
(backward deformation), leading dislocations to annihilate in
the grain boundaries. This relaxation process leads to a reduc-
tion of the defect density and thus to a softening of the mate-
rial. Thus, the equilibrium dislocation density correlates with
the applied stress [20, 31-33].

A review on deformation mechanism of nanocrystalline
and ultrafine grained fcc metals like Ni or Cu can be found
in [8, 34-38]. The time-dependent deformation behavior of
materials is strongly influenced not only by the homologous
temperature and the applied stress, but also by loading his-
tory and the microstructure, respectively [20-22, 24, 25, 31,
32, 37-42].

From our previous publication [11] a few open questions
remained, related to the contact situation after the indentation
stress reduction, as well as for a possible change in deforma-
tion mechanism of ultrafine grained (UFG) materials. A pro-
nounced increase in the strain rate sensitivity exponent was
found for UFG CuZn30 after large indentation stress reduc-
tions, leading to low creep rates. It was not fully clear, which
maximum indentation stress reductions are possible for a CCP
test and if the observed changes in indentation strain rate
sensitivity at low indentation stress levels and large contact

pressure reductions are caused by the contact situation, or a

©The Author(s) 2021

loading history effect, or if the enhanced strain rate sensitivity
is indicative of a change in deformation mechanisms.

In the following, the long-term CCP indentation creep
methodology is presented with respect to maximum indenta-
tion stress reduction and load history effects. The results of
the CCP tests are compared to SR]J, as well as CLH indenta-
tion creep experiments. Furthermore, uniaxial compression
SRJ experiments as well as stress dip tests were carried out on
macroscopic compression samples of UFG Cu and a binary
UEG Cu alloy with 5 wt% Al.

The UFG microstructures were generated by a semi-con-
straint high pressure torsion (HPT) process. More detailed
information on sample processing and test parameters can be
found in “Materials and methods” section. UFG Cu-alloys have
been used as reference materials as they can be easily produced
via a HPT deformation and show already a significant creep
deformation at room temperature. In addition, good data sets
on strain rate sensitivities and stress exponents are already avail-
able for Cu [33, 37, 38, 43-53] as well as for the investigated
CuAl5 alloy investigated [53]. Furthermore, UFG materials
do not show a pronounced indentation size effect and are thus
nicely suited for indentation creep testing. The hardness is thus
nearly independent of the indentation depth and data recorded
at different indentation depths can be easily compared. This is
in contrast to single crystalline materials, where an indentation

size effect also needs to be considered [54].

Indentation CCP testing

The CCP test procedure consists of two test segments, the
initial loading with a constant indentation strain rate (here
up to an indentation depth of 500 nm) and the subsequent
creep segment where the contact pressure is kept constant
(here for 0.8 h). Different contact pressures have been applied
by varying the ratio of P/S?, where the partial unloading
at the beginning of the CCP segment was done in a single
step. The load-displacement relationship for CCP tests on
CuAl5 applying four different contact pressure reductions is
shown in Fig. 2a. In total, the contact pressure was varied in
eight different stages between 3.04 and 2.40 GPa (Fig. 2d). At
the beginning of the creep segment (Fig. 2a), the indentation
control is switched from strain rate control to a constant con-
tact pressure control based on Eq. 1. Doing so, it is apparent
that the slope of the load-displacement (Fig. 2a), or load-time
data (Fig. 2b), is significantly dropping, when reducing the
contact pressure. The P/S? ratio is adjusted at the beginning of
the creep segment (Fig. 2¢) to set the desired contact pressure

(Eq. 1) and then kept constant until the end of the experiment.
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Figure2: Indentation CCP tests on CuAl5 applying a single unloading event. In (a) the load vs. displacement, in (b) the load vs. time, (c) the P/S? ratio vs.
displacement, (d) the applied contact pressures vs. time, (e) indentation strain rate vs. time and (f) the contact stiffness vs. time is plotted for a single
partial unloading event at the beginning of the CCP test segment. The individual stiffness curves are each shifted by an offset of 1E4 N/m for a better

visibility.

A reduction in contact pressure results in a smaller increase
in in indentation depth during the creep segment (Fig. 2a).
Based on the displacements, the resulting indentation creep
strain rates are plotted in Fig. 2e. Here it is clear that both the
indentation depth and the indentation strain rate declines with
areduction in indentation contact pressure. The corresponding
data for Cu are shown in the Supplemenatry (S1). This data is
later on (Sect. 3.3) used for a comparison with the uniaxial test
results.

©The Author(s) 2021

To analyze the maximum allowable indentation stress reduc-
tion, the contact stiffnesses for different contact pressures are
shown in Fig. 2f., For low contact pressures (2.2-2.4 GPa) a
slight decrease of up to 3.1% in S (Fig. 2f) can be found for
H=2.2 GPa in the beginning of the creep segment. Further-
more, an apparent increase in the indentation strain rate (not
shown) was found for these low contact pressures, which can-
not be justified physically and the test were discarded from a
further analysis.
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The exact reasons for this behavior are not fully clear, but the
indenter could potentially lose contact during unloading, also
due to the dynamic oscillation of the indenter tip. As a result
of the, albeit marginal, unloading, the contact stiffness may no
longer be determined correctly [55]. A pronounced decrease
in S or at least a significant increase of its scattering would be
an indication for contact issues if the tip would lose the con-
tact temporarily due to the load reduction and the additional
dynamic displacement (CSM technique). The scattering is
independent of the applied pressure, however, a large reduction
in contact pressure, can lead to changes in the contact situa-
tion and the material behavior could change from fully plastic
to elastic—plastic deformation.

In this study and our previous publication on UFG Cu alloys
and fused silica [11], the contact pressure could be reduced by
approx. 12% (fused silica) to 37% (UFG Cu) (reference value
at 0.01 s1). For CuAl5, the contact pressure (Eq. 1) of 2.4 GPa,
corresponding to a reduction of 25%, represents the lower limit.

A detailed study of the indentation profiles is also given there.

Load history effect

It is unclear whether the time-dependent deformation behavior
is affected by the magnitude of sudden contact pressure reduc-
tion at the beginning of the creep segment. Therefore, additional

25

T T T T T T T T
CuAl5 —— CCP AH=0.1 GPa
—— CCP AH=0.2 GPa
20 E
z 154 B
€
°
8
S 10 4 e
54 .
0 T T T T T T T T
0 100 200 300 400 500 600 700 800 900
a Displacement / nm
660 . : :
CuAl5 | : : —— CCP AH=0.1 GPa
9GPg 12.7GPa | 25GPa | CCP AH=0.2 GPa
| 1 1 1
‘ 23 GPa [ |
1 i ‘ (e [ |
i I | | (i | !
c | g |
c I {
= 4
a
[9)
o
/] \‘ i -
I | ‘ [
1 I 1 ‘ 1 1
I I 1 1 1
29GPa' 28GPa'2.7GPa' 26 GPa' 2.5GPa ' 2.4 GPa
580 1 1 T 1 1 T 1 II
0 5000 10000 15000 20000

C

Time /s

Contact pressure / GPa

Contact stiffness / N/m

CCP tests were carried out on CuAl5 in which the contact pres-
sure was reduced incrementally in order to investigate a possible
load history effect.

The corresponding load-displacement curves as well as the
contact pressure and depth as a function of time are plotted in
Fig. 3a, b and c. Up to six successively decreasing contact pres-
sures with a reduction in contact pressure of 0.1 GPa, and 0.2
GPa were applied in the two test series.

A decline in S at very low contact pressures can also be
observed with the incremental test method (Fig. 3d), compa-
rable to the original procedure (single unloading, Fig. 2f). The
contact stiffness is thus exclusively affected by the reduction of
the contact pressure in relation to the initial value at the end
of the loading segment. The resulting indentation strain rates
for the different contact pressures are compared in Fig. 5b to
each other.

Uniaxial constant stress testing

The results of the uniaxial constant stress tests on CuAl5 are
shown in Fig. 4. In Fig. 4a, the stress strain response of tests
with and without partial unloading segments are plotted. The
samples were loaded up to total strains of 3%, reaching a
saturation stress. Larger plastic strains caused shear failure of
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Figure 3: Indentation CCP tests on CuAl5 applying multiple partial unloading events. In (a) the load vs. displacement, in (b) the raw contact pressure vs.
time, (c) the corrected indentation depth vs. time and (d) the contact stiffness vs time is plotted.

©The Author(s) 2021

www.mrs.org/jmr

January 2022

Issue 2

Volume 37

Journal of Materials Research

571



Journal of
MATERIALS RESEARCH

N

1400 T T T T T T
CuAl5 —— 1053 MPa - - -1028 MPa - - - - 997 MPa
1200 4 —-—-982MPa -----975MPa ----- 956 MPa_|
~~~~~~~~~~~~ 934 MPa ------ 916 MPa
1000 1 b
1
&“ 800 l
s 1 X ]
P |
g 600 1 q
& |
400 I b
I
1
200 | i
1
1
0 T T T
0 6 8 10 12
a Strain / %
1 E-4 T T T T T T
CuAl5
_ 1E-5 i
‘»
; applied stress / MPa
® _ _ 1028
=R N = 1053
I B e 997
o BG4 N wlnea Treell_ 0 TTTme—e—l 982
975
—=956
=934
916
1E-7 T T T T T T
0 2000 4000 6000 8000 10000 12000 14000
C Time/s

T T T T T T T
1] CuAl5 applied stress / MPa_|
1053
10
94
= %
c 71
®
g
& ¢
54
44
34 4
2 T T T T T T
b 0 2000 4000 6000 8000 10000 12000 14000
Time/s
1E-4 T T T T T T
CuAlI5
- 1E-54 applied stress / MPa 3
[
P
g <
c 1053
] - 997
& 1E64 E
1E-7 T T T T
2 6 8 10 12

Strain / %

Figure 4: Uniaxial constant stress tests on CuAl5 with partial unloading at the beginning of the creep segment: stress vs. strain (a), strain vs. time (b),

strain rate vs. time (c) and strain rate vs. strain (d).

the specimens and could not be applied. The partial unload-
ing was done in displacement control. In the following creep
segment, the engineering stress is kept constant for 10,800 s
(3 h), resulting in a time dependent creep deformation as
shown in Fig. 4b. The resulting creep strain rate as a function
of test time and total strain is illustrated in Fig. 4c, d.

It is evident that the resulting strain and strain rate
strongly depend on the applied stress level. For constant
stress levels or small stress reductions, a high creep strain
as well as a high strain rate can be observed during the test
period (Fig. 4c). In contrast, a larger stress reduction results
in a very low forward deformation of the sample and thus a
low creep strain rate. However, a steady state creep condition
is not reached during the experiment as the strain rate is
continuously decreasing with the applied strain as illustrated
in Fig. 4d. The uniaxial stress strain diagrams for Cu can be
found in the supplementary (S2). Cu exhibits a similar behav-
ior as CuAl5, except that the strain rate as a function of strain
shows saturation at large stress reductions and large strains.

The material approaches a steady state behavior.

©The Author(s) 2021

Comparison of strain rate sensitivity

The results of nanoindentation experiments (CSR, SRJ, CCP and
CLH) are plotted in Fig. 5a for Cu and in Fig. 5b for CuAl5,
whereas the results of the uniaxial tests (SRJ and constant stress)
for Cu and CuAl5 are plotted in Fig. 5¢, d respectively. The CSR
data were determined in the initial loading segment of CCP
tests, prior to partial unloading, and presented for comparison.
The data from CCP tests was averaged over the last 500 s of
the individual creep segments (between 2500 and 3000 s for
CCP tests with a single unloading event). Data from constant
stress tests were averaged in the creep segment between 2500
and 3000 s.

The data of the CSR, SR] and CCP nanoindentation and
uniaxial experiments agree well with each other and show two
distinct regimes in the deformation behavior, with a lower strain
rate sensitivity exponent in the high and a higher strain rate sen-
sitivity exponent in the lower stress regime. The observed transi-
tion from the high to the low stress regime takes places at strain

rates of about 10> — 10~¢ s~ for both uniaxial and indentation
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Figure 5: Comparison of the stress dependent equivalent strain rates from nanoindentation (a, b) and uniaxial experiments (c, d) on UFG Cu (left
column) and UFG CuAIS5 (right column). The CCP creep data was averaged over the last 500 s of the creep segments. Data from constant stress tests

were averaged in the creep segment between 2500 and 3000 s.

test approaches. The observed transition in the deformation
behavior is thus not a testing artefact of the CCP test method,
but clearly results from a change in the deformation mechanism
in the tested UFG Cu and UFG CuAl5. In Fig. 5b, also the results
of the incremental unloading (AH = 0.1 — 0.2 GPa; black and
green triangles) are shown in comparison to the results of CCP
tests with a single unloading increment (blue circles). All three
test series on CuAl5 (Fig. 5b) agree with each other and a his-
tory effect can thus be excluded for the current testing results.
In the high stress regime, a strain rate sensitivity value of
m=0.024 was obtained for UFG Cu (Fig. 5a) by nanoindenta-
tion CCP, CSM and SRJ tests, which agrees with the exponent
m=0.026 from the uniaxial strain rate jump tests (Fig. 5¢). Both
values are in good agreement with literature data of 0.009-0.031
[43-48, 51, 53]. CLH tests results in m=0.047 which is signifi-
cantly larger than literature values. For UFG CuAlS5, (Fig. 5b, d),
SRS parameter of 0.012-0.017 (SRJ and CCP tests) were found
which are smaller by a factor of two than previously reported
values of 0.024-0.026 [53] determined by SR] indentation
tests. The SRS coefficient determined by CLH tests is 0.020 and
therefore comparable with the indentation SRJ/CCP data set
(m=0.017). The results of CLH experiments follow to a certain
extend the data from SRJ, CSR and CCP data. However there, a

©The Author(s) 2021

continuous decline in indentation strain rate and contact pres-
sure is found, leading to slightly larger strain rate sensitivity
exponents compared to CCP, CSM and SR] tests.

In the low stress regime, however, significantly larger m val-
ues in the range of 0.140-0.501 could be determined for UFG Cu
by uniaxial constant stress and CCP indentation tests, respec-
tively. The SRS has therefore increased by a factor of up to 21.
A similar, but clearly less pronounced, trend was also observed
for CuAl5, where m values of 0.048-0.164 were determined. The
CLH experiments did not show the observed transition found in
the other experiments after a test duration of 3000 s. A similar
behavior was also observed by Yang et al. for relaxation tests on
nanostructured Cu [38].

The corresponding activation volumes were calculated using
Eq. 5 and the material specific Burgers vectors b [56]. The activa-
tion volumes determined in the high stress regime from SRS and
CCP tests are quite similar for Cu (V¢ = 24 — 26b%), while V
from CLH tests is lower at 18 b° (Fig. 5a). For CuAl5, V of 12-20
b* were found with very similar values from the indentation
tests of 17 b* and 22 b>. Activation volumes larger than 10 b
indicate that dislocation cross slip is the dominant deforma-
tion mechanism [57]. In contrast, V in the range of 2-9 b were

calculated for the low stress regime, with only minor differences
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between the activation volumes from uniaxial constant stress
and indentation CCP tests. The deformation behavior in the
high stress regime is, thus, related to nucleation and motion of
dislocations, where dislocation annihilation and grain boundary
mediated processes becomes dominant in the low stress regime
[37, 38, 57].

The calculated activation volumes only represent an average
value and provide only limited information on the actual mate-
rial behavior as several deformation mechanisms can be active at
the same time. This is moreover true, since a steady state condi-
tion is not achieved and other transition mechanism, like grain
coarsening could influence the calculated values. A detailed dis-
cussion of the deformation processes including microstructural
influences will be prepared for a separate publication.

A direct comparison of different data sets determined by
indentation and compression experiments are given in Fig. 6.
We would like to point out that the uniaxial constant stress tests
are only to be used for comparison with indentation tests. We
are aware that the selected creep times are not sufficient to reach
a steady state condition (e.g. Fig. 4c, d). However, uniaxial tests
were performed in a similar manner to CCP tests but there are
clear differences.

Hardness values were converted to equivalent uniaxial
stresses using constant constraint factors of 2.8 for CuAl5 and 3
for Cu. The direct comparison of the indentation and uniaxial
tests shows a good correlation for UFG Cu and the high stress
regime of CuAl5. In the low stress regime of CuAl5, deviations
between the data sets occur.

In CCP experiments, the average representative strain

is constant, since a Berkovich indenter with a self-similar

geometry has been used whereas the probed volume increases
with testing time. In contrast, the specimen volume is constant
in a uniaxial test, but the applied strain increases continuously.
The stress reductions are comparable for both test procedures
but the absolute stresses within the plastic zone underneath
the indenter are way higher than in the compression sam-
ples. Unstable microstructures are susceptible to high stresses,
therefore changes in the microstructure like grain coarsening,
are more likely to occur in the case of indentation tests than
in a compression test [58-60].

Relaxation processes potentially assisted by grain growth
is expected to occur particularly with UFG Cu as observed by
Maier-Kiener et al. [53] during nanoindentation testing, while
alloying Al leads to a pinning effect of the grain boundaries
and thus to a more stable microstructure of CuAl5. This also
becomes clear from the course of the strain rate as a function
of time, respectively, strain. While the strain rate of UFG Cu
(Online Fig. 10c, d) is in a kind of steady state, the decrease of
the strain rate of CuAl5 (Fig. 4c, d) is still significant.

In CuAlS5, the change in strain rate sensitivity or deforma-
tion mechanism takes place at similar stress reductions but
is more pronounced for CCP indentation tests. Relaxation
processes driven by the inversion of the dislocation motion
during the stress dip is dominant for uniaxial testing while a
slight grain coarsening is expected to occur during indenta-
tion testing [53] due to the higher indentation stresses and
the indentation stress gradient within the plastic zone below

the indenter.

Figure 6: Comparison of the results T T v v T T T v T v T T T T T T
from indentation and uniaxial 0.1 C E
experiments performed on UFG Cu ] u X CuAl5 X 3
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Advantages and limitations of the CCP method

The results from CCP tests revealed two deformation regimes
for the UFG Cu and UFG CuAlS5 alloy. This is similar to the
results form uniaxial tests from this work and literature show
a similar course as the CCP data [37, 42].

In the newly developed CCP method, the contact pres-
sure within the plastic zone is kept constant by controlling
P/S?%. The results (Fig. 5), are thus comparable to conventional
uniaxial creep tests where the stress is kept constant, even
at very low strain rates. The expansion of the plastic zone is
much more pronounced than in a CLH test [11]. This is how-
ever compensated by a simultaneously, continuous increase
in the applied load (Fig. 2a, b). In consequence, previously
undeformed material is continuously being absorbed by the
expanding plastic zone (Fig. 1). The material microstructure
and plastic zone thus is never in a steady state condition, even
though a steady state in contact pressure is achieved. However,
also the uniaxial does not show a steady state behavior for the
used testing conditions. A significant extension of the creep
time and a temporally constant microstructure would be nec-
essary to achieve this condition. Comparing the development
of the creep rates of CCP and uniaxial tests (Figs. 2e and 4c),
it is also noticeable that the minimum creep rate is reached
much faster during the CCP than the uniaxial experiments.

The maximum possible stress reduction, i.e. the minimum
contact pressure that can be applied during the CCP creep seg-
ment, correlates with S. In case of large contact pressure reduc-
tions (Fig. 2f), a slight drop in contact stiffness is indicative of
changes in the contact situation and the reliability of the cor-
responding creep data is questionable.

The material response immediately after indentation stress
reduction does not necessarily correspond to the actual creep
behavior as investigated by Blum et al. e.g. [19-24, 31, 32]
and Milicka e.g. [25-27] using uniaxial stress dip tests. It has
been observed that the resulting creep rate immediately after
a stress drop depends on the magnitude of stress reduction
which can be related to a changing deformation behavior.
Small stress reductions causing dislocation glide and disloca-
tion generation. Relaxation processes play a dominant role for
large stress reductions.

Relaxation processes are caused by large stress reductions
as the direction of dislocation motion can be reversed and dis-
locations will annihilate at grain boundaries. This can lead to
a negative strain rate immediately after the stress drop, since
the material response after partial unloading is determined
by the net flow (forward and backward flow) of dislocations.
However, with increasing test duration, dislocation nucleation
will take place again due to the steadily progressing defor-
mation. The dislocation density is changing until an equilib-

rium of dislocation nucleation and annihilation processes are

©The Author(s) 2021

established. The resulting long-term deformation rate is thus
related to the final, stress dependent dislocation density [19,
20, 24, 31, 32].

In this study, no significant differences were observed
between the single and incremental partial unloading experi-
ments (Fig. 5b). However, the data are not reliable as soon as
the contact stiffness decreases during partial unloading event.
This represents the limiting factor for the reduction of the con-
tact pressure. The upper contact pressure limit is given by the
maximum loading rate, which is limited by the control loops
of the device.

Furthermore, the higher contact depths when applying mul-
tiple contact pressures in succession significantly did not affect
the resulting creep rates. This demonstrates the robustness of
the method dealing with long testing times and high contact
stiffnesses.

The recently developed constant contact pressure (CCP) inden-
tation creep method was successfully validated by macroscopic
compression tests. For this purpose, macroscopic SR] tests as
well as long-term constant stress creep experiments as well as
nanoindentation CCP, SR] and CLH tests were performed to
determine the strain rate sensitivity of UFG Cu and CuAl5 as
processed by high pressure torsion.

It could be demonstrated that the CCP method provides
reliable creep data and strain rate sensitivity exponents at
indentation strain rates down to about 107 s whereas a high
and low stress regime can be distinguished. In the high stress
regime, a low strain rate sensitivity is observed compared to
the low stress regime. The difference in strain rate sensitivity
between the two regimes is more pronounced for UFG Cu in
comparison to the UFG CuAl5 solid solution. Here, the defor-
mation behavior is dominated by dislocation annihilation and
grain boundary mediated processes. Furthermore, it could be
shown that the well-established CLH method is more similar to
a relaxation than a creep test. It gives thus deviating results to
uniaxial creep experiments especially at very low strain rates.
Applying several partial unloading events during a single CCP
experiment does not affect the material’s response (no history
effect), as only the long term creep behavior was analyzed. The
smallest achievable contact pressure is determined by the con-
tact situation. Large reductions of the contact pressure lead to a
reduction of the contact stiffness. The contact is then no longer
fully plastic, which means that the elastic properties of the mate-
rial influence the results and thus the correct creep behavior is
no longer described correctly. The CCP method opens up the
possibility of determining the creep properties of individual
phases of materials under constant indentation stress condi-

tions. The method is therefore ideally suited to analyze strain
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rate dependencies and stress exponents at very low indentation
strain rates, which cannot be achieved by any other indentation
creep method. Interestingly, the indentation strain rate reaches
an approximate constant value much faster than in uniaxial tests,
which significantly reduces the testing time. This is an advantage

especially for testing at elevated temperatures.

Materials and methods

Experiments were performed on an ultrafine grained CuAl alloy
containing 5 wt% Al (purchased from Wieland-Werke AG, Ger-

many) as well as on technical pure Cu.

Sample processing

The UFG microstructures were generated by severe plastic
deformation (SPD) using a semi-constrained high pressure
torsion press (Walter Klement GmbH, Austria). Therefore,
discs with a diameter 20 mm and an initial height of 4.5 mm
(approx. 3.3 mm after HPT processing) were deformed apply-
ing a compressive force of 1450 kN (pressure of approx.
4.5 GPa) and a rotational speed of 1 rpm until 25 revolutions
were completed. The high degree of deformation applied to
the material during HPT processing results in homogeneous
grain refinement throughout the specimen. The upper anvil
was actively cooled to dissipate some of the energy gener-
ated by plastic deformation in order to achieve a fine final
grain size.

Afterwards, rectangular bars were cut out of the HPT sam-
ples, lathed and cut into compression specimens. This proce-
dure is exemplarily shown in Fig. 7. The final cylindrical com-
pression samples had a diameter of 2.5 mm and a length of
3.125 mm (aspect ratio of 1:1.25). The remaining sections of
the HPT samples (Fig. 7¢, left and right sections) were grinded
and subsequently metallographically prepared using different

diamond suspensions with particles sizes of 6, 3 and 1 um. An

oxide particle suspension (colloidal silica, particle size 0.04 pm)
with additional ferrinitrate was subsequently used for the final
(vibrational) fine polishing.

The resulting grain sizes after HPT processing were analyzed
using a high-resolution scanning electron microscope (Mira3,
Tescan, Czech) in backscattered electron (BSE) contrast imag-
ing mode (Fig. 8) and a line intercept method. The grain sizes
were analyzed at about the half radius (=5 mm) of the HPT
disc in order to investigate a representative microstructure. The
analysis yields average grain sizes of 425 nm for Cu and 133 nm
for CuAl5.

Nanoindentation testing

Nanoindentation experiments were performed with a G200
(Keysight, USA) indentation system equipped with a diamond
Berkovich tip (Synton-MDP, Switzerland). The system was cali-
brated according to Oliver and Pharr [61, 62] using fused silica
as reference material.

Strain rate jump tests according to Maier et al. [7]
were performed in order to determine the strain rate
sensitivity in the indentation strain rate range between
(P/P = 0.05 — 0.0005 sfl). Additional long term creep tests
were carried out using the constant load hold (CLH) [8] and
the recently developed constant contact pressure (CCP) method
[11].

In both creep test methods, strain rate controlled loading
occurs in the first test segment until a penetration depth of
500 nm is reached, followed by creep segment. In case of the
CLH method, the applied load is hold constant during the creep
time of 3000 s (0.8 h). In contrast, a continuously loading takes
place in the creep segment of the CCP method in order to keep
the previously selected contact pressure constant. The creep seg-
ment for the CCP tests lasted 3000 s. An indentation strain rate
0f 0.025 s™* was applied in the initial, constant strain rate loading

segment of both, CLH and CCP experiments.

Figure 7: Sample Processing: (a) undeformed HPT sample, (b) sample after HPT processing, (c) cutted rectangular bar, (d) lathed bar and (e) final

compression samples.
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Figure 8: BSE images of (a) UFG Cu and (b) UFG CuAl5 after HPT processing.

In all three methods, the contact stiffness is continuously
recorded and used for the calculation of the drift independent
and pile-up corrected hardness, respectively, contact pressure
according to Eq. 1. Therefore, a dynamic displacement of 2 nm
was applied with a dynamic frequency of 45 Hz.

Compression testing

Compression tests were performed using a universal testing
device (Instron, Type 5967, USA) equipped with a 30 kN load
cell and carbide punches. All compression experiments were
carried out inside a closed cabinet in order to reduce the impact
of thermal drift on the test results. The cross-sectional area was
assumed to be constant.

Compression strain rate jump tests were carried out apply-
ing strain rates of 107-107 s,

Additional compression experiments where the stress was
hold constant were performed. The creep/constant stress seg-
ment started once an approximately constant stress level had
been reached. A pyramidal Berkovich indenter generates a rep-
resentative plastic strain of about 7.2% inside the plastic zone.
This rather large plastic strain could not be achieved during
compression testing due to shear fracture.

In the constant stress (creep) experiments, the stress level
was varied at the beginning of the creep segment similar to the
nanoindentation CCP method by changing the applied load. The
partial unloading during these stress dip tests were performed
displacement controlled with an unloading rate of 5 um/s. The

constant stress tests lasted 3 h.
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