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Deformation twinning during nanoindentation of nanocrystalline Ta
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The deformation mechanism of body-centered cubicsbccd nanocrystalline tantalum with grain sizes
of 10–30 nm is investigated by nanoindentation, scanning electron microscopy and high-resolution
transmission electron microscopy. In a deviation from molecular dynamics simulations and existing
experimental observations on other bcc nanocrystalline metals, the plastic deformation of
nanocrystalline Ta during nanoindentation is controlled by deformation twinning. The observation
of multiple twin intersections suggests that the physical mechanism of deformation twinning in bcc
nanocrystalline materials is different from that in face-centered cubicsfccd nanocrystalline
metals. ©2005 American Institute of Physics. fDOI: 10.1063/1.1883335g
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Most recent studies on deformation physics of nanoc
talline snc, grain sizes,100 nmd materials have focused
face-centered cubicsfccd metals and alloys.1–3 Various grain
boundary mediated processessgrain boundary sliding,4,5

grain rotation,6 grain coalescence and growth7d and partia
dislocation mechanisms sstacking fault, deformatio
twinning8–12d have been proposed theoretically and dem
strated experimentally in fcc nc metals.10–12 On the othe
hand, we have very little knowledge about the deforma
mechanisms of body-centered cubicsbccd nanocrystalline
materials.13,14 To date, almost all experiments documen
the deformation behavior of bcc nanocrystalline metals
been performed on samples prepared through the po
metallurgy route that is chronically affected by impurity a
porosity issues. So far, shear banding appears to be the
deformation mode observed in these particulates.13 In this
letter, we demonstrate that the deformation of bcc nano
talline tantalum with grain sizes of 10–30 nm proceeds v
twinning mechanism. We selecteda-tantalum as a model b
system as it is widely used in the microelectronic indus
as capacitor and diffusion barrier layer material. The de
mation behavior of nanoscale tantalum is thus importan
the reliability of microelectronics.

Nanocrystalline tantalums99.95%d films with thickness
of ,0.1 mm were prepared by magnetron sputtering o
oxidized silicon substrates at a deposition rate of,0.5 Å/s.
To prevent the formation of columnar grain structures,
deposition was interrupted for an interval of 10 s after de
sition of every 5 Ås10 sd. Both impurity and texture of th
as-deposited films are negligible, as indicated by energy
persive x-ray spectroscopysEDSd, x-ray diffraction measure
ment, and the transmission electron microscopysTEMd se-
lected area diffraction pattern. TEM study in Fig. 1 confi
that the as-deposited nanocrystalline Ta has a dom
a-phase and narrow grain size distribution in the rang
10–30 nm.
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The mechanical response of the as-deposited nano
talline Ta was probed using a Hystron Triboindenter wi
Berkovich diamond tip. The depth-sensing nanoindenta
allows us to deform materials locally in a well-control
fashion and thus has major advantage over other unco
lable deformation techniques such as ball-milling, roll
and grinding.10,11,15 After indentation, the residual impre
sions of indents were examined by scanning probe mi
copy sSPMd equipped with the tribo-indenter and scann
electron microscopysSEMd to check out for the evidence
microcracks, slip, and pileup/sinkins.

For high-resolution transmission electron microsc
sHRTEMd experiments, a series of microsized indentat
s100 µm apart in bothx- andy-directiond were made on th
Ta film. The substrate was then mechanically removed
ion milled to transparency from the silicon side, using a
tan high precision ion polishing systemsModel 691d with
Ar+ accelerating voltage of 4 kV at a glancing angle of
The HRTEM investigation was performed with a Phi

FIG. 1. Transmission electron micrograph of nanocrystalline Ta with
sizes in the range of 10–30 nm. The inset is a scanning electron micro
image of an indentation, showing no evidence of microcracking or

banding.
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CM300 FEG microscope operating at 300 kV with a po
to-point resolution of 1.8 Å. The extraction voltage for fi
emission gun was 4.2 keV. The high-resolution images
recorded with a 2048 K32048 K charge-coupled-devi
camera.

The inset of Fig. 1 shows a typical SEM image of
indent on nanocrystalline Ta after unloading at a maxim
load of 3 mN. The threefold symmetry of the indente
clearly visible, with no evidence of microcracking or sh
banding even at the corners of the indent where the sa
experiences the highest tensile stress. The smooth pile
the materials around the indent demonstrates the fully p
flow during nanoindentation of nanocrystalline Ta.16

A transmission electron micrograph of the deforma
microstructure in nanocrystalline tantalum from a regio
the vicinity of an indent is shown in Fig. 2sad; abundan
deformation twinssDBsd are identified, as accentuated in
white circles where the twins can be seen with two cha
teristic flat interfaces parallel to each other. The DBs

FIG. 2. sad Bright field, andsbd dark field transmission electron microgra
of the deformation microstructure in nanocrystalline Ta after indenta
Deformation twins are often observed near the edges and corners
indents.
preferentially located near the edges or corners of the in
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dents. It is evident from the TEM image that twinning occ
in all the grain sizes of up to,30 nm. The width and orien
tation of the twin lamellas vary from grain to grain, which
better illustrated in a TEM axial dark-field image, Fig. 2sbd.
In some cases, two twin bands with different orientat
fone of them is marked with a white frame in Fig. 2sbdg
coexist in one single grain. The twin density is not unifo
but reaches up to 43107/m in certain regions. According
the twin density shown in Fig. 2sad, the total strain contribu
tion from the deformation twinning is estimated as,3.7%.
The ubiquitousness of the deformation twins implies
twinning is the primary deformation mode during nanoind
tation of nanocrystalline Ta.

A close examination of some deformation twins in Fig
further reveals the intersection of multiple twin bands in
middle of a single grain, one example of which is show
Fig. 3sad. The different orientations of the twin bands
indicated with white arrows. The observation of twin in
section in bcc nanocrystalline metals is rather interes
considering that such phenomenon has not been repor
fcc nc metals, where most deformation twins are coplan
nature.10–12,15 This observation strongly suggests that
twinning behavior of bcc nc metals is different from tha
fcc nc metals. The former may be related to the unique
location feature in bcc metals that threeh112j-type deforma

tion twins could intersect along a common,111̄. direction,
the simplest type of twin-twin interaction in bcc metals
addition, the grain rotation and/or sliding mechanism in
fractory bcc nc metals could be relatively difficult at ro
temperature that is merely a small portion of their mel
temperatures, which in turn helps to promote multiple t
interactions.15

To further elucidate the atomic mechanism of the de
mation twinning in bcc nc Ta, Fig. 3sbd displays a high
resolution transmission electron micrograph of an indivi
grain, imaged with the electron beam parallel to,111. di-
rection and featuring a twin. The twin boundaries are d
mined parallel to one set ofh112j planes and marked wi
two white arrows. Similar to many deformation twins see
fcc nc metals, the twin band observed is only a few ato
layers thick.12 The corresponding fast Fourier transforma
sFFTd patterns of the matrixfFig. 3scdg and the twinned are
fFig. 3sddg confirm the twinning relationship between
matrix and the twin band. At the bottom of the image,
3sbd, another type of twin is marked by the white frame.
wavy twin boundary suggests that this type of deforma
twin may be formed through a mechanism similar to
discussed in Ref. 12.

With respect to the deformation twinning in bcc met
many models have been proposed for conventional co
grained sizes, all of which involve the repeated expansio
twinning partial 1 /6,111. on h112j type planes. Similar t
dislocation slip, it is believed that the critical stress requ
to nucleate twins also obeys a Hall–PetchsHPd relationship
with a slope KT that is much higher than the slope Ks for
slip.17 For this reason, coarse-grained bcc metals norm
deform via a dislocation slip mechanism unless at low
peratures and/or very high strain rates. The critical twin
stress has been linked to the dislocation pileup agains
grain boundaries.17 It is conceivable that such twinning-H
relationship would fail when the grain sizes decrease
nanometer regime where the dislocation pileup beco
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-unstable, and the formation of partial dislocations becomes
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the preferred deformation mode.14 This image is consiste
with our TEM results that no full dislocation was observe
the grains smaller than 20 nm. The twinning-HP relation
breakdown has recently been reported in fcc nanocrysta
materials,12 but the current results first demonstrate suc
breakdown in bcc nc metals. The preference of deforma
twinning observed here suggests that the extrapolatio
twinning-HP relationship into nanocrystalline regime m
need to be thoroughly reexamined.17

The observation of deformation twinning in nanocrys
line Ta is remarkable in several respects. First, the defo

FIG. 3. sad Transmission electron micrograph of the intersecting twin
nanocrystalline Ta. The twinning directions are marked with two white
rows; sbd high-resolution TEM image of a nanograin, featuring a defor
tion twin, and the fast Fourier transformationsFFTd patterns ofscd matrix,
and sdd twin band. The twinning relationship can be identified thro
atomic image insad and the FFT pattern insdd.
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tion twinning, which was predicted and experimentally v
fied in fcc nanocrystalline metalssA1, Cu, Pdd,10–12,15,19has
never been observed in bcc nanocrystalline metals be
nor has it been foreseen from the only reported atom
simulation in bcc nc metals.14 This suggests that more e
perimental and theoretical effort is needed in order to b
understand the deformation mechanisms of bcc nanocr
line materials. Second, conventional coarse-grained Ta
not deform by twinning except at very high strain ra
and/or low temperatures.20 The occurrence of deformati
twinning in nc Ta, subjected to well-controlled and s
squasistaticd indentation, can thus be directly related to
grain size effect, indicating a transition of deformat
mechanisms in nanocrystalline bcc metals as the grain
decrease to tens of nanometers. Third, some deform
twins observed in nc Ta appear to be noncoplanar in n
even when the grain sizes are very smallf,20 nm, Fig
3sadg, opposite of what has been reported in fcc
metals.10–12,15 This implies that multiple twinning system
are operative during deformation of bcc nc grains. Final
is worth pointing out that the twinning-HP relationship in
metals may not be applicable in the nanocrystalline reg
where twins could form via partial dislocation emission fr
grain boundariessheterogeneous nucleationd instead of tradi
tional pole mechanism. A more thorough examination o
twinning-HP relationship in bcc nanocrystals is clearly in
esting but transcends the scope of this letter.
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