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Abstract. Grain size reduction is a very eYcient way to block dislocation movements and therefore create very
strong metals and alloys. Not only grain boundaries are known obstacles for dislocations, but when reaching
nanometer dimensions, crystallites usually become dislocation free, which imposes an additional constraint
to develop plasticity. A recent eVort to understand grain boundaries-based deformation mechanisms has
therefore emerged. These mechanisms can be manifold, involving conservative and diVusive processes that
are very poorly understood. A first approach consisting in downscaling mechanisms that are documented
at large scale such as Coble creep, proved very limited. On the other hand, stress-assisted grain growth or
shear-coupled grain boundary migration, that were recently observed in small-grained materials at room or
low temperature may provide a crucial step to fully understand dislocation-less plasticity in nanocrystals. As
this is a completely new field with many more degrees of freedom, a continuous research eVort has to be
carried out to link the mechanical properties of nanocrystals to these mechanisms specifically linked to grain
boundaries.

Résumé. La réduction de la taille des grains est un moyen très eYcace de bloquer les mouvements de dis-
locations et donc d’augmenter la résistance mécanique des métaux et alliages. Non seulement les joints de
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grains sont des obstacles connus pour les dislocations, mais lorsqu’ils atteignent des dimensions nanomé-
triques, les cristallites deviennent généralement vides de dislocations, ce qui impose une contrainte supplé-
mentaire pour développer la plasticité. Comprendre les mécanismes de déformation basés sur les joints de
grains est devenu un enjeu majeur de la métallurgie physique. Ces mécanismes peuvent être multiples, im-
pliquant des processus conservatifs et diVusifs qui sont mal compris. Une première approche qui consiste à
transposer aux petites dimensions des mécanismes documentés à grande échelle comme le fluage de Coble,
s’est avérée très limitée. Au contraire, la croissance des grains assistée par la contrainte ou la migration des
joints de grains couplée au cisaillement, récemment observées dans les matériaux à petits grains à tempéra-
ture ambiante, peuvent fournir une clé pour comprendre pleinement la “plasticité sans dislocation” dans les
nanocristaux. Comme il s’agit d’un domaine relativement nouveau avec beaucoup plus de degrés de liberté,
un eVort de recherche continu doit être mené pour relier les propriétés mécaniques des nanocristaux à ces
processus de plasticité basés sur les joints de grains.

Keywords. Grain boundaries, Disconnections, plasticity, mechanical behavior.
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1. Introduction

1.1. Origin of hardening in metals

As the main vector of plastic deformation in crystals, the mobility of dislocations directly influ-
ences the mechanical properties. This is why hardening a metal mainly consists in blocking or
hindering dislocation movements. Among the many ways to do so, the oldest one lies in mul-
tiplying obstacles, often embodied by extrinsic atoms present in metallic alloys [1, 2]. Strain (or
Taylor-) hardening is caused by the development of a dense dislocation microstructure where dis-
locations themselves become their own obstacles. The most prominent example of such harden-
ing mechanism is fatigue where dislocations self-arrange in so-called “walls” that grow imperme-
able to further plasticity, delimiting “channels”. As the channels become narrower, mobile dislo-
cation are forced to curve tighter [3], requiring additional stress to maintain plastic deformation.
Similar confinement-driven hardening is observed in Severe Plastic Deformation processes, that
lead to the formation of dislocation cells, low- then high-angle grain boundaries (HAGB) upon
increasing strain [4–6]. Such top-down methods usually manage to reduce the grain size to a few
hundreds of nm, but going further down requires bottom-up methods such as physical or chem-
ical deposition, crystallite condensation and agglomeration [7, 8]. In fact, the microstructure of
pure metals becomes thermodynamically unstable when they contain too many grain bound-
aries, and grain growth or recrystallization is observed at room temperature [9–11].

1.2. Mechanical behavior of nc-metals

Reducing the grain size of a polycrystalline metal or alloy to increase their yield stress has been
rationalized through the Hall–Petch relation that states that the yield stress of steels goes up as
the inverse of the square root of the average grain size [12–14]. This empirical law has then been
verified for a number of metals and alloys, mainly with fcc structures [15, 16]. But as with other
systems where dislocations are confined in a given volume (thin films on substrates, pillars and
nanowires [17]), the yield stress increase due to the path limitation of mobile dislocations ulti-
mately saturates when entering the sub-micron or nanocrystalline regime [18]. In this so-called
“Hall–Petch breakdown regime”, plateaus or decrease of the yield stress have been reported [19].
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Figure 1. Principle of shear coupling grain boundary migration. Under shear (bold blue
arrows), a GB migrates by a distance h from the position on the left �gure to its position
on the right �gure. A shear (d) occurs along the GB plane. The coupling factor de�ning the
amplitude of the shear associated with this process is ¯ Æd/h.

In such nanocrystalline (nc-) materials, the proportion of atoms involved in grain boundaries
(GB) can reach several percents, and the dislocation mean free path can be reduced to the grain
size [20]. The plastic deformation of such nanocrystals would require the cooperative motion
of several dislocations in most grains [21], which is practically impossible, especially when ex-
perimental observations return an intragranular dislocation content nearing zero [7]. As a re-
sult, nc-metals generally show very low to almost no ductility [7]. However, in some occurrences,
nanocrystalline metals can exhibit signi�cant ductility [22,23], and many experiments or simula-
tions [24,25] have pointed to “GB-based plasticity” to explain it. This generic appellation encom-
passes many possible mechanisms, going from GB sliding to grain rotation [26]. These mecha-
nisms would also be responsible for the Hall–Petch breakdown regime, and could be based on
diVusion [27] or conservative processes [28]. Direct observations of these GB-based mechanisms
are very diY cult to obtain for reasons that will be developed later, but early reports of their oc-
currences in the mid 2000's eventually made headlines [29] or sparked controversy [30].

1.3. Shear-coupled grain boundary migration

Among all the GB-based plasticity processes, the shear-coupled GB migration (SCGBM) partic-
ularly captured attention because it may produce signi�cant shear, it is a conservative mecha-
nism, and also because it probably relates to another extensively observed phenomenon in nc-
metals : shear-assisted grain growth [31–34]. This later mechanism is clearly di Verent from tra-
ditional recrystallization or grain growth as both these microstructural changes occur without
shape change. The mechanism of shear-coupled grain boundary migration is not as intuitively
understandable as for dislocation shear. Figure 1 illustrates how it occurs phenomenologically,
and how it is measured through the quantity ¯ , that is called the coupling factor: under a shear
stress, the grain boundary (GB) separating grain 1 and grain 2 moves along its normal (either up-
wards or downwards). This migration over a distance h is accompanied by a shear displacement
d. ¯ , the coupling factor, is the ratio of d over h.

Shear-coupled grain boundary migration was �rst theorized by Read and Shockley who con-
sidered low-angle grain boundaries as arrays of perfect lattice dislocations. These dislocations
could simultaneously move by application of an external shear stress, resulting in the migration
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of the low-angle grain boundary [35]. Experimental observations came shortly after in zinc bi-
crystals [36,37]. The topological dislocation content of any grain boundary can be obtained from
the Frank–Bilby equation [38] and this served as the basis of the Cahn, Mishin, Suzuki, and Tay-
lor (CMST) model which extended the low-angle grain boundary model from Read and Shock-
ley to any [001] tilt boundary in fcc structures [39]. It should be noted that a similar model for
NaCl-type cubic structures was published by Guillope and Poirier in 1980 [28]. Logically, this con-
servative model predicts that the larger the misorientation, the larger the shear carried by a given
GB (modulo the 90° symmetry of this speci�c tilt axis). Experiments carried out at medium-to-
elevated temperatures (300-400°C) on Al bi-crystals tended to support this model [40] (Figure 2),
although some scatter in the results existed and some of them were discarded when only seg-
ments of the GB coupled for example [41].

This model, appealing by its simplicity, su Vers however, from several drawbacks:

² The dislocation content of high-angle grain boundaries is only virtual as their core
overlap once a 10-15° misorientation is surpassed so that their existence as single defects
when the boundary misorientation is high becomes impossible.

² The model only applies to a speci�c type of boundaries, and its extension to general
boundaries such as the ones present in real crystals may be facing limitations. The �rst
one being that twist boundaries shouldn't be able to shear-migration couple.

² The main limitation is that only perfect lattice dislocations are considered as intrinsic GB
defects while it has been shown that dislocations with smaller Burgers vectors (DSC- Dis-
placement Symmetry Conserving - see discussion section) exist and might be activated
at lower energy cost (owing to their shorter Burgers vector).

² Finally, if one only considers GB misorientation, the coupling factor predicted by the
CMST model is often very high and incompatible with experimental observations in
polycrystals.

In the Cahn, Mishin, Suzuki, and Taylor (CMST) model [39], as the GB misorientation is a direct
function of its virtual dislocation content, ¯ goes up with the GB misorientation, and coupling
factors as high as 50 to 100% are theoretically possible for symmetric tilt boundaries in the range
of 30° to 40° misorientations. Such amounts, seldom seen in speci�c bicrystal experiments [40]
and simulations [42] have never been reported in polycrystals. In early experiments on ultra �ne
Al grains [43], it was found that the shear produced by mobile grain boundaries seems poorly
connected to their misorientation. Molecular dynamics-based simulations [44] and paper cuts-
based topological calculations [45] revealed that the coupling factor associated with a given
grain boundary could be manyfold, and in particular that much lower coupling factors could be
found for symmetric <001> GBs. In the following, we will show how complementary approaches
(experimental and computational) are used to quantify shear-coupled grain boundary migration
in small-grain polycrystals and to unveil the atomic processes at play when the mechanism is
active.

2. Methods and results

2.1. In-situ TEM

Ultra Fine Grain (UFG) pure and alloyed (1-3wt% Mg) aluminum was processed by high pressure
torsion in ESI, Leoben, resulting in ø25 mm, 4mm thick discs with an average grain size of 160
nm (Al1%Mg) and 110 nm (Al3%Mg). Alloying Al with Mg allows to stabilize a small grain size
as pure UFG Al experiences grain growth even at room temperature. 1 x 3 x.5 mm rectangles
are then cut with an electro-discharge machine and mechanically polished down to 20-50 &m
thickness using SiC grinding papers of diminishing grids. A circular electron-transparent zone
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Figure 2. Coupling factor as a function of misorientation for [100] coherent tilt boundaries
in fcc metal. The two red curves ¯ Æ2tan(µ/2) and ¯ Æ2tan(¼/4 ¡ µ/2) are derived from
the CMST model [39]. The dots are experimental points from bicrystals experiments by
Gorkaya et al. [40].

is then created in the middle of these rectangles using a 33% nitric acid methanol solution in a
Tenupol electro-polishing unit at T=-10°C. The in-situ TEM straining experiments start by gluing
the samples on copper straining grids using epoxy glue or zirconia-based cement. A �rst step
consists in initiating a micro-crack at room temperature. This is followed by a mild annealing at
220°C for 5 minutes inside the TEM on a home-made heating-straining holder to remove most
of intra-granular dislocations. ASTAR–ACOM (Automatic Crystallographic Orientation Mapping)
is then performed to assess the new average grain size (270 nm for Al1%Mg and 145 nm for
Al3%Mg) and in the speci�c zone ahead of the crack tip on a CM20 FEG TEM. The reason UFG
Al is chosen over nc-Al is that e ¡ transparent regions are typically below 400 nm thickness in
these TEM foils. Having grain sizes much lower than that (typically in the 10-50 nm range) would
cause multiple grains to di Vract simultaneously, hampering their indexation. Grain-boundary
migrations are monitored during more extensive in-situ straining experiments carried out on the
CEMES-custom-made high temperature straining holder �tting a JEOL 2010 TEM. Once several
SCGBM events are recorded, the experiment is stopped and the sample is returned to the CM20
FEG TEM to perform a post-straining ASTAR-ACOM crystal orientation map. The shear induced
by grain boundary migration is assessed through digital image correlation analysis (open source
Open CV software [46]) from images captured from videos recorded through a MegaView III CCD
camera (SIS-Olympus) side-mounted on the JEOL 2010 TEM.

2.2. In-situ TEM results

Figure 3 is an example of the results obtained using the procedure that has been elaborated at
CEMES to quantify the coupling factor on known grain boundaries in UFG metals. Figures 3(a),
(b) are video stills extracted from a video sequence where a grain boundary migrates under stress
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(a) (b) (c)

Figure 3. Shear-coupled grain boundary migration measurement on a migrating grain dur-
ing an in-situ TEM straining experiment at 490 K. (a) Position of the GB before migration.
(b) After 52 s, the GB moves upwards (X represents a �xed point in the sample between both
video stills). (c) The carbon contamination accumulating during the initial sample heating
serves as markers for DIC. Points in each white square are compared to their initial position
prior to GB migration. Cross-correlation de�nes the direction and amplitude of the shear.
(arrows are 4x longer than the actual shear displacement).

(tensile stress, vertical on the pictures). The stress state is not known here, as a slowly opening
crack tip is located a few microns away (upper right corner) from the mobile GB. An evaluation
of the stress was made from a single spiral source operating near a crack-tip (zone similar to
those where SCGBM occurs). The line tension approximation ¿= ¹ b/2R, where R is the radius of
curvature of the dislocation and & the shear modulus of Al at 400 K (22 GPa) returned a resolved
shear stress¿Æ19§ 3MPa.

As in the example above, most of the GB movements are usually smooth and proceed by
alternating periods of activity and usually longer periods where they are immobile. Collapsing of
smaller grains usually accelerates until their complete annihilation, which suggests that surface
tension eVects take over when the GB size goes below 50-100 nm. In examples such as in Figure 3,
�at segments of GB are moving, excluding capillarity e Vects and attesting of the shear-coupling
mechanism.

Similar GB movements have been observed regularly in our in-situ TEM experiments even if
they are complicated to fully capture: GB migration under stress occurs among groups of grains
and may cease after a few seconds to resume in another location. These movements are then
limited in time and space and, to date, impossible to predict. The migration of GBs is almost
never jerky, but may proceed by successive rapid movements of segments while others stay put.
Speeds on the order of 1-2 nm/s are regularly observed. To analyze the shear produced by the
migration, simple digital image correlation (DIC) using a custom script is performed on two sets
of about 30 square zones (white squares in Figure 3(c) located ahead and aside from the moving
GB. Each square zone contains several markers (surface contamination) and the produced shear
is the average value returned by the square box displacement in the direction parallel to the GB
plane divided by the migration distance. In this case, this yields 3% in average (±1%). This average
is obtained after measuring shear migration couples at 29, 57 and 87 nm migrations. At each of
these steps, the shear was 0.8, 0.8 and 3 nm, respectively. Despite the DIC returning a sub-pixel
resolution, we cannot claim a resolution better than 1 nm, which may explain why the �rst two
measurements, being in the error bar of the technique, give the same value. Moreover, the marker
displacements are not everywhere parallel to the GB plane, which indicates that the overall strain
�eld resulting from deformation in neighboring grains is more complicated than a simple shear.
Overall, these small values are however typical of our experiments where coupling factors are low
in most cases: a signi�cant migration is therefore needed to obtain measurable coupling factors.
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