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Dislocation nucleation in bee Ta single crystals studied by nanoindentation
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The study of dislocation nucleation in close-packed metals by nanoindentation has recently attracted much
interest. Here, we address the peculiarities of the incipient plasticity in body centered cubic (bcc) metals using
low index Ta single crystals as a model system. The combination of nanoindentation with high-resolution
atomic force microscopy provides us with experimental atomic-scale information on the process of dislocation
nucleation and multiplication. Our results reveal a unique deformation behavior of bec Ta at the onset of
plasticity, which is distinctly different from that of close-packed metals. Most noticeably, we observe only one
rather than a sequence of discontinuities in the load-displacement curves. This and other differences are
discussed in the context of the characteristic plastic deformation behavior of bcc metals.
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I. INTRODUCTION

Nanoindentation has become a valuable tool in the study
of fundamental aspects of plasticity such as dislocation
nucleation.'~” The power of this technique lies in its ability
to probe ultrasmall and therefore virtually defect-free sample
volumes. In the case of carefully prepared single crystal
metal surfaces, the onset of plasticity in nanoindentation ex-
periments is typically marked by a more or less pronounced
discontinuity in the load-displacement curves.>®° These so-
called “pop-ins” are generally explained by homogeneous
dislocation nucleation, which is consistent with the observa-
tion that pop-ins typically occur when the resolved shear
stress under the indenter approaches the theoretical shear
strength of the material under investigation.

The goal of the present work is to advance our under-
standing of incipient plasticity in body centered cubic (bce)
systems. Compared to face centered cubic (fcc) systems, the
plastic behavior of bcc metals is very complex and is still
relatively poorly understood.'®'* As a consequence, only a
few nanoindentation studies have addressed dislocation
nucleation in pure bcc single crystals.'>2! Most of these
studies have been performed on Fe-3 wt % Si and W and
report pop-in events which are distinctly different from those
observed on close-packed metals: Typically, only one large
pop-in event is observed in contrast to the multiple pop-in,
staircaselike behavior of close-packed metals.!>1%18:21 Syr-
prisingly, instead of discussing this difference in the context
of the crystal structure, large pop-ins in bcc metals have been
linked to oxide rupture.!>?? Although oxide rupture may in-
deed control the yielding behavior in the presence of a thick
oxide film, our results will show that this is not true for a
system covered with a 1-nm-thick native oxide film.

Here, we analyze the incipient plasticity of bce, low index
Ta single crystals with an emphasis on Ta(001) at the atomic
scale. Employing high-resolution atomic force microscopy
(AFM) allows us to correlate pop-in events with the appear-
ance of dislocation traces. Our observations are consistent
with the idea that the occurrence of a pop-in marks the onset
of dislocation activity rather than oxide rupture. We discuss
the differences of fcc and bec systems with respect to the
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pop-in behavior in the context of the crystal structure and the
consequences thereof. The effect of surface roughness on the
pop-in behavior is addressed by modifying the surface
roughness by means of ion bombardment in a controlled
fashion. These experiments reveal the importance of hetero-
geneous dislocation nucleation.

Tantalum was selected for the following reasons: (1) Its
high melting temperature (3290 K) allows us to study the
bee peculiarities at room temperature (bec metals typically
show a transition between bcc-type and fcc-type behaviors at
0.15 Tpyeping (Ref. 13)); (2) Ta has a very thin and stable
native oxide layer (~1 nm); (Ref. 23) (3) the mechanical
behavior of Ta at the macroscale has been well studied; (Ref.
24-29); and (4) tantalum is a very interesting engineering
material due to its high density, high fracture toughness and
ductility, and corrosion resistance.

II. EXPERIMENT

The Ta single crystals (Surface Preparation Laboratory)
used in the current study were prepared by a combination of
electrochemical and mechanical polishing, resulting in a rms
surface roughness well below 1 nm. Both in-plane and out-
of-plane surface orientations were determined by electron
backscatter diffraction (EBSD).The thickness of the native
oxide layer was verified by sputter depth profiling using
x-ray photoelectron spectroscopy, and the sputter rate was
calibrated to a standard Ta,O5 sample. All nanoindentation
experiments (Triboindenter, Hysitron) were performed in the
load-controlled mode at loading rates between 50 and
5000 uN/s. A Berkovich tip with a radius of curvature of
~190 nm was used to obtain quantitative load-displacement
data, and a spherical tip with a tip radius of ~1 wm was
employed to study the material flow under the indenter. The
indent morphology was analyzed by contact mode AFM
(Molecular Imaging) using ultrasharp tips from Nanosensors.

III. RESULTS AND DISCUSSION
A. Nanoindentation

The onset of plasticity in Ta(001) during nanoindentation
is marked by a pronounced discontinuity [Fig. 1(a)]. The
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FIG. 1. (Color online) Nanoindentation tests performed on a
Ta(001) single crystal surface using a Berkovich tip: (a) a typical
load-displacement (P-h) curve with a pronounced discontinuity
marking the onset of plasticity. The dashed line is a fit of the initial
elastic loading section to the Hertzian contact law. The star symbol
marks the condition where the maximum resolved shear stress
reaches the theoretical shear stress of Ta. The elastic-plastic part of
the P-h curve is fitted to the Taylor dislocation model (dotted line)
(Ref. 33). A P-h curve (c) and corresponding AFM image (b) from
a test loaded just above the onset of plasticity. (d) Maximum re-
solved shear stress versus representative strain plot of the nanoin-
dentation data shown in (c). Note the linear elastic response up to a
strain of 0.055.

displacement excursion is typically around 30 nm in depth,
which suggests that at least 100 dislocations (the Burgers
vector of Ta is 0.286 nm) are generated on the time scale of
the pop-in (~1 ms) and contribute to the observed displace-
ment burst. This observation points toward a very efficient
dislocation multiplication process in bcc materials in the
complex stress field under the indenter. Once plasticity starts,
the material flows continuously, which means that no further
pop-ins are observed. Deformation in the subcritical load re-
gime is fully elastic and unloading leads to a full recovery, as
confirmed by AFM.?° The load-displacement behavior as de-
scribed above is very reproducible, and we observe a narrow
distribution of the critical load necessary to initiate plasticity
[see also Fig. 3(a)].

The elastic portion of the P-h curve can be fitted by the
Hertzian contact theory,’!

P=4/3E,R"*h""?,

where R is the radius of the blunted Berkovich tip and E, is
the reduced modulus of the tip-sample system. An excellent
agreement between experiment and theory is obtained by
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assuming a tip radius of 190 nm [Fig. 1(a), dashed line]. To
describe the elastic-plastic part of the P-h curve, we follow
the Taylor relation-based approach developed by Nix and
Gao,*? Qiu et al.,’* and Durst et al.?' In short, the load-
displacement (P-h) relationship in the elastic-plastic regime
can be expressed by P=A.Co where A,=24.5h is the con-
tact area of the Berkovich tip and C is the constraint factor.
The stress o is controlled by two terms, the internal friction
Stress Opicion (large for bee metals) and the Taylor stress
OTaylors Which accounts for dislocation interactions, o
= Ofrictiont Oraylor- Lhe€ latter term is described by the Taylor
relation: oryyo,.=MaGb | p, where M is the Taylor factor, a
is an empirical factor, G is the shear modulus, and b is the
magnitude of the Burgers vector. The dislocation density p is
a function of depth and is a linear superposition of the intrin-
sic dislocation density p, and the density of geometrically
necessary dislocations pgnp. According to a model devel-
oped by Nix, the density of the geometrical necessary dislo-
cations can be expressed by

panp = 1.5772 tan® 6(bh)™!,

where 6 is the angle between the surface and the indenter,
and f is a correction factor introduced by Durst et al.?' to
account for a more realistic deformation volume. Here, we
use the following parameter values: C=3, M=3, «=0.5, G
=69 GPa, b=0.286 nm, f=2.6, and 6=20°. Specifically, we
obtain an excellent fit to our experimental P-h curves over
the entire load range (200 uN—-9 mN) by assuming a friction
stress of 100 MPa and an intrinsic dislocation density of
10"> m~2 [Fig. 1(a), dotted line]. The latter value is consis-
tent with a high-quality single crystal and implies that we are
indeed able to probe virtually defect-free materials in our
experiment. The high value of the intrinsic lattice resistance
is a typical property of bcc metals and strongly affects the
load-displacement behavior, as discussed below.

To study the details of the elastic-plastic transition, we
performed a number of experiments around the critical load.
Such a data set is shown in Fig. 1(c) and the corresponding
AFM image is displayed in Fig. 1(b). Even right after the
pop-in, we observe fine slip lines around the indent, reveal-
ing dislocation activity [see also the AFM image shown in
Fig. 4(a)]. We never observed any indication for cracking or
oxide rupture. In the context of dislocation nucleation, it is
useful to convert the original P-h data into physically more
meaningful stress-strain data. For a spherical indenter, the
maximum resolved shear stress 7,,,, is connected to the mean
contact pressure ppean by Tmax ~ 0.465 Prean->* Here, prcan is
given by P/ Wag, where a.. is the contact radius at load P. The
representative strain € under a spherical indenter in the elas-
tic regime is given by the relationship £=0.2 (8/R)™'?,
where 6 is the indenter displacement and R is the tip
radius.>>3¢ The result of such a stress-strain conversion is
shown in Fig. 1(d). The plot reveals a linear elastic response
up to the yield point, which is observed at a critical strain of
~0.055. Here, 7, reaches a value of ~7.5 GPa, which is a
substantial fraction of the theoretical shear strength 7, of
tantalum (G/27~ 11 GPa, where G is the shear modulus of
Ta, 69 GPa), as it would be expected for the process of ho-
mogeneous dislocation nucleation. As a reference, the star
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symbol in Fig. 1(a) marks the point on the elastic part of the
load-displacement curve where condition 7,,,,= 7, would be
fulfilled.

The nanoindentation data shown in Fig. 1 seem to be
characteristic of (001) oriented bec single crystals as very
similar results have been reported for W and Fe.!61821 Ag
mentioned above, the observation of a 30 nm displacement
excursion within 1 ms requires the existence of extremely
efficient dislocation nucleation and multiplication processes.
In this context, it is interesting to speculate about the fate of
the energy (~5X107"2J, load times displacement,
~200 uN X 30 nm), which is released and dumped into the
indented material during this process. In the extreme case of
an adiabatic scenario, this could lead to a local temperature
spike of up to several hundred kelvin depending on the plas-
tic deformation volume.?” Furthermore, the occurrence of
only one discontinuity in the P-h curves indicates that the
dislocation sources generated during the displacement burst
are very stable and able to operate continuously at relatively
low stress levels throughout the entire elastic-plastic loading
regime.® Theoretical studies will be necessary to identify the
microscopic origin of the rapid dislocation nucleation and
multiplication processes during the onset of plasticity in bcc
materials.

The observations discussed above are in contrast to the
load-displacement behavior typically observed for close-
packed metals such as Au,® Ni,** Pt,*> and Al>! which all
show a sequence of very small (few nanometers) displace-
ment excursions (staircaselike loading behavior). That is, the
elastic-plastic regime is repeatedly interrupted by elastic
loading, indicating exhaustion and regeneration of disloca-
tion sources. It is tempting to attribute this difference to the
difference in Peierls stress rather than to the presence of an
oxide layer. Ta, as well as other bcc metals, exhibits a high
Peierls stress in the order of 0.03G,3° whereas the Peierls
stress of close-packed metals is typically in the order of 107
to 107% G.%° This interpretation is consistent with the fact that
very similar load-displacement curves have been reported for
other high Peierls stress materials such as GaAs (covalent)
and CaF, (ionic).** In the case of bcc metals, the high Peierls
stress is a consequence of the complicated core structure of
screw dislocations. The relative stability of the dislocation
sources in Ta (as suggested by the observation of only one
excursion) therefore seems to be linked to the sessile (immo-
bile) character of screw dislocations in bcc metals in the low
temperature range (7<<0.15Tcjine)-

To assess the influence of surface roughness on the load-
displacement behavior, we performed a number of nanoin-
dentation experiments on surfaces roughened by low-dose
2 keV Ar* ion bombardment (~10'® Ar*/cm?). This treat-
ment creates a nanoscale pit and mound surface morphology
with a peak-to-valley roughness of only a few atomic
layers*! and therefore allows one to modify the surface
roughness with atomic level control. Note that the native
oxide layer reforms immediately during exposure to air. Fig-
ure 2 shows two sets of nanoindentation data collected from
the same area before and after ion bombardment. It is obvi-
ous that pop-ins are completely suppressed by increasing the
surface roughness. The elastic loading regime is no longer
observed, indicating, that yielding starts at much lower ap-
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FIG. 2. Effect of surface roughness on the load-displacement
behavior of Ta(001): Nanoindentation data collected from the same
area before (left) and after (right) ion bombardment. Note that both
the initial elastic loading regime and the pop-in events are sup-
pressed by increasing the surface roughness via low-energy
ion-bombardment.

plied load levels due to stress concentration at surface asperi-
ties. These experiments provide direct evidence for the con-
clusion of a recent variable-temperature nanoindentation
study, namely, that incipient plasticity involves heteroge-
neous nucleation sites such as vacancies, surface asperities,
or preexisting dislocations.>%

As mentioned above, the nanoindentaion curves are very
reproducible. Analyzing the load-displacement curves with
respect to the critical load necessary to induce plasticity re-
veals a narrow distribution [Fig. 3(a)]. In view of the surface
roughness effect described above, the narrow load distribu-
tion shown in Fig. 3(a) reflects the high quality of our sur-
face finish. Indeed, we observe that the distribution broadens
upon continuous use of the crystal, indicating that the surface
finish deteriorates due to frequent cleaning. As a side note,
we do not observe a difference between surfaces obtained by
a final electropolishing step and those prepared by mechani-
cal polishing as long as a high-quality surface finish is ob-
tained. We also observe a weak dependence of the loading
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FIG. 3. (Color online) Reproducibility of the experiment and
effect of loading rate on the critical load: (a) A narrow distribution
of the critical load reveals the homogeneity of the surface finish. (b)
The load necessary to induce a pop-in event shifts toward higher
loads with increasing loading rate.
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FIG. 4. (Color online) AFM images from indents produced with a spherical tip: topographic (top) as well as deflection mode (bottom)
AFM images from a test loaded just above the onset of plasticity [(a) and (b)] as well as of a deeper indent [(c), (d), and (f)]. (e) In-plane
surface orientation as obtained by EBSD; (g) orientation of intersections of the slip planes with the [001] surface plane for both the
{110}111) and the {112}111) slip system. Note that the majority of the slip lines in the AFM images are consistent with the activation of the

{110K111) slip system.

rate on the onset of plasticity. Following the approach de-
scribed by Mason et al.,’ Fig. 3(b) shows the normalized
cumulative distribution of the critical load for three different
loading rates ranging from 50 to 5000 uN. Each data set
consists of at least 100 individual experiments. The shift of
the onset of plasticity toward higher loads with increasing
loading rate is consistent with the stress-biased thermally
activated dislocation nucleation process postulated by Mason
et al.> However, the rate dependence observed in the present
study is less pronounced than the one reported for fcc
Pt(110) at room temperature,® which indicates that the stress
term is more dominant in the case of bcc metals.

B. Atomic force microscopy

To study the material flow under the indenter and to de-
termine the activated slip system, we performed additional
experiments with a spherical indenter. Figure 4 shows AFM
images of a shallow indent (just after the occurrence of a
pop-in event) as well as of a deeper indent. Independent of
the indent depth, we observe a pileup formation, and the
symmetry of the pileup pattern reflects the symmetry of the
crystal. Specifically, we observe a maximum pileup along the
(111) directions consistent with the (I111) slip directions of a
bee crystal. Slip lines are always very fine and exhibit a
wavy appearance [Figs. 4(b) and 4(f)], which is a typical
feature of bcc metals and is generally attributed to multiple
cross slips of screw dislocations (again, a consequence of the
complicated core structure of screw dislocations in bcc met-
als). Straight segments of slip lines [Figs. 4(b) and 4(f)] seem
to be preferentially aligned along the intersections of the
(110) and (110) slip planes with the (001) surface plane [Fig.
4(g)]. This suggests that the {110}111) slip system is pre-
ferred over the {112}(111) slip system, consistent with recent
experimental findings.?* In view of attributing pop-in events
to dislocation nucleation, it is important to note that we ob-

serve both pileup and slip lines as soon as we observe a
residual impression, which is immediately after the occur-
rence of a pop-in event. The appearance of slip lines requires
that the native Ta oxide film supposes no barrier for disloca-
tions and fails via shear at slip edges.*? Consistent with our
observation, the 1-nm-thick native Ta oxide film is not ex-
pected to be a barrier for dislocations due to its thinness and
the fact that Young’s modulus of Ta oxide (140 GPa) (Ref.
43) is lower than that of Ta (189 GPa).

A closer inspection of the pileup reveals that slip lines are
typically 2—3 nm in height, indicating that approximately
ten dislocations contribute to each slip line. Thus, the appear-
ance of slip lines reveals highly localized plastic deforma-
tion. This is consistent with the proposed stability of the
dislocation sources created during the pop-in event: disloca-
tion sources are stable enough to emit numerous dislocations
lying in the same lattice plane. Furthermore, in none of the
images do we observe evidence for oxide rupture, such as the
microcracks reported for W.!°

To study the effect of crystal orientation on material flow
under the indenter, we performed additional experiments on
Ta(110) and Ta(111) single crystals (Fig. 5). As for the (001)
orientation, the pileup pattern reflects the symmetry of the
surface (twofold for the (110) and threefold for the (111)
surface orientation), with the maximum pileup along the
(111) easy slip directions of the bce system. It is interesting
to note that in the case of the (110) orientation, where both
in-plane and out-of-plane slip directions are available, the
pileup is predominantly found along the in-plane slip direc-
tions. Concerning the corresponding load-displacement
curves, we noticed that the single pop-in behavior character-
istic for the (001) orientation is less pronounced for (110)
and (111) crystals where multiple pop-ins were frequently
observed. This orientation dependence cannot be caused by
differences in the native oxide film as x-ray photoemission
spectroscopy (XPS) reveals the presence of only a
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| Ta(110)

FIG. 5. (Color online) Deflection mode AFM images from
spherical indents on (a) Ta(110) and (c) Ta(111) single crystals. The
corresponding in-plane surface orientations as well as the in-plane
(solid) and out-of-plane (dashed) (111) slip directions are displayed
in (b) and (d). The maximum pileup is always observed along the
(111) slip directions of the bee crystal structure.

1-nm-thick oxide film on all three surface orientations. Fur-
thermore, this orientation dependence seems to be a general
trend for bee materials since a similar behavior [i.e., pro-
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nounced single pop-in behavior of the (001) orientation ver-
sus staircaselike load-displacement curves for the (111) ori-
entation] has also been observed for tungsten.!'®

IV. CONCLUSION

In summary, our experiments provide strong evidence that
the pop-in events observed during nanoindentation experi-
ments on bcc metals coated with a 1-nm-thick oxide layer
(such as Ta) are caused by dislocation nucleation rather than
by an oxide rupture. Additionally, we have shown that incipi-
ent plasticity in Ta involves heterogeneous nucleation sites
such as surface asperities, as demonstrated by low-dose ion
bombardment experiments. As a final note, we observed by
nanoindentation that there are relatively stable dislocation
sources in Ta which can be attributed to the sessile character
of screw dislocations at the low temperature range.
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