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Plasticity Initiation and Evolution during Nanoindentation of an Iron-3% Silicon Crystal
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Our investigations confirm that the collective, avalanchelike dislocation nucleation and multiplication is
responsible for the pop-in event in a body-centered-cubic Fe-3% Si single crystal. Dislocation was not
observed prior to pop-in but was apparent after the event. We find that a transition from an initial stage
dominated by discrete dislocation nucleation to subsequent continuum plasticity occurs just after the pop-in

event as elastoplastic deformation ensues.
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Nanoindentation has been widely used to investigate the
fundamental aspects of mechanical behavior because of its
ability to probe at the nanometer scale and therefore in
defect-free sample volumes [1-4]. After several decades of
research, the plasticity instability that is observed as a
displacement excursion (load control) or load drop (dis-
placement control) in metals, known as “pop-in” [4], has
been agreed to be a process correlated with dislocation
activities [5—11]. Several investigations have indicated the
presence of mobile dislocations after pop-in [5,12-14],
while recent observations using in situ nanoindentation in a
transmission electron microscopy (TEM) have suggested
that the plasticity occurs at much smaller forces than those
observed at the first excursion detected in load control
[10,15]. Whether the dislocation forms before or after the
pop-in is of great scientific importance. Although there are
many merits in this in situ technique, to understand the
plasticity initiation and evolution in bulk material, the
small-scale samples (such as nanopillars) have their lim-
itations owing to the differences in the deformation con-
ditions [16,17]. For example, the load-depth curve with
only one large pop-in (as shown in Fig. 1) cannot be
reproduced in the in situ deformation test [18,19] in which
repeated pop-in events are commonly observed owing to
the large free surface [20]. Figure 1 represents the load-
depth curves of a body-centered-cubic (bcc) single crystal
(Fe-3% Si) applied at two loads. This type of curve is
common in bce crystals, where only a single pronounced
pop-in occurs [14,21,22]. Thus, investigations performed
on the basis of bulk sample by nanoindentation need to be
revisited. Until now, many attempts have been made to
observe the dislocation structure around the indenter, but
most studies have focused on measuring the plastic zone
size for relatively large indentation impressions [23-26].
The purpose of our investigation was to understand the
mechanism and role of pop-in behavior and to attempt to
draw a general understanding of the initiation and evolution
process of plasticity. By applying focused ion beam (FIB)
milling, the systematic examination of the dislocation
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structure (right after the pop-in event) suggests that the
transition arises from an initial stage, dominated by discrete
dislocation nucleation, to subsequent continuum plasticity
when elastoplastic deformation ensues. Importantly, dis-
location was not found prior to the event, even at a stress
level close to the pop-in threshold; hence, the presence of
collective dislocations after pop-in was confirmed.

For our experiments, an electropolished (110)-oriented
Fe—3% Si single crystal sample was used throughout. Load-
control nanoindentation measurements were performed
using a Hysitron Triboindenter with a Berkovich indenter
(Hysitron, Inc., Minneapolis, MN). Both the loading and
unloading rates of the indenter were set at 100 uN/s,
without a holding segment. Since the initiation of the
displacement burst is stochastic [27,28], the electropolished
surface was indented with a load of 2 mN to obtain the
average pop-in load (critical load, P..). With an indenter tip
radius of approximately 650 nm, fitted using the Hertz
theory [29,30], as shown in Fig. 1, the average critical load
was P, = 724 4+ 140 uN. With this information, 11 groups
of indentations with peak loads of 700, 750, and 800 uN
were performed. The sites and configurations of the indents
on the specimen surfaces were checked with an in situ
scanning probe microscope (SPM) before and after the
indentation measurements. The SPM measurements
indicated a surface roughness of <3 nm. TEM (JEOL
JEM-2010F) observation of the indent impressions was
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FIG. 1 (color online).
single crystal.

Typical load-depth curves for Fe-3% Si
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conducted to check the dislocation character. The cross
sectional and plane views of the indent impressions were
prepared by using an FIB (JEOL JEM-9320). The sample
surface was protected by carbon deposition before FIB
milling. The TEM sample preparation method was similar
to that of Ref. [31]. After lift-out, the sample slice was
affixed to a TEM grid. The sample surface containing the
indenter marks was placed perpendicular (cross section
view sample) or parallel (plane-view sample) to the ion
beam. The baseline for ion milling was set to the middle of
the indenter impressions (cross section view) or a specific
distance to the sample surface (plane view). The sample
slice was thinned from both sides to a final thickness of
~100 nm to guarantee its transparency to the electron beam
for imaging. The final beam current used was 10 pA with an
accelerating voltage of 30 kV.

As a representative example, Fig. 2 illustrates a group of
indentations, arranged in a 3 x 8 array, conducted at a
maximum load of 750 uN. An SPM image of the sample
before the FIB milling is shown in Fig. 2(a). Here the upper
panel displays a schematic of the array in the presence and
absence of residual impressions. Load-depth curves corre-
sponding to the three indents numbered from 1 to 3 are
plotted in Fig. 2(b) and can be divided into three types: type
I exhibits no pop-in event (curve 2) and undergoes pure
elastic loading and unloading. Type II has a pop-in load
smaller than that of the applied load (curve 1); we refer to
this phenomenon as “after-pop-in,” which includes addi-
tional loading. Finally in type III, the critical load and
applied load are almost equal (curve 3); we named this type
“just-pop-in.” The scanning TEM (STEM) image of the
cross section is shown in Fig. 2(c). It is clear that no indent
impression or dislocations are observed when the curves
undergo pure elastic loading and unloading (curve 2). The
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pure elastic nature can be described by the Hertz contact
theory as shown in Eq. (1) [29,30], where P is the applied
load, R is the indenter tip radius, / is the displacement or
depth, and E, is the reduced modulus:

4
P= §E,Rl/2h3/2. (1)

The deviation from the Hertz fit marks the onset of
plastic deformation. The maximum shear stress, 7pax.
needed to nucleate dislocations beneath the indenter can
be given as Eq. (2) [30], where the reduced modulus E,,
measured from the unloading curve, is 201 GPa:

E\2/3
Toax = 0.18( =]  P/3, )
R

At an average critical load P, of 724 uN, 7,,.x can be
estimated as 7.4 GPa, which is approximately one tenth of
the shear modulus G (86 GPa) [14] and on the order of the
theoretical strength (G/2z ~ G/30) [32]. Thus, dislocation
nucleation and multiplication is expected at such a high
stress. For our measurements, both indent impressions and
dislocations were observed after a pop-in event, as shown
in Figs. 2(a) and 2(c). The travel distance of the leading
dislocation in the just-pop-in condition (curve 3) was
~1 um. Heterogeneous dislocation nucleation assisted by
surface roughness [33,34] or oxide film was neglected
since the observed dislocations are merely located under
the sample surface.

Figure 3 shows a plane-view sample with peak load of
750 uN, obtained at a depth ~200 nm from the sample
surface. Figure 3(a) presents an example of the just-pop-in
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FIG. 2 (color online).

Nanoindentation of the sample at a peak load of 750 uN. (a) SPM image of the indented group. The upper panel

depicts the array with and without residual impressions. (b) Corresponding load-depth curves with after-pop-in (curve 1), no pop-in
(curve 2), and just-pop-in (curve 3) events in the marked area. (c) The cross section of the marked area is observed by STEM and

recorded on the [012] zone axis.
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FIG. 3.

A plane view of the sample with a peak load of 750 uN (obtained at a depth of ~200 nm from the sample surface). The STEM

images were recorded close to the [210] zone axis. With (a) displaying the just-pop-in and (b) the after-pop-in conditions.

condition and Fig. 3(b) of the after-pop-in condition. The
STEM images were obtained on the [210] zone axis. It is
apparent that in Fig. 3(a), a local dislocated outer zone, with
a highly dislocated core has already developed upon pop-
in. The dislocation structures are similar in both the just-
pop-in and after-pop-in conditions. However, a detailed
comparison reveals that the dislocation distribution is
random in the case of the just-pop-in condition [as shown
in Fig. 2(c), curve 3 impression, and Fig. 3(a)], whereas in
the after-pop-in impression, the dislocations tend to be
somewhat parallel to each other or pile up [as shown in
Fig. 2(c), curve 1 impression, and Fig. 3(b) indicated by
arrows]. It is rationalized that the dislocations that are
instantaneously formed under just-pop-in conditions can
easily expand in various directions since there are no
existing dislocations to serve as obstacles. The early formed
dislocations are finally stopped by backstress or by simply
running out of kinetic energy. Whereas for the after-pop-
in conditions, previously formed dislocations can act as
pre-existing dislocations; hence, the probability of
dislocation-dislocation interactions increases, and pileup
can be expected after further elastoplastic deformation.
Furthermore, since the dislocation density under the
indenter is significantly high after the pop-in event, the
elastoplastic deformation (post-pop-in) can be assisted by
the preexisting dislocations and shift to a continuum
plasticity regime. This occurrence confirms the rationale
of two load-depth curves overlapping with each other, as
shown in Fig. 1. Here the depth is deeper than 75 nm,
regardless of the differences in the pop-in loads.

The role of the pop-in event and a general understanding
of plastic deformation connecting initial defect density can
be understood on the basis of the schematic as shown in
Fig. 4. Here, the thick solid line represents the relation
between the stress necessary to initiate plastic deformation
and dislocation density (p) [35,36] assuming that the
dislocation nucleation or multiplication rate or dislocation
mobility remains constant. During indentation of a clean
crystalline metallic surface, if the initial dislocation density
under the indenter is high enough (larger than p., in the part
I regime), the preexisting dislocations can act as the
source, and pop-in may not be necessary to sustain the

strain rate; hence, the deformation undergoes a continuous
plasticity.

In contrast, when the initial dislocation density under the
indenter is smaller than the critical value p, (part I regime),
the initial loading of the load-depth (P-h) curve is purely
elastic. Upon reaching a critical load P, the rapid onset of
plastic deformation occurs. The stress necessary to initiate
plastic deformation (point A in Fig. 4) decreases with
increasing density of dislocations or defects. If the crystal is
nearly perfect, stress levels close to the theoretical limit are
necessary for dislocations to nucleate and multiply. If the
density of defects under the indenter is <p,, an increase in
the initial defect density may increase the possibility of
activating the existing dislocation source, therefore
decreasing the shear stress needed to initiate plastic
deformation. Thus, the maximum shear stress determined
from the pop-in load increases with decreasing surface
roughness [28] or prestraining [27,32] is observed. After
the pop-in event, if the required dislocation density is
created to sustain the plasticity, the deformation may fall
into the continuum plasticity regime (from point A to B, as
depicted in Fig. 4). To note that in the case of small-scale
samples, even the local dislocation density after pop-in may
instantaneously increase to a level that can be treated as in
the continuum plasticity regime, for instance, a density
close to but higher than p.. The fast escaping of disloca-
tions facilitated by large free surface may result in a
dislocation starved state [20] and may require repeated
pop-in events. The situation may be similar for the
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FIG. 4 (color online). Schematic illustration of the role of pop-
in event. The thick solid line represents the relation between the
stress and dislocation density. A transition via instantaneous pop-
in event is illustrated with line A-B.
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staircase-type deformation, as observed in face-centered-
cubic Au [7] and Al [37] but requires further investigation
to confirm this hypothesis.

As mentioned earlier, the travel distance of the leading
dislocation is ~1 ym in the just-pop-in condition. If the
dislocations move at a constant rate, a dislocation velocity
of approximately 2 x 107 m/s is necessary during the
pop-in event (about 0.005 s in our case). Meanwhile,
the average dislocation velocity (v) can be calculated by
the following Orowan relation [38]:

v=—. 3)

For a symmetrical indenter tip, the strain rate (¢) can be
related to the penetration rate [39], where & is the
penetration depth and 7 is time:

. ldh
E=g 4)

The dislocation density can be calculated by a line-
intercept method, where the dislocation density is the
number of points (N) divided by the total line length of
random lines, L, multiplied by foil thickness, fg,
(p = (N/Ltg)) [40]. For instance, the just-pop-in condition
example in Fig. 2 shows that the local dislocation densities
are ~6 x 10'3 m~2 at the outer zone and ~4 x 10" m~2 in
the core area, respectively. The average strain rate during
the pop-in event is estimated to be ~140 s~!, whereas
before or after pop-in, this is approximately 0.5 s~!. By
considering a strain rate of 140 s™' and a dislocation
density of 6 x 103> m~2, the dislocation velocity at the
starting point of the pop-in event can be estimated as
9x 1073 m/s. Whereas, at the end of pop-in, the disloca-
tion density reaches 4 x 10'* m~2 in the core area but the
strain rate decreases to 0.5 s™'; thus, the dislocation
velocity can be calculated to be 5 x 107° m/s. If we
compare the three dislocation velocities, it is evident that
the pop-in event cannot be treated as an equilibrium
process, where the dislocations move at a constant velocity.
Thus, the most probable case is as follows: the stored elastic
stain energy is considerably high just before plasticity
commences. This leads to a collective dislocation ava-
lanchelike behavior, as observed in small-scale samples
[41,42] or sudden growth of the plastic zone in front of a
crack tip [43] to release the energy that appears as a pop-in
phenomenon in the load-depth curve. It is envisaged that
the dislocations may nucleate and propagate from the
position of maximum shear stress at a very large rate.
Without obstacles (preexisting dislocations), the leading
dislocations can penetrate into the sample from various
directions and form the outer zone, resulting in a structure
with low dislocation density. During the pop-in, continuous
formation of dislocations may push the previously gen-
erated dislocations further into the sample; at the same

time, backstress or exhaustion of elastic energy may block
further nucleation of dislocations or drive dislocations to
pile up close to the indenter tip. Therefore, the core
area is formed to accommodate the plastic volume with
higher dislocation density. Consequently, the dislocation
nucleation or multiplication rate gradually decreases owing
to exhaustion of the stored elastic energy and lattice
friction.

It has previously been assumed that initially only a single
dislocation forms with homogeneous character [7,13].
Then a heterogeneous multiplication event (such as dis-
location sources similar to the Frank—Read source operat-
ing at lower stress, megapascal level [5]) results in a
displacement burst. However, it is difficult to find prior
experimental evidence to support or refute this proposed
idea. First, the attentive TEM observations at the start of the
pop-in event or at the end of the elastic loading reveal no
single dislocation. Rather, our data suggest that when the
critical condition for dislocation nucleation is satisfied,
several dislocations might explosively nucleate and propa-
gate from the same source (as evident from our in situ
nanoindentation result [18]) within a short period, immedi-
ately after the formation of the so-called first dislocation
and give rise to a pop-in event. Also, in bcc metals, due to
the ease of cross slip, the very early-formed dislocations
may cross slip to create multiplication sources.

It can be argued that although no single dislocation was
found in Fig. 2(c) at position 2 (curve 2) it does not confirm
that dislocations did not ever exist in the sample; it may be
that the once-formed dislocations escape the surface during
the unloading step. It is speculated that the phenomenon
may happen under displacement control mode but is not the
case for the load control mode. Let us assume that a
dislocation embryo exists right before the unloading. It can
expand to become a stable dislocation if we provide further
stress; otherwise, it will retrieve when we remove the stress.
As reported by Soer et al. [15], under the displacement
control mode, the load may drop significantly (even to
zero) during the unloading process and thus cannot provide
the stress necessary to form a stable dislocation. However,
as we found that the pop-in event can initiate and end
within 0.005 s (the real time might be shorter based on the
resolution of the nanoindentation machine). During the
unloading, the stress under the indenter will decrease
slightly within such a short period, which implies that if
a dislocation embryo is present, the multiplication process
will follow, and pop-in can be observed since the stress is
still high enough.

On the basis of the present investigation, we confirm that
the collective, avalanchelike dislocation nucleation and
multiplication is responsible for the pop-in event in the
bee Fe-Si alloy. We observe no dislocations prior to pop-in
compared to the vast number found in the postevent. These
findings suggest that a transition occurs from an initial
stage dominated by discrete dislocation nucleation to the
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subsequent continuum plasticity immediately after the pop-
in event, when elastoplastic deformation ensues.
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