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Quantitative insights into the dislocation source
behavior of twin boundaries suggest a new dislocation

source mechanism

! Max-Planck-Institut Fiir Eisenforschung GmbH, 40235 Diisseldorf, Germany

% Texas A-M University, College Station, TX 77843, USA

3 Present Address: Institute for Applied Materials (IAM), Karlsruhe Institute of Technology, 76344 Eggenstein-Leopoldshafen, Germany

9 Address all correspondence to this author. e-mail: juan.li@kit.edu

Received: 16 February 2021; accepted: 18 May 2021; published online: 4 June 2021

George Pharr was an editor of this journal during the review and decision stage. For the JMR policy on review and publication of manuscripts
authored by editors, please refer to http://www.mrs.org/editor-manuscripts/.

Pop-in statistics from nanoindentation with spherical indenters are used to determine the stress required
to activate dislocation sources in twin boundaries (TBs) in copper and its alloys. The TB source activation
stress is smaller than that needed for bulk single crystals, irrespective of the indenter size, dislocation
density and stacking fault energy. Because an array of pre-existing Frank partial dislocations is present
at a TB, we propose that dislocation emission from the TB occurs by the Frank partials splitting into
Shockley partials moving along the TB plane and perfect lattice dislocations, both of which are mobile.
The proposed mechanism is supported by recent high resolution transmission electron microscopy
images in deformed nanotwinned (NT) metals and may help to explain some of the superior properties
of nanotwinned metals (e.g. high strength and good ductility), as well as the process of detwinning by
the collective formation and motion of Shockley partial dislocations along TBs.

Grain boundaries and their structures play a vital role in the
mechanical properties of polycrystalline materials. For instance,
it is well accepted that grain boundaries obstruct dislocation
motion and thus enhance the yield strength of most metals and
alloys [1, 2]. Moreover, the important role of grain boundaries
in dislocation nucleation and multiplication has been known
for some time. For instance, in 1963, J. C. M. Li proposed that
dislocations can be generated from grain boundary (GB) ledges,
and by assuming that the generated dislocation density is pro-
portional to the unit grain boundary surface area, he found an
inverse relation between strength and grain diameter similar to
the Hall-Petch relation [3]. There is also experimental evidence
that dislocations nucleate in the vicinity of grain boundaries,
as observed with transmission electron microscopy (TEM)
[4]. Many experimental studies have focused on coherent X3
twin boundaries (TBs), which are of particular interest because
bulk materials with nanotwinned (NT) structures composed of
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coherent TBs with a spacing of less than 100 nm [5] often show
unique mechanical properties [6-8]. NT materials frequently
offer high strength and good ductility - two properties that are
typically mutually exclusive.

Today, it is well accepted that defects such as steps and grain
boundary dislocations (GBDs) located at 3 TBs play an impor-
tant role in the plastic deformation of NT materials [9]. Molecu-
lar dynamics simulations have shown that dislocation nucleation
from defects at TBs is especially important, and that the high
strength of NT materials may result from the large nucleation/
activation stress for these defects [7, 9]. However, experimentally
it is very difficult to identify deformation mechanisms in NT
materials, since the controlling processes are believed to occur
very locally, very quickly, and at very high stresses. In fact, from
an experimental perspective, the stress required to activate a
grain boundary dislocation source is essentially unknown. With
this in mind, the primary aims of this work are to: (i) establish
a new technique to measure the stress needed to activate grain
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boundary dislocation sources, and (ii) use the new technique to
explore the intrinsic source activation strength of coherent >3
twin boundaries in copper (Cu) and copper-aluminum (Cu-
Al) alloys.

The technique we propose involves measurements of the pop-in
stress when spherical nanoindentations are made near a twin
boundary. Pop-in is well known to correlate with the onset of
plastic deformation during spherical nanoindentation [10-13].
During spherical nanoindentation, a purely elastic stress field
first develops beneath the indenter, as described by Hertzian
contact mechanics (see Fig. 1a). The maximum shear stress Tyqy
in that region depends on the indenter radius, R, the reduced
elastic modulus of the sample-indenter system, E,, and the load
on the indenter, P, through [10]:
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E; and E; are the elastic moduli of the sample and the indenter;
vs and v; are the Poisson ratio for the sample and the indenter,
respectively.

The maximum shear stress occurs at a specific depth beneath
the sample surface, and the contact is characterized by a revers-
ible, non-linear load versus indenter-displacement curve (see
Fig. 1b). As the load on the indenter increases, the maximum

shear stress, Tjuqx, as well as the volume which is under high
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levels of stress, increases until either the shear stress reaches
the theoretical strength or the highly stressed volume samples
a pre-existing dislocation source. In both cases, a sudden elas-
tic-plastic transition occurs characterized by an abrupt dis-
placement burst which produces a "pop-in" in the load versus
displacement curve (see horizontal line in Fig. 1b). The load at
pop-in, Ppop—in, can be used to calculate the maximum shear
stress beneath the indenter according to Eq. (1), which is further
interpreted as the dislocation nucleation or source activation
stress [10, 12]. The use of pop-in statistics to probe the strength
distribution of single crystals at the micrometre length scale is
now well established [10, 14-16]. The technique is also used to
probe the theoretical strength of metals [14, 17, 18] and study
the mechanisms of hydrogen embrittlement [19].

In this study, the benefits of spherical indentation with
pop-in statistics are that it can be performed with a statistically
significant number of experimental observations and that the
technique is site-specific, that is, it can be localized very near a
grain or twin boundary. This is achieved by making spherical
nanoindents either at coherent X3 twin boundaries or in the

grain interior and compare the underlying pop-in-statistics.

Polycrystalline Cu was utilized for nanoindentation testing
[17, 20]. All experiments and examinations were performed
on (110)-oriented grains and TBs, since TBs in this orientation
are perpendicular to the surface. Before indenting, the quality
of the electropolished surface near and away from the TB was
examined by atomic force microscopy (AFM, Veeco Dimension
3100). The area near the TB had the same roughness as the grain
interior, and there were no additional surface steps at the TB (see
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Figure1: (a) Stress distributions beneath a spherical indenter. The local shear stress is normalized to the maximum shear stress pqyx. (b) Representative

load-displacement curves at the TB and in the single crystal (SXX) reference.
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