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Atomistic visualization of deformation in gold
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Atomistic visualization of deformation was realized by dynamic high-resolution transmission electron mi-
croscopy. Compression, tensile, and shear deformation in nanometer-sized gold was carried out at room
temperature inside a 200-kV transmission electron microscope using a piezodriving specimen holder. The
atomic process of the deformation was obserfivesitu at a spatial resolution of 0.2 nm and at a time resolution
of 6—10 s. It was shown that slip and twinning are attributed to the deformation and proceed at every atomic layer
in dislocation-free nanometer-sized gold. A dislocationlike line defect is observed during the slip and twinning
processed.S0163-182¢08)04017-X]

INTRODUCTION EXPERIMENTAL PROCEDURES

A mechanical force acting on a solid causes deformation A piezodriving specimen holder for a transmission elec-
and fracture. These two processes are closely related to seiyon microscope was developed for subnanometer scale me-
eral fields of technology and have been studied for a longhanical deformation anidh situ observations. Figure 1 is an
time by scientists and engineers. In particular, the elucidatiofilustration of the specimen holder. The mobile side is con-
of the deformation process and its mechanism has been gcted with a pipe-type piezoelectric device for fine displace-
fundamental subject in solid-state physics and metallurgyMent and a microscrew motor for coarse displacement. The
Various types of deformation mechanisms have been prgsP€cimen on the mobile side is mounted on the tip of a lever

posed from mechanical tests and structure analyses, for ekonnected with the piezodevice. The mobile side are dis-
ample, dislocation mechanistig twinning~® and grain placed along the direction from 0 to 1 mm by the motor.

boundary slidind:® All of these mechanisms have been ex- The fine displacement along thedirection is controlled by
homogeneous elongation and shrinkage of the piezodevice.

plained using atomistic models. According to these models]_he fine displacements along thendz directions are con-

deformation proceeds through generation, multiplication " | . hrink s f the b
rowth, and annihilation of line- and plane-type internal Iat-ltro ed by elongation ar_1d shrinkage on one_5|de of the pipe.

9 : Resolution of the fine displacement by the piezodevice is less

tice defects, such as dislocations, stacking faults, and twin o
. -~ ’ T an 0.16 nm along the direction and 0.22 nm along t
Detailed studies have been performed for the elucidation o?fh g g the

the relations between the deformation processes and the J— - S —
mechanisms. Several types of transmission electron micros- /

copy (TEM) have played a significant role in this elucida-
tion. For example, the structures of dislocations were inves-
tigated by conventional static TEKRef. 9 and it is known

that their behaviors can be analyzed by conventional dy-
namic TEM using cinema photograpt/* In particular, the
behaviors were directly observed bysitu deformation and
conventional dynamic TEM?3 The electron-irradiated-
induced motions of twins in gold thin filmM$ and gold
clusterst® and surfaces and stacking faults in cadmium
telluride!®!” were also observed at an atomic level by dy-
namic high-resolution TEM(DHRTEM) using television
camera and video tape recording systems. The deformation
process, however, has not been directly observed in real
space on an atomic scale and the elemental atomic processes
in deformation have still not been clarified. A different type ,

of microscopy is required in order to investigate the atomic s s

pipe-type piezo

specimen mount

. . . . bile sid
processes: DHRTEM using a television camera and video _ v (mobile side)
tape recording system with a piezodriving specimen holder is specimen 10mm,

expected to be the optimum method to analyze the atomic

process of deformatioff'* The purpose of the present study ~ FIG. 1. lllustration of a piezodriving specimen holder for trans-
is to elucidate the atomic processes of mechanical deformanission electron microscopy for subnanometer-scale mechanical
tion in gold by direct atomistic visualization by DHRTEM. tests andn situ observations.
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FIG. 2. Time-sequence series of high-resolution images of the process of compressing and tensile deformation in nanometer-sized gold.
The specimen is connected with the mobife @nd fixed B) sides of the specimen holder. Bold arrows show the direction of displacement
of the mobile side. Triangles shof@11}/{111} 3 =3 twin boundaries. Double triangles show atomic-scale slip steps. The time in each image
is(@ 0s,(b)4s,(c) 11 s,(d) 16 s,(e) 23 s, and(f) 39 s.

andz directions. Piezodriving methods are used for the disiments were observed situ using a silicon-integrated-target
placement of scanning needles in several combination-typ€SIT) television camera and a digital video tape recorder. In
microscopes of reflection electron microscopy and scanninthe image recording system, different images are obtained
tunneling microscopySTM), or TEM and STM0-23 every field, i.e., a time resolution of the systemgss81°

The specimens used in the present work were gold wiresThe lattice resolution during the high-resolution observation
0.1 mm in diameter. The tips of the wires were milled to using the present specimen holder was 0.14 nm.
nanometer size by Ar ions accelerated at 3 kV. Two needle-

shaped specimens were separately placed at the fixed and RESULTS AND DISCUSSION
mobile sides. The specimen holder was installed in a 200-kV
high-resolution transmission electron microsco@d=OL, Figure 2 shows a time-sequence series of high-resolution

Ltd., JEM-2010. The two tips were bonded by controlling images of the process of compressing and tensile deforma-
the piezodevice in the microscope at ambient temperaturdion in the nanometer-sized gold. Each side of the specimen
The specimens for the subnanometer-scale mechanical defags-connected to the mobile sidEig. 2, A) and fixed(Fig. 2,
mation study were produced by the direct bonding as alread) side in the specimen holder. A grain boundary about 2.4
reported elsewher¥.Structural variations in atomic arrange- nm wide is observed in the center of FigaR The{111} and
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FIG. 3. Time-sequence series of high-resolution images of the process of shear tests in nanometer-sized gold. The specimen is connected
with the mobile @) and fixed ) sides of the specimen holder. Bold arrows show the direction of displacement of the mobile side. Arrows
show twinning. The time in each image (& 0/60 s,(b) 21/60 s,(c) 60/60 s,(d) 85/60 s,(e) 363/60 s, andf) 387/60 s.

{200 lattice fringes of gold(lattice spacingsl;;;=0.24 nm Figure 3 shows a time-sequence series of high-resolution
and d,,=0.20 nm clearly appear in all areas of the tips images of the shear deformation process in nanometer-sized
during the deformation{111}/{111} =3 twin boundaries gold. No grain boundary is observed around a contact bound-
are observed as shown by the triangles. The bright bandary at the center during the initial staftBig. 3@)]. This is
between the dark bands are twins. The tip on the mobile sidbecause the misorientation angle between the two tips before
is displaced along the direction indicated by open bold arthe contact is less than a few degrees and is accommodated
rows. The average displacement speed is less than 0.1 nmhy the rotation of the tips. A single-crystalline region is then
The specimen is deformed by the compressing force in Figgprepared by the contact. A plane-type defect, such as a stack-
2(a)—2(c) and the tensile force in Figs(@-2(f). The twin  ing fault or a twin boundary, is also not introduced in the
boundaries generate, migrate, and annihilate during the praegion. The edge of the specimen on the mobile silgi§

cess. Slip steps on an atomic scale form at the edges alksplaced to the left-hand side in FiggaB-3(c) and to the
shown by the double triangldgtigs. 2e) and Zf)] even right-hand side in Figs. @)—3(f), as shown by the bold ar-
when the behavior of the twin boundaries is not observedrows. The displacement speed is less than 0.6 nm/s. First,
This shows that slip is also attributed to the deformationtwinning occurs in the upper part, as indicated by the arrow
Similar deformation behavior appears when the displacemeni Fig. 3(b). Subsequent twinning occurs in the midffeg.
speed decreases. 3(c)] and the lower part§Fig. 3(d)] when the tip on the
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FIG. 4. Time-sequence series of high-resolution images of el- FIG. 5. Time-sequen_ce _series _Of high-resolution images of el-
emental processes of slip during the shear deformation in Fig. 3. Aﬁme_ntal processes_of twinning during _the shear deformatu_)n_shown
atomic arrangement projected along fid0] axis is inserted. The " Fig. 3. The atomic arrangement projected along[th)] axis is

time in each image i) 0/60 s,(b) 86/60 s, andc) 92/60 s inserted. The time in each image(® 0/60 s,(b) 89/60 s, andc)
' ' ' 91/60 s.

mobile side is displaced to the left side. The twinning then ) ) )
gradually recovers by the displacement of the tip to the right- Figures 4 and 5 show time-sequence series of high-
hand side. Finally, the tips become a different single-resolution images of the elemental atomic processes of slip
crystalline structure. The deformation is thus a reversibleand twinning during the shear deformation in Fig. 3, respec-
one. The external shape of the specimen in the initial statdively. Figure 6 illustrates atomic arrangements of the pro-
however, differs from that during the final state. This showscess in Figs. 4 and 5. The atomic arrangements projected
that slip is also attributed to the deformation, as shown in thelong the[110] and[111] axes are shown on the left- and
next paragraph. right-hand sides in each frame, respectively. First, stacking
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FIG. 6. lllustration of atomic arrangements projected alongd 1) and[l_lT] axes in the process shown in Figs. 4 and 5. The atomic

arrangement on the two atomic planes above and below the dotted line[itlierojections is shown in thgll 1] projections. The lattice
constant of goldh is 0.41 nm.
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It is shown from the present observations that deformation
proceeds by slip and twinning in the dislocation-free gold. It
is well known that deformation of micrometer- or larger-
sized gold at room temperature occurs by only slip due to
multiplication and motion of dislocatiors3 Twinning in fcc
metals takes place at low temperature and/or at a large de-
formation speed=424-2%|n the present study, deformation is
carried out at room temperature and at a displacement speed
of less than 0.6 nm/s. The present deformation condition
& e B0 © does not correspond to the well-known twinning conditions.

o o o o It is also reported that perfect dislocations with the Burgers
vector equal t@/2(110) or partial dislocations with the Bur-
gers vector equal ta/6(211) move easily on{111} planes
under the applied force along tH@11] direction!™3 We
should point out other deformation conditions for the twin-

FIG. 7. Typical high-resolution image and its illustration of NiNG; no dislocation is observed in the present specimens
atomic arrangement of a dislocationlike line defect introduced durbefore the deformation. The critical shear stress for the twin-

ing the displacement bw/6[112] in the slip and twinning pro- ing will be similar to that for the slip in dislocation-free gold.
cesses.

CONCLUSION

of atomic planes along tHel11] direction isSABCAB[Figs. |t was shown that atomic processes during the deforma-

4(a) and 5a)]. The lower part under the broken line as showntion in gold are directly visualized by DHRTEM. Contact,

in Fig. 6 is displaced relative to the upper part o[ 112] bonding, gnd separation processes between gold tips are ob-
due to mechanical force, wheeeis the lattice constant of served using the same method as reported in our previous

gold. A stacking fault forms as shown in Figgb#and §b). papers.®*® Various pres of mechanical tests can be per-
The stacking sequence changesABABC. Slip then occurs formed on an atomic scale by the present specimen piezo-
when the lower part is displaced &/6[121] on the same driving method for the investigation of behaviors of atomic-

plane. The stacking sequence becorA&CAB again[Fig. ts)c_?jle cont(;;lctl bto_undarlgs,tsuch as gorr%j?ellg?z d‘?]ff atomic
4(0)]. In the slip process, the lower part is displaced rela- riages and electric conductance quantization: ier=

tively to the upper part bw/6[112]+a/6[ 121]=a/2[ 011]. i:];sgfsehzfs Sgggz ggggg:jng]r? at::eatrgr?]?: 22:;2'. properties of
On the other hand, twinning takes place when the lower part
is displaced bya/6[112] on the (1L1) plane, which is lower ACKNOWLEDGMENTS
by one (1L1) atomic plane of the previous stacking fault
[Fig. 5(c)]. The lower part is displaced relatively to the upper
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show that both slip and twinning occur and proceed on ever
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