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In nanoindentation, when stresses near the theoretical strength are reached, it is commonly assumed that the volume tested is dis-
location free. This study examines the case where permanent deformation occurs prior to an apparent yield point. Force-modulated
creep and quasi-static (QS) nanoindentation tests were conducted on Co, W, Ir, and Pt. Statistical comparisons show that the per-
centage of tests displaying creep correlates with the percentage of QS tests displaying plasticity prior to pop-in. This is evident that
apparent plastic behavior prior to pop-in is due to dislocation motion, and permanent deformation can and does occur at extremely
small indenter displacements before pop-in.
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Experimental measurements of the nucleation of dis-
locations in crystalline materials, the limiting factor
of strength in some cases when designing ultra-
strong metallic alloys, can be carried out with tensile
testing,[1] uniaxial compression testing,[2,3] or inden-
tation methods.[4–6] One critical case is the need to
sample a small volume of material at a high stress;
otherwise, the mechanical test will probe the motion
of, rather than the creation of, dislocations. Uniaxial
tensile testing of small volumes currently relies upon
growth and subsequent handling of whiskers, whereas
uniaxial compression uses micromachining techniques
(such as focused ion beam milling) [7] to form com-
pression cylinders. Both methods for uniaxial testing
require significant investments of time and complex
instrumentation, and often lead to small sample sets.
One available method to create statistically significant
data sets for both materials discovery and validation
processes for computational modeling approaches is to
utilize instrumented indentation (nanoindentation).

Nanoindentation yield points, often referred to as
pop-ins as they were first noted in load-controlled instru-
mentation, frequently occur when performing inden-
tations using sub-micrometer radius tips in relatively
defect-free crystalline materials.[8–15] For brevity, here
we refer to pop-in as both the strain bursts associ-
ated with load-controlled indentation and the sudden
load drops associated with depth-controlled tests. During
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elastic deformation, prior to pop-in, the elastic contact
mechanics solution developed by Hertz [16] is a good
estimation of the load versus depth curve,[10] and if
the initial loading follows a general 3/2 power law with
depth it is often assumed that the loading is indeed
elastic.[10]

If confirmation of elastic behavior prior to pop-in is
desired, a convenient method is to carry out small load
and unload segments in the region of nominally elastic
behavior. If only elastic deformation has occurred, the
load and unload segment data will be identical when the
load is plotted versus depth. Without checking to ensure
that the loading is elastic, it is possible to still have a
nominal 3/2 power law describing the load–depth rela-
tionship by assuming a slightly different tip radius, if
there is a pop-in after this loading condition it would
be common to assume that pop-in was indicative of
the nucleation of dislocations. Typical load functions
for pop-in tests with and without checks for elasticity
are shown in Figure 1(a) and 1(b), respectively. After
performing many nanoindentation tests with checks for
elastic behavior, we have noted that often there is some
plasticity, or some phenomenon that mimics plasticity,
occurring prior to pop-in. In the present work, we call
this phenomenon of elastic-like loading followed by
pop-in pseudo-Hertzian behavior.

There is considerable evidence [11,12,17–25] that,
in the absence of dislocations, the transition from elastic
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(a) (b) (c)

Figure 1. Loading functions for QS and creep tests. (a) A typical test to determine pop-in load or depth. (b) The pop-in test with
check for elasticity used in this study. (c) A force modulation technique creep test.

to plastic behavior can be concurrent with pop-in; this
leads to an implication that this defect-free condition is
required for pop-in. Many of these works derive this con-
clusion from pristine sample volumes, dependencies that
suggest nucleation, dislocation observation before and
after pop-in, or simulations showing simultaneous load
drop and dislocation multiplication.

There have, however, been reports of experimental
evidence of plastic deformation prior to pop-in. Early
suggestions in the literature assumed that plastic defor-
mation prior to pop-in was attributed to phenomena such
as the fracture of an oxide film.[26] Elegant and con-
vincing experimental evidence of dislocation activity
prior to pop-in has been reported in the literature by
Minor et al.,[27] who conducted in situ nanoindentation
tests inside a transmission electron microscopy. They
found that volumes with considerable dislocation density
could support shear stresses approaching the theoreti-
cal shear stress of the material. Kramer et al. detected
a residual impression in the surface of electropolished
single-crystal tungsten using an atomic force microscope
at sub-critical loads immediately after load and hold
experiments.[28] The impression is reported to have
disappeared after some time. Kiely et al. [29] experimen-
tally noted distinct changes in slope of the load–depth
curve separate from and prior to pop-in during inden-
tations in a pristine gold surface. Such ‘minor events’
could be from individual nucleation events, and left sur-
face depressions from one to five atomic layers deep.
In their tests, the fraction that displayed minor events
decreased with increasing probe radius over a range of
400 nm to 2 μm, indicating that, for larger tip radii, indi-
vidual nucleation events are more difficult to identify
given the increasing load–to-maximum shear stress ratio
for large indenters. In other studies, it has been found
that the pop-in load is also inversely proportional to the
dislocation density in the vicinity of the test.[13,25] This
is discrepant with the notion that locally dislocation-
free volumes are required for pop-in events, implying
that all small volumes of material are not equivalent and
that perhaps geometrical features such as dislocations are
responsible. Further evidence of this is provided by Ma

et al. [30] who demonstrated the dependence of stress
at pop-in on the size of the plastic zone by changing
probe radius. This suggests that defects in the material
are being sampled.

In addition to the experimental evidence of plastic-
ity before pop-in, there have been recent simulations that
show similar behavior. Engels et al. [31] showed dislo-
cation nucleation prior to softening in a perfect single
crystal. Salehinia et al. [32] investigated the transition
from elastic to plastic behavior during nanoindentation
with molecular dynamics. Their simulations, with vacan-
cies in the vicinity of the indent, produce load–depth
curves with jerky flow where the load–depth curve devi-
ates erratically from the smooth loading curve, which is a
characteristic of many simulations and experiments. The
jerky flow correlates with the migration and eventual
propagation of the vacancy to the surface. Only once dis-
locations are nucleated from the vacancy and propagated
to the surface does a significant load drop reminiscent
of pop-in occur. Further work by the same group [33]
used simulations and experiments to show that indenta-
tion near internal defects can lead to ‘sub-critical’ events
(small perturbations in the smooth load–depth curve) and
suggest ‘that the first event observed experimentally may
not correspond to the first plastic deformation event’.
Behavior like these sub-critical events and jerky flow
curves has been observed by the authors in a variety of
materials prior to a yield event.

Clearly, a discrepancy exists between the classical
view of reversible indentation deformation and recent
simulations and experimental work, warranting further
investigation. If the apparent plasticity during the checks
is a true representation of the material behavior and not
due to machine drift or other equipment-related phenom-
ena, then the plastic behavior is most likely the result of
(1) plasticity due to mobile defects in the stressed vol-
ume, (2) surface asperities being flattened, or (3) defor-
mation of a layer of surface contamination. It should be
noted that case 2 would generate case 1 as described by
Corcoran et al. [9] Mobile dislocations in the stressed
volume can be detected by the method of Asif and
Pethica.[34] Using the force modulation technique, they
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demonstrated room temperature indentation creep after
pop-in. The pop-in is thought to be a dislocation nucle-
ation or multiplication event, and consequently after
this event, the small oscillating load combined with
the static load is sufficient to further deform the mate-
rial. In smooth samples they found no creep prior to
pop-in.

It is impossible to know a priori whether any volume
of material tested via nanoindentation contains defects
such as mobile dislocations, or if the check for elastic-
ity deforms or changes the material in some way. Such a
change was described by Cross et al. [35] where cyclic
elastic loading produced ‘softening’, at the very ear-
liest stages of contact. Here, additional compliance is
evident, the extent of which scales with the amount of
strain induced by the first indentation cycle. Because of
these reasons, we take a statistical approach for deter-
mining if mobile dislocations are present in the small
volumes probed by the indenter prior to pop-in. First,
the general approach is described, then, further details
of the tests and methods are presented. On each sam-
ple, depth-controlled quasi-static (QS) indentation tests
with a check for elasticity were conducted (Figure 1(b)).
The statistical occurrence of apparent plasticity prior to
pop-in was then compared to the occurrence of creep-
ing creep tests at similar depths. For these experiments,
we assume that the behavior of the material probed
during the creep tests nominally describes the behav-
ior of the material at different but adjacent positions in
the sample where the QS tests were performed. That
is, while the structure, properties, etc. may be different
from point to point within a localized probe volume,
one region of the bulk sample behaves the same as any
other.

In each QS test, a check for elasticity was performed
before a deeper indent by pressing the indenter into the
material to a depth of 5 nm at a rate of 0.5 nm/s then
retracting it to the zero depth. Next, in the same position
on the sample, the indenter was pressed again into the
material, but to a depth of 25 nm at a rate of 2.5 nm/s.
The indenter was then retracted fully, completing the
test. Using this loading scheme made it possible to deter-
mine if behavior suspected as plasticity was occurring
before pop-in happened.

Twenty-five QS indents were performed in each
sample. The frequency of the following three behaviors
displayed by the QS tests was recorded: (1) truly elastic
behavior during the elasticity check and prior to pop-in
(we call this behavior elastic), (2) plastic behavior during
the elasticity check with pop-in occurring during reload-
ing (called pseudo-Hertzian), and (3) plastic behavior
during the elasticity check, with gradual transition from
elastic to plastic behavior when reloaded (plastic).

Samples of four materials with varying crystal struc-
tures were tested, cobalt (HCP), iridium (FCC), plat-
inum (FCC), and tungsten (BCC). All materials were

‘commercially pure’, and above 99% purity. The poly-
crystalline cobalt and the (1 0 0) single-crystal iridium
were mechanically polished through 0.05 μm alumina,
annealed to reduce the dislocation density enough to
produce pop-ins, then indented. These two samples
were annealed at 40% of their melting temperature
in an Ar-95% H-5% atmosphere, this, coupled with
their inherent oxidation resistance, prevented significant
oxides from forming on their surfaces. The polycrys-
talline platinum was tested directly after mechanical
polishing and the tungsten sample used was an elec-
tropolished (1 0 0) single crystal. The average roughness
of the Co sample was less than 10 nm as determined by
a atomic force microscope using a 10-μm square scan.
The other mechanically polished samples should have a
similar roughness. The electropolished tungsten should
be significantly smoother.

QS nanoindentation tests can be susceptible to the
thermal drift of the depth measurement. This is problem-
atic for tests covering long periods of time. The force
modulation technique, first applied to creep tests by Asif
and Pethica,[34] eliminates this shortcoming by measur-
ing the contact stiffness continuously throughout the test.
In such tests, load-control is used to apply a prescribed
nominal load between the indenter and the sample. A
smaller oscillating force is then superimposed upon the
nominal load, which causes the indenter displacement
to oscillate while continuously maintaining contact with
the sample. In this way, the stiffness during each oscilla-
tion is measured and a continuous measurement can be
made. An increase in the contact stiffness indicates an
increase in the penetration depth, and for these tests with
a constant nominal load, increases in the contact stiff-
ness also indicate indentation creep. For this reason, the
force modulation technique in the manner of [34] was
used for the creep tests. Thirty-six creep tests (Figure
1(c)) were performed in each sample at each of two
loads for 100 s. These creep tests were sorted into either
creeping or not-creeping behavior. If the contact stiffness
changed more than 10% from its initial value, then that
test was identified as one that was creeping. Two nom-
inal loads between 10 and 40 μN were chosen for each
sample. The larger of the two loads for the Co, Ir, and Pt
samples was chosen as the approximate maximum load
developed during the initial loading segment of the most
compliant QS test in the respective material. The sec-
ond load was set at half of the first value. Choosing the
creep test load in this manner ensures that the creep tests
were performed at about the same, or slightly below the
amount of deformation induced by the QS test during the
check for elasticity. The same loads used on the Ir sam-
ple were applied to the W sample because of its similar
stiffness and because it was known that the W sample
reliably displayed elastic behavior prior to pop-in. The
load amplitude was chosen to be as small as possible
but maintain a displacement amplitude typical of force
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Figure 2. Typical QS curves from tests in Ir showing (1) com-
pletely elastic behavior prior to pop-in, (2) pseudo-Hertzian
behavior prior to pop-in, and (3) gradual elastic-to-plastic tran-
sition with no pop-in (pseudo-Hertzian and plastic curves are
depth offset for clarity).

modulation method tests found in the literature. The load
amplitude for all creep tests was 7 μN. This resulted in
a displacement amplitude typically between 0.6 nm and
0.8 nm, depending on the stiffness of the sample. The
oscillation frequency was 220 Hz. The loading function
used for the creep tests is shown in Figure 1(c). Some
tests were performed with a short 5-s hold period at the
start of the creep tests at the same nominal load but with
the load amplitude reduced by 25%. This was to check
for effects of changing the load amplitude.

Both the QS and creep tests were performed with
a Hysitron Triboindenter (Eden Prairie, MN), using a
Berkovich tip with a radius of 200 nm. As is typical,
the radius was determined by fitting the contact approxi-
mation proposed by Hertz [16] to the load–depth curves
of elastic indentation data. Seven randomly chosen elas-
tic QS indents in the tungsten sample were used for this
purpose.

To test the effect of surface contamination, 10 QS
and 10 creep tests were conducted on a 370 × 490-μm
region of the tungsten sample after it was scanned in a
Phillips/FEI XL40 scanning electron microscope (SEM)
(FEI Company, Hillsboro, OR) for approximately 35
min. The electron beam contaminates the sample by
depositing a thin carbonaceous layer.[36] Assuming the
carbon layer to be more compliant than the metal sub-
strates, any effect on the layer would be most easily
detectable via creep tests on the tungsten sample because
of its smooth surface and high stiffness. This test also
replicates the case where indenter tips are imaged in an
SEM then immediately put into service.

Figure 3. Relative fractions of material behavior from QS
tests and creep tests.

Upon completion of the tests, it was found that all
the samples demonstrated a range of behaviors. A typ-
ical curve of each type of behavior from QS tests in Ir
is shown in Figure 2. The tungsten sample demonstrated
the greatest number of indents where the material dis-
played elastic behavior from the QS tests with only one
falling into the pseudo-Hertzian category. The platinum
displayed no elastic behavior though there were multi-
ple pop-ins throughout all of the tests. The other two
samples displayed all three types of behavior. This is
summarized in Figure 3.

The contact stiffness during the creep tests typically
increased or remained constant. Typical contact stiffness
(S) versus time curves are shown in Figure 4. There were
some tests, particularly in Pt at the lowest loads, where
the stiffness decreased during the hold. These decreasing
stiffness tests are evidence of mobile dislocations, and so
are binned with the creeping indents. Figure 3 summa-
rizes the incidence of creeping and not-creeping material
behavior as a fraction of the total number of tests. To
normalize the stiffness for easier identification of creep-
ing behavior, the initial stiffness, S0, which is the average
stiffness over the first 12.5 s of the test, was first deter-
mined. If the instantaneous value of the stiffness became
more than 10% different from the initial value, the mate-
rial was said to be creeping. Figure 4 also shows the
value of the normalized stiffness (S/S0) for some typ-
ical curves. The previously mentioned change in load
amplitude did not influence the trend of the material
behavior.

When comparing the tungsten sample after possi-
ble contamination by the SEM, the contact stiffness was
in the same range as before. If a carbonaceous contam-
ination layer influenced the sample behavior, it would
be detectable by reduced contact stiffness since the tip
would be measuring the properties of the layer. Figure 3
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Figure 4. Typical contact stiffness and normalized stiffness
versus time curves from the reference creep tests.

shows that the percentage of tests displaying each mate-
rial behavior is generally the same between samples
imaged in the SEM and as-prepared pristine samples.
In light of this, it appears that contamination by depo-
sition of carbon in an SEM prior to indentation does not
appreciably alter the apparent material behavior at tests
to extremely shallow depths.

Having ruled out surface contamination as a factor
in these experiments, we turn our discussion to creep
behavior. Asif and Pethica [34] demonstrated that creep-
ing occurred in mechanically polished tungsten with
‘a 0.25-μm finish’, but that pop-in did not. However,
in electropolished samples, no creeping occurred until
after a pop-in event. They attribute this difference to
the significant mobile dislocation content generated by
the mechanical polishing. With loads around 1 mN, their
study used significantly higher loads than ours. Because
of this, the contact radius should be much larger, and
a larger zone of high stresses and/or plastic behavior
would exist when compared to our creep tests in W. For
greater loads, and thus larger volumes with significant
stresses, a smoother surface with larger regions devoid
of dislocations would be required to prevent creep. The
behavior of the materials in our study suggests that when
the material is brought to a finer surface finish, even if
by mechanical means, the dislocation structure below the
surface is such that there are large enough regions devoid
of dislocations that they are not moved during nominally
elastic regime stresses at small indentation loads, that is,
the traditional pop-in phenomenon still occurs. This is
demonstrated by the elastic and non-creeping behaviors
that occur at shallow depths.

In the case of the plastic QS indents, it is believed
that significant dislocation content exists in localized
regions. Indents that happen to be performed in these

regions encounter material that accommodates signifi-
cant general plasticity and no pop-in occurs. Material
with this local structure would also display significant
plastic deformation when tested for creep.

Now, comparing the QS tests to the creep tests, it
is found that the sum of the frequencies of QS tests dis-
playing plastic and pseudo-Hertzian behavior compares
similarly to the frequency of the creeping behavior from
the creep tests in all cases except for the Ir. The behav-
ior of the Ir could be the result of the two loads used
in these creep tests being too low to adequately repre-
sent the plastic zone developed by the QS test. This is
likely since Ir is stiffer than the other samples yet similar
loads were used. The similar frequency of these behav-
iors from the two different types of tests shows that the
apparent plastic behavior prior to pop-in is the result of
mobile dislocations. This can be explained as follows.
When the material behavior is pseudo-Hertzian, there are
mobile dislocation lines, but initially the stress field is
spatially insufficient to engulf a significant source for
multiplication at a stress level needed to activate that
source. As the indenter penetrates deeper into the mate-
rial, these existing dislocations move to accommodate
some plasticity until they are pinned or their motion is
otherwise impeded, only when the stress at these trapped
dislocations reaches a critical level or do the stresses
grow great enough to activate some other source further
from the tip will pop-in occur. This is consistent with the
findings of [27] as described earlier.

Two other features of Figure 3 should be discussed.
First, the Pt sample displayed no truly elastic QS tests,
yet the corresponding behavior in the creep test, not-
creeping behavior, is present. In our determination of the
behavior of individual creep tests, we strictly adhered
to the 10% change criterion that was established. Had
some of these tests, particularly in the Pt and Ir sam-
ples, continued they would likely have crossed the 10%
threshold (see Figure 4), been counted as creeping, and
thus reduced the number of ‘not-creeping’ tests. A longer
creep test time would then provide better correlation
between the percentage of tests displaying not-creeping
and truly elastic behaviors, or conversely, between the
creeping tests and the other two QS behaviors. However,
in an effort to make this process amenable to statisti-
cal testing, we selected a time of test and an arbitrary
‘10%’ value that we felt would be adoptable within
conventional testing methodologies.

The other feature of Figure 3 which bears further
examination is the fact that, in most cases, the creep tests
carried out at a lower load exhibit more creep than those
at the higher load condition. This is likely an artifact
due to the normalization procedure and our definition
of ‘creeping’ as a change in stiffness of 10%. Take for
example, the tests in Ir shown in Figure 4. Here, the mag-
nitude of the change in stiffness is in most cases about
the same, for both the larger and the smaller of the two
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Figure 5. Load–depth curves in cobalt, displaying a weak
trend between pop-in load and degree of plasticity recorded
prior to pop-in (the two more-plastic curves are depth offset for
clarity).

loads. This change, as a percentage of the initial load, is
greater for the smaller load, therefore, when normalizing
it is easier to exceed the ‘10% rule’ that was chosen. A
more refined definition of creep at very low loads may be
needed in the future to explore a broader range of mecha-
nisms using quantitative, statistically based assessments
of nanoindentation behavior.

In light of these findings, it is suggested that for
studies on incipient plasticity, a hybrid method of deter-
mining the elastic versus the plastic nature of contacts
would provide a more robust way to identify the nature
of the deformation. In such a hybrid method, the force
modulation technique should be performed for an appro-
priate amount of time at a sub-critical load until the
nature of the contact is determined, then the test can be
continued on the same volume of material using the QS
method for detection of the pop-in event.

In a final observation, we note that there appears
to be an inverse relationship between the pop-in load
and the amount of plastic behavior during the initial
load/unload portion in the QS tests. The load at pop-in
decreases when there is more-plastic behavior, as can
be seen in Figure 5. If the plastic behavior is the result
of dislocations, then our results are consistent with the
inverse relationship between first pop-in load and dis-
location density as previously mentioned. Further, it is
clear from the inspection of the data that while gener-
ally the material behavior can be classified into elastic,
pseudo-Hertzian, or plastic, the material does display a
spectrum of behaviors between the extremes of purely
elastic and plastic. This is due to the probability of
indenting material with the appropriate microstructural
or surface features for each type of behavior.

Since flattening of surface asperities will contribute
to the dislocation content in a thin region of the material
near the indenter tip, pop-in behavior should be influ-
enced by surface roughness. Wang et al. demonstrated
this by indenting single-crystal Mo with different surface
finishes.[37] It is likely that surface asperities on the Co,
Pt, and Ir samples generate mobile dislocations near the
surface of the sample when indented. It seems logical
that these dislocations contribute to both the creep and
the plastic QS indent behavior. Additionally, since the
pseudo-Hertzian behavior tracks with the creep behavior
it seems that these asperity-generated dislocations con-
tribute when there is plasticity prior to pop-in as well.
The conclusion of this current study is that it is now
clearly evident that in a wide range of metallic mate-
rials pop-ins will occur despite mobile dislocations in
the sampled volume. Studies of incipient plasticity must
be conducted with checks for elasticity at each location
for the results to be considered the true elastic-plastic
transition. If such studies are compared to simulations
suggesting design approaches for ultra-strong defect-free
volumes this statistically accessible testing methodol-
ogy provides a viable method for direct comparison in
assessing ‘theoretical strength’ in what may have been
considered a defect-free volume.
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