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ABSTRACT.

Magnesium oxide nanocubes are compressed along the [001] direction in situ in the
transmission electron microscope. Incipient plasticity in the smaller samples is characterized
by the nucleation of few %2<110>{110} dislocations while a larger number of line defects is
observed in larger nanocubes. Yield and flow stresses scattered stochastically above a
minimum value varying as the inverse of the sample size. The upper bound is given by the
reduced number of dislocation sources. Such size-dependent behaviour is justified by a

detailed statistical analysis and is fully explained by the deformation mechanism.
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IMPACT STATEMENT

We unravel the size-dependent strengthening origin in MgO single-crystals using in situ TEM.
The proposed lower and upper bound models of the yield stress are applicable to any single-

crystalline material.

INTRODUCTION

The strengthening of crystals with decreasing size has been reported in many micromechanical
testing configurations and has led to the paradigm of “smaller is stronger” [1]. In single-crystals,
compression tests of micropillars and nanoparticles have shown different behaviours as a
function of size, crystalline lattice, orientation and surface state [2-5]. A power law fit is

generally used to account for the evolution of the yield stress oy as a function of the sample size d

[6]:
oy = Ad™* + o,

where x and A are positive reals, and o, represents the yield stress in bulk single-crystals. The
exponent x has been reported to range between 0.60 and 0.97 for FCC lattices [7-12], and
between 0.22 and 0.48 for BCC crystals [13, 14] with a significant dependence on crystal
orientation [15]. Several exponent values have sometimes been found within the same material

and, for some sizes, the behaviours of BCC and FCC metals converge [16].

Two main mechanisms have been proposed to account for this size-dependent response.
Confinement can lead to line-tension induced strengthening due to the presence of a significant

amount of pre-existing dislocations in a limited volume [17-21]. In dislocation-free nano-objects,



plasticity occurs by surface dislocation nucleation events that can alternate with starved states [5,
22-24]. This leads to a stochastic behaviour related to the probability of finding a surface defect
on which dislocations can nucleate. Dunstan and Bushby showed that the scaling exponent x =1
was compatible with all available data acquired on pillars, implying that the size effect can be

related to the dislocation curvature mechanism in systems originally containing dislocations [25].

We report here a comprehensive experimental study of the size effect and the associated
deformation mechanisms in magnesium oxide (MgO) single-crystalline nanocubes. MgO is
characterized by dislocation slip in two slip system families, i.e. ¥.<110>{110} and
%<110>{100} [26]. Critical resolved shear stress in MgO exhibit high lattice friction typical of
thermally-activated glide processes as shown by the predominance of screw character
dislocations, when deformed at room temperature [27, 28, 29]. Herein, we focus on the MgO
nanoparticle deformation process, and in particular, on deformation process transition that occurs

when changing the sample size, and on its consequence on the stress scaling exponent.

MATERIALS & METHODS

MgO nanocubes were synthesized according to the methods described in supplementary
information (SI). The nanocubes are single-crystals and exhibit {100} faces. No bulk lattice
defects such as dislocations, grain boundaries or twinning, could be observed in nanocubes

smaller than 200-300 nm.

In situ TEM nanocompression tests were carried out using a dedicated specimen holder, see
details in SI. Tests were performed with a displacement rate, most often, set to 2 nm.s™t. Among
all tests performed, only a set of 17 is presented in this study. The selected tests correspond to the

most successful ones including best alignment conditions, minimum deviation of the sample



during the test, enhanced contrast and successful post-processing.
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Figure 1. BF TEM images of MgO nanocubes (near [100] zone axis) extracted from compression
tests along the [001] direction. a, ¢, €) nanocube of size 114 nm before load, at ~15.1% and ~20%

strain. b, d, f) nanocube of size 262 nm before load, at ~29% and ~30% strain. Two dislocations

are indicated by black arrows.

RESULTS

Typical Bright Field (BF) images of a smaller (size 114 nm) and a larger (size 262 nm) MgO



nanocubes, acquired before the compression tests, are provided in Figure 1a and Figure 1b,
respectively. Both nanocubes are compressed along the [001] direction and observed along the
[100] zone axis. The small nanocube does not show any contrast, which suggests the lack of pre-
existing dislocations. This is confirmed by Weak-Beam Dark Field (WBDF) analyses (see Sl).

On the contrary, the larger nanocube exhibits two thin mobile dark lines attributed to dislocations

(see movies available at https://www.youtube.com/channel/UCqgqllZ1X_wbRI1IHKsvdFelLw).
This confirms that larger nanocubes may contain pre-existing dislocations, whereas the smaller

ones are dislocation-free.

In situ TEM compression tests and Molecular Dynamics simulations have shown that the onset of
plasticity in dislocation-free MgO nanocubes is governed by nucleation and propagation of
1<110>{110} dislocations [30]. Surface dislocation nucleation and propagation account for the
contrasts observed during the test of the 114 nm sized nanocube shown in Figure 1c. After unload
(Figure 1e), the smaller sample shows no clear contrasts attributed to a lack of defects (starved
state). In the following, the indexation method provided in Sl is used to rigorously characterize
slip systems and dislocation characters. Figure 2a shows a TEM image of a 195 nm sized
nanocube at the onset of plasticity using the WBDF imaging mode, with a zone axis near to the
[100] direction and using the diffraction vector g = (002). Only a few dislocations appear in the

sample, as shown in Figure 2a. Three long screw dislocations segments lying in the

1/2 [011](011) slip systems are identified, with short terminations of edge character. We believe
that this anisotropic shape is due to the high lattice friction that restricts screw dislocation
mobility, as for bulk MgO single crystals deformed at low temperature [29, 30]. In conclusion,

the deformation of smaller nanocubes is characterized by consecutive ¥2<110>{110} surface

dislocation nucleation and starvation events that lead to quasi dislocation-free states after unload.


https://www.youtube.com/channel/UCgqIlZ1X_wbRl1HKsvdFeLw
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Figure 2. TEM images of nanocubes at different stages of in situ compression tests. a) WBDF
TEM image using the diffraction vector (002) of a 195 nm nanocube at yield stress.
Crystallographic models are shown in the inset. b) WBDF image of a 355 nm sized cube at zero
load after 22% true strain (diffraction vector used g = [113]).

Figure 2b shows a dislocation burst originating from a singular contact between the indenter and
the top surface. Surprisingly, the sample holds most of the nucleated dislocations after unload.
This behaviour is observed in all samples with sizes larger than 200-300 nm that exhibit similar

dislocation microstructures. Mechanical responses for larger nanocubes are also smoother than

those for smaller ones (Figure 3). Indeed, the larger number of dislocations required to



accommodate plastic deformation (when compared to smaller samples) induces a further
discretized and distributed plastic relaxation, thus a better load control when increasing the

sample size [21].

©
o
S
T 4 a 4
a £ 03 l
e > ]
5 0.2
a 120 nm 3
£ 3 S 01 ]
2] [}
? 0.0
% 00 01 02 03 04 05
2_ . . . —
) Engineering strain (-)
£ 170 nm
(o))
(=
(I}
14 -
450 nm
o T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Engineering strain (-)

Figure 3. Experimental engineering stress-strain curves of MgO nanocubes of different sizes, all
compressed along the [001] direction. The inset shows the onset of the curve for the 450 nm
nanocube. Arrows indicate the lower and upper positions of the yield point used to determine the

yield stress and its error bar.

Figure 3 shows stress-strain curves for several MgO nanocubes with different sizes, all
compressed along the [001] direction. The nanocubes underwent several compression cycles but
for clarity reasons, only the first cycles are reported and discussed. The curves obtained for
nanocubes with sizes of 90 to 262 nm exhibit well-defined linear regimes (elastic domains). For
the smallest nanocubes (90, 120 and 170 nm), the curves have the same slope, equal to that of the
unloading part. The 262 nm cube exhibits a slightly lower slope attributed to a slight
misalignment of the nanoparticle at the very beginning of the test, which only influences the
critical strain (not the nanocube yield strength). For all these cubes, the linear regimes are

interspersed by stress drops revealing dislocation nucleation events. The yield stress is then



defined as the maximum stress before the first stress drop.

The curve obtained on the 450 nm cube is far smoother, with no significant stress drop. This
behaviour might be justified by a transition in the main deformation process, especially as the
initial dislocation content has shown to depend on size. The reduction in the slope of the elastic
line is also attributed to nanocube misalignment. We consider that the yield point is thus very
uncertain in this specimen and adopt the two break-points marked in the inset of Figure 3 as the

upper and lower limits of its error bar.

Yield stresses are shown in figure 4 and corresponding strain rates are summarized in SI. We
believe that the observed flow stress variations are related to the size-induced plasticity process
transition, i.e. from dislocation nucleation to dislocation multiplication, and to the evolution of
dislocation microstructure, i.e. from very few dislocation to numerous dislocation populations,
rather than on strain rate (see discussion in Sl). Figure 3 emphasizes the size effect where data are
fitted with the equations o = ad™ or o = ad™ + co. A least-squares (LS) fit with a and x as fitting
parameters and op = 0 returns the exponent x = 1.1 + 0.25. Fitting ov as well, x drops to 0.7 + 0.7,
with on = -1 £ 2 GPa. Other values of x are also available, e.g. x = 1.3 £ 0.2 when LS fitting of a

straight line is done on the log-log axes.
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Figure 4. Dependence of the yield stress on the nanocube size. The experimental points ( ®) are
fitted to o= ad™ and o= ad™ + op using LS fitting on linear axes (blue lines and chain-dotted
red lines, respectively). A LS fitting of a straight line on log-log axes is shown in the inset
(dashed black line). The dotted black lines are the result of the outcome of the Maximum
Likelihood (ML) fit calculated for o= ad™ with three parameters defining an asymmetric
probability distribution functions of the residuals. The two graphs plotted above the 200 nm
tickmark show the LS Gaussian pdf (blue) and the ML pdf (black) for the residuals, centred on
the respective curves of best fit.

Stress-strain curves obtained on the largest three cubes are quite smooth and reveal continuous
plastic flow, typical of dislocation multiplication, whereas the curves obtained on the smallest
cubes exhibit well-defined stress drops attributed to nucleation events. Such different trends can
be compared with the mild and wild behaviours introduced by Weiss et al. [31, 32]. When mild,
the scatter of the yield point is expected to be symmetric around the best fit. In contrast, the
scatter from the wild data should always lie on or above the best fit, as higher stresses are
required to enable dislocation nucleation. So, the expected probability distribution function (pdf)
of the residuals should not be the Gaussian assumed by LS fits but a narrower Gaussian with a
broader tail on the positive side only. The likelihood of the residuals is calculated for ad™ and
maximized with respect to a, x, and three parameters defining the pdf (o1 of the narrower
Gaussian, o» for the width of the tail, and f for the fraction of the probability that is in the tail).
The outcome of this ML fit is x = 0.95 + 0.10, with o1 = 0.06 + 0.02 GPa, o» = 1.3 + 0.3 GPa and
f=10.66 £ 0.14. Comparing this fit with the LS ad™, the value of the log-likelihood is increased
from —-17.5 to —10.5. The Bayesian information criterion is decreased from 43.5 to 38.5, which
indicates a substantial preference for the ML model. It can be concluded that plasticity in MgO

depends on the nanocube size: (i) the lower bound of the yield stress is given by the 1/d curve,



and (i) the nanocubes having a yield stress above this curve exhibit wild plasticity, in agreement

with the theory proposed elsewhere [33-35].
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Figure 5. Dependence of the elastic strain (yield stress oy divided by the Young’s modulus at
bulk Y = 248 GPa) on the normalized nanocube size (linear size d divided by the lattice constant
ao = 0.421 nm). The brown points are the lowest and highest stresses observed in the range of
deformation from 0.2 to 0.3. The cyan highlighting identifies the data where plasticity is
governed by dislocation propagation; the other data show the strain bursts and stress drops
characteristic of small-scale plasticity (nucleation-starvation mechanism). The blue curve
represents the minimum strength that any small volume of material can have when plastic
deformation is enabled by normal dislocation multiplication and propagation mechanisms [40].
The red chain-dotted curve is the sum of the size effect equation and the equation of Phani et al.
[33-35].

DISCUSSION

To investigate the universality of the model, Figure 5 plots MgO nanocubes data in normalized
form, i.e. stresses divided by Young’s modulus (Y = 248 GPa for bulk MgO) and linear sizes
divided by the lattice parameter (a0 = 0.421 nm for MgO). We consider yield points only when

they are readily identifiable on the stress-strain curves. In that case, error bars represent
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uncertainties on the measured value, due to the signal-to-noise ratio or to the possible presence of
a change in slope before the first stress drop. The lowest and highest stresses observed in the
range of deformation from 0.2 to 0.3 are also used. We also show data for InGaAs epitaxial
strained layers for comparison. InGaAs layers were grown to thicknesses greater than their
critical thickness, so that the misfit strain was partially relaxed by plastic deformation [36]. The
residual elastic strain for a thickness h was 0.8 nm/h, in good agreement with the prediction from
critical thickness theory of ~5b/h where b is the relevant component of the relevant Burgers
vector [37]. However, to avoid issues of Schmid factors, this is expressed, rather, as ~1.4ao/h.
The solid blue line, obtained by the fit to the InGaAs data and the above-mentioned theoretical
considerations, represents the minimum strength that any small volume of material can have
when plastic deformation is enabled by normal dislocation multiplication and propagation
mechanisms. The MgO data, within error, are consistent with this size effect, mostly lying close
to the minimum strength curve where mild deformation arises (d/ap > 500) or above the minimum

strength curve (d/ao < 500).

In sufficiently small volumes, especially when the volume is limited by free surfaces, it is
possible for the normal dislocation multiplication and propagation mechanisms to be prevented
(dislocation starvation). Considering that as the size of a specimen is reduced, the number of
dislocation sources or other defects capable of initiating such events may be only a few, Phani et
al. used Poisson statistics and analysed the results of Monte Carlo simulations [33]. They
concluded that an upper bound could be put on the observed scatter of yield strengths between

the bulk strength on and the theoretical strength,

_ pip?
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where p;p, is the linear density of such defects (the reciprocal of the average distance between
them), ¢ relevant specimen size, and «, taken to be 0.05, the proportion of events that occur
above the upper bound. We add this function to the size-effect minimum strength, since it is an
additional strengthening mechanism, and plot it in Figure 5, for 1/p;p =120 nm and o = 50
MPa, value of the macroscopic yield stress of bulk MgO compressed at room temperature along
the <001> direction [29]. Data are then expected to fall anywhere between the minimum strength
and this upper bound, as indeed they mostly do. This confirms the stochastic behavior of MgO
nanocubes for d/ap < 500, where nucleation and starvation are the rate-controlling mechanisms.
We conclude that the experimental results are explained by and are consistent with the size-effect
minimum strength and the number-effect stochastic strengthening. The size dependence is
particularly visible in MgO, which combines a very high theoretical strength due to lattice
friction and a very low bulk strength. We suggest that such behaviour can be generalized to any
monocrystalline nanomaterial — including BCC and FCC metallic single-crystals - but as the size
dependence depends on both parameters, its effect may be less pronounced, or the transition may

occur at different sizes.
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