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In-situ bright field transmission electron microscopy (TEM) nanomechanical tensile testing and

in-situ automated crystallographic orientation mapping in TEM were combined to unravel the

elementary mechanisms controlling the plasticity of ultrafine grained Aluminum freestanding thin

films. The characterizations demonstrate that deformation proceeds with a transition from grain

rotation to intragranular dislocation glide and starvation plasticity mechanism at about 1%

deformation. The grain rotation is not affected by the character of the grain boundaries. No grain

growth or twinning is detected. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4868124]

Thin metallic films with grain sizes ranging between

25 nm and 500 nm are commonly used in a variety of micro-

electronics, coatings, microelectromechanical systems

(MEMS), or stretchable electronics applications. These films

are subjected to mechanical loads originating from internal

stress or external forces caused, for instance, by the thermal

expansion mismatch with the substrate.1,2 The ductility,

strength, creep, and fracture properties of these systems must

be thus controlled or adapted to the in-service conditions to

preserve functionality. The mechanical properties of thin me-

tallic films are directly related to the fundamental atomistic

plasticity mechanisms active at the nanoscale, the associated

defect distribution and topology, and the resulting size

effects. The most common microstructure-based size effect

in polycrystalline materials is the strength dependence on the

inverse of grain size, i.e., the famous Hall-Petch effect.3,4

When the grain boundary (GB) spacing is reduced down to

50 nm or even smaller, i.e., in so-called nanocrystalline (nc)

materials, the Hall–Petch relationship has been shown to

break down (i.e., inverse Hall–Petch)5–7 due to the activation

of GB mediated processes. However, the specific defect

properties controlling these processes at the nanoscale such

as the GBs character, the local orientation of the grains and

the nature of the mechanisms controlling the interactions of

the GBs with the elementary atomistic deformation mecha-

nisms, and the resulting size effects are not well documented.

Several fundamental questions remain such as the nature of

the elementary processes active just above the Hall–Petch

breakdown, why these mechanisms shut down and how to

possibly control this transition by microstructure engineer-

ing? Recently, the development of a new generation of

advanced instruments for in-situ transmission electron mi-

croscopy (TEM) nanomechanical testing has allowed estab-

lishing a one-to-one relationship between load-displacement

characteristics and stress-induced microstructure evolution

in TEM.8–10 Most of the studies reported in the literature

have focused on the use of in-situ bright field TEM (BF-

TEM) or dark field TEM (DF-TEM) and in-situ high resolu-

tion TEM (HRTEM) giving access to information about

crack propagation,11,12 dislocation processes,13–16 or GB

migration in a few well oriented grains.17–19 Nevertheless,

quantitative analysis in terms of grain size distribution, char-

acter of GBs, twinning, and texture evolution using these

techniques remains difficult. Very recently, Kobler et al.20

have combined automated crystal orientation mapping in

TEM (ACOM-TEM) to obtain full orientation maps with

nanometer resolution and in-situ TEM nanotensile testing on

sputtered nc Au thin films, closing the gap between electron

back scattered diffraction (EBSD) and BF/DF-TEM. In the

present work, it will be demonstrated that a step forward in

the investigation of the elementary mechanisms controlling

the plasticity of ultra-fine-grained (ufg) materials can be

made by combining in-situ ACOM-TEM with in-situ BF-

TEM nanomechanical testing allowing direct visualization

of dislocations activity in the ultra-fine grains.

Electron beam evaporated Aluminum (Al) freestanding

thin films have been produced using microfabrication techni-

ques based on MEMS-type procedures.21–24 The experimen-

tal details of the synthesis can be found in the supplementary

material.31 The investigation of the grain size distribution asa)Electronic mail: hosni.idrissi@ua.ac.be.
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well as the crystallographic texture has been performed on

the as-processed freestanding Al thin films using ACOM-

TEM. The ACOM-TEM plane-view orientation map in Fig.

1(a) shows that the microstructure consists of equiaxed ufg

grains and Fig. 1(b) displays the corresponding grain size dis-

tribution with a mean value of 342 6 17 nm. The film thick-

ness is about 300 nm and the film contains, thus, for most of

the volume, only one grain over the thickness, as can be seen

in the BF-TEM image in Fig. 1(c) obtained from a focused

ion beam (FIB) prepared cross-section of an as-deposited Al

film. The GBs are almost perpendicular to the plane of the

film, indicating a continuous columnar growth. A few dislo-

cations originating from the deposition process can be

observed in Fig. 1(c) within well-oriented grains.25

A strong {111} texture parallel to the growth direction

is revealed by the pole figure of Fig. 1(d). This ufg Al system

exhibits grain sizes ranging between 100 nm and 1 lm, and

constitutes thus an ideal candidate to investigate the transi-

tion between competing or cooperating intragranular and

intergranular deformation mechanisms. In-situ TEM uniaxial

tensile experiments were performed on submicron Al beams

using the PI 95 TEM PicoIndenter from Hysitron., Inc. (see

supplementary material31). Figure 2 presents the true stress-

true strain curve extracted from the in-situ TEM tensile test-

ing of one Al beam (see supplementary material31) at a con-

stant displacement rate of 0.1 nm s�1. The deformation was

stopped at a strain e� 0.06, i.e., before fracture. Three defor-

mation regimes can be distinguished in Fig. 2. Regime I cor-

responds to a purely elastic behavior. The Young’s modulus

measured in this regime is equal to 70 GPa in agreement

with the value expected for bulk Al. A deviation from regime

I can be observed at the position marked by a dark arrow in

Fig. 2, i.e., regime II, at e� 0.002 and r� 240 MPa. The

overall yielding of the sample (i.e., regime III) starts at

e� 0.011 and r� 750 MPa. This regime clearly involves

bursts of plasticity events leading to significant load drops. A

Bauschinger strain of 0.005 was measured from the unload-

ing of the specimen at e� 0.06, see Fig. 2.

Figures 3(a)–3(c) exhibit three BF-TEM snapshots cap-

tured during the in-situ TEM loading within the regimes I, II,

and III at e¼ 0.0015, e¼ 0.008, and e¼ 0.036, respectively.

Note that, in these figures, only few well oriented grains can

be observed due to the variation of the diffraction conditions

from one grain to another. In the elastic regime I, no changes

of the diffraction contrast in the visible grains of Fig. 3(a)

were observed during straining. In regime II, a few grains,

such as the one labeled “G1” in Fig. 3(b), start to deform

plastically. Indeed, a dark line indicated by a white arrow-

head has formed in this grain. This line does not correspond

to a dislocation line but to a bend contour which is an imag-

ing effect observed in bent crystals. The bend contours indi-

cate the position of crystallographic planes in Bragg

conditions with the electron beam. The formation of these

artifacts in grain “G1,” thus, confirms that the local orienta-

tion of this grain has changed due to the activation of plastic-

ity mechanisms. After the macroscopic yielding of the

sample (i.e., regime III), the number of grains exhibiting

bend contours significantly increases as indicated by the

multiple white arrowheads in Fig. 3(c), proving that the ma-

jority of the grains are deforming plastically. Based on these

observations, the transition between regime I and II revealed

FIG. 1. (a) ACOM-TEM map of as-

processed freestanding Al thin films.

(b) Grain size distribution extracted

from the ACOM-TEM data. (c) BF

image obtained on cross-sectional FIB

sample. (d) {111} pole figure.

FIG. 2. True stress- true strain curve extracted from the uniaxial tension

response of one Al beam (see supplementary material31).
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in Fig. 2 can be attributed to the initiation of non-elastic

mechanisms in a few grains. Microstructure heterogeneities

in terms of grain size and orientation lead to a long micro-

plasticity stage.

Figure 3(d) shows a dynamical sequence of BF images

starting at e¼ 0.036 (regime III) in grain “G1” of Fig. 3(b).

These images demonstrate discontinuous and interrupted

movement of bend contours which constitutes an indirect evi-

dence of local orientation changes due to dislocation activity

in the grain interior and/or plasticity events at GBs inducing

grain rotation. The motion of bend contours cannot be attrib-

uted to the global tilting of the sample since simultaneous

changes of diffraction contrast of all the visible grains (i.e.,

rigid body motion) was not observed. Occasionally, local dis-

tortion of the contrast of bend contours was observed during

their movement, which may be related to their interaction

with dislocations. However, such a feature is very difficult to

confirm because, in contrast with the two-beam conditions

commonly used to visualize dislocations, direct TEM obser-

vation of dislocation activity in randomly oriented grains

exhibiting bend contours is not straightforward. Figure 3(e)

exhibits dislocations activity starting at e¼ 0.042 (regime III)

in the grain “G2” of Fig. 3(c), almost oriented in two-beam

diffraction condition. In this grain, one dislocation line indi-

cated by a white arrow appears and disappears with a waiting

time close to 1 s. Such a feature is characteristic of the dislo-

cation starvation mechanism8,14,26,27 with dislocations nucle-

ating and immediately escaping at the surface of the sample.

This mechanism is in agreement with the presence of only

one grain over the thickness of the Al beam (Fig. 1(c)). The

dislocation starvation mechanism also explains the flat macro-

plastic regime III (Fig. 1(d)) with almost no strain hardening

because of the absence of a dense dislocation network in the

interior of the grains. The waiting time of 1 s separating the

escape of the dislocations through the surface (Fig. 3(e)) can

be attributed to the presence of a 5 nm thick native oxide layer

at the surface of the Al thin films as revealed by electron

energy loss spectroscopy (EELS) and energy filtered TEM

(EFTEM) (see supplementary material31). Similar behavior

has been reported in the literature during in-situ TEM testing

of submicrometer Al single crystal and ufg Al thin films.14,28

Although the TEM observations confirm the participa-

tion of the dislocation starvation mechanism in the overall

plastic response, no conclusion can be made regarding the

contribution of GB mediated processes such as grain rotation

and GB sliding from the motion of bend contours revealed

by in-situ BF-TEM (Fig. 3(d)) as well as the role of these

mechanisms during the early stages of plastic deformation.

Indeed, revealing grain rotation with quantitative parameters

using in-situ BF-TEM is impossible because of the lack of

local orientation information.

Figure 4(a) shows an ACOM-TEM orientation map of an

Al beam before deformation. The beam contains 85.2% of

high angle GBs (HAGBs) with misorientation angles higher

than 15�, 4.2% of low angle GBs (LAGBs) with misorienta-

tion angles lower than 15�, 2.7% of
P

9 coincidence site lat-

tice (CSL) GBs, and 7.8% of
P

3 growth twin boundaries.

The positions of these twin boundaries are shown in Fig.

4(b). In order to avoid creep during an ACOM-TEM experi-

ment with an Al beam under load,29 the Al beam of Fig. 4(a)

was strained to e¼ 0.01 at a displacement rate equal to 0.1

nm s�1, unloaded, followed by the acquisition of the

ACOM-TEM data. The same procedure was repeated with

strain increments De¼ 0.01 up to e¼ 0.04. Thus, only the

permanent plastic changes of the microstructure can be

revealed using this method. Furthermore, because of the diffi-

culty to observe changes in grain orientation visually, a nu-

merical comparison of the orientation changes of individual

grains based on the analysis of the evolution of the orienta-

tion density functions (ODFs) after each straining cycle was

used.20 Figures 4(c) and 4(d) show the changes in orientation

of two selected grains (labeled “G1” and “G2” in Fig. 4(a))

FIG. 3. BF images obtained at a strain

(a) e¼ 0.0015, (b) e¼ 0.008, and (c)

e¼ 0.036, respectively. (d) Dynamical

BF-TEM sequence starting at

e¼ 0.036 and showing the motion of

bend contours. (e) Four BF snapshots

starting at e¼ 0.036 and illustrating the

dislocation starvation mechanism.
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with respect to their initial orientation as a function of defor-

mation. It can be seen in Fig. 4(d) that these two grains rotate

between e¼ 0 and e¼ 0.01 and keep nearly the same orienta-

tion until e¼ 0.04. Figure 4(e) exhibits the same plot for all

the grains of the beam. They all follow the same trend with

an average orientation change of 1.3� between e¼ 0 and

e¼ 0.01 followed by a nearly unchanged average orientation

regime in which only slight variations of the local orientation

of the grains can be observed. It is worth noting that, since

the global change of the local orientation of the grains

between e¼ 0 and e¼ 0.01 falls within the angular resolution

limit of the ACOM-TEM technique (� 1�), it was not possi-

ble to determine precisely the rotation axis of individual

grains and thus to confirm (using the ACOM-TEM data) if

these orientation changes correspond to collective grain rota-

tion or to the global tilting of the sample. However, the global

tilting of the sample can be excluded because, as explained

above, simultaneous changes of diffraction contrast charac-

teristic of rigid body motion of the sample, easily detected in

TEM, was not observed. Moreover, similar global change of

the local orientation of the grains can be expected when the

sample is strained to higher deformation level, which is

clearly not the case as can be seen in Fig. 4(e). Finally, it can

be anticipated that any misalignment which can occur at the

early stage of straining will affect the extracted Young’s

modulus which is clearly not the case in the present work

(see Fig. 2).Grain rotation is thus the most plausible explana-

tion of the global change of the local orientation of all the

grains between e¼ 0 and e¼ 0.01 shown in Fig. 4(e). All the

grains of the Al beam have rotated after 1% deformation con-

firming that this mechanism is not influenced by the character

of the GBs.

The transition shown in Fig. 4(e) can be attributed to the

transition of the plasticity mechanisms at 1% deformation

from GB interfacial plasticity causing GB sliding to intragra-

nular plasticity with dislocation glide and starvation revealed

in Fig. 3(e) using in-situ BF-TEM. The sliding along the

GBs leads to the bending or shearing of the grains involving

thus a rotation. No grain growth or deformation twinning

was observed during the present in-situ ACOM-TEM tensile

testing.

Based on these results, the following scenario can be

envisaged to explain the macroscopic deformation behavior

of the ufg Al thin films tested in the present work.

(i) From e¼ 0.002 to e¼ 0.01: microplasticity mecha-

nisms are activated as revealed by in-situ BF-TEM

(Figs. 3(a)–3(c)) leading to a gradual elasto-plastic

transition (i.e., regime II in Fig. 2). The ACOM-TEM

results show that most of the plastic deformation in this

regime is accommodated at the GBs. Indeed, clear col-

lective grain rotation was captured using in-situ
ACOM-TEM (Fig. 4(e)) whereas in-situ BF-TEM indi-

cates that this collective orientation change is not due

to a rigid body motion. The average local orientation

change of the grains is equal to 1.3�. Such a feature is

attributed to GBs sliding due to a dislocation activity

confined at the GBs. Very recently, dislocation activity

confined at the GBs at the early stage of plastic defor-

mation has been reported by Mompiou et al.28 on ufg

freestanding Al thin films. The grain rotation induced

by GB sliding is facilitated by the limited geometrical

constraints due to the presence of only one grain over

the thickness (Fig. 1(c)). Also, it was demonstrated that

the grain rotation in this regime is not affected by the

character of the GBs indicating that the intergranular

plasticity is probably triggered by the local stress con-

centrations associated to the GB grooves. Other mecha-

nisms such as local strain accommodation at non-

equilibrium triple junctions may also participate.

(ii) After e¼ 0.01, most of the dislocation activity is trans-

ferred from GBs into the interior of the grains with dis-

locations nucleating from intragranular sources and/or

GBs and escaping the surface of the sample (Fig. 3(e)).

Such a feature can be explained by the presence of one

grain over the thickness and the resulting strong image

forces acting on the dislocations (i.e., extrinsic size

effect). The dislocation starvation mechanism also

explains the lack of strain hardening in the macroscopic

plastic regime (Fig. 1(d)). The coupling between the

high ductility and the absence of strain hardening

observed in Fig. 1(d) is a characteristic of strain rate

sensitive materials (otherwise necking should occur)

involving thermally activated plasticity mechanisms

such as the dislocation starvation and the GB sliding

mechanism revealed in the present work.

The present study demonstrates that both GB mediated

processes and dislocation based mechanisms can be acti-

vated in ufg materials with a mean grain size close to 300

nm. Again this raises questions regarding the critical grain

size reported in the literature (�40 nm, see recent review in

Ref. 30) from which GB mechanisms are expected to start to

FIG. 4. (a, b) ACOM-TEM orientation and twins maps. (c) Selection of the

two grains “G1” and “G2” shown in Fig. 4(a). (d) In-situ local orientation

changes of the grains “G1” and “G2.” (e) In-situ local orientation changes of

all the grains shown in Fig. 4(a).
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operate, yielding the inverse Hall–Petch phenomenon. The

results, in addition to demonstrating the complexity of the

small-scale plasticity processes controlling the deformation

of materials with very small grains, also bring about the

necessity to combine several advanced techniques to gener-

ate a complete physical picture. In the present work, we have

demonstrated that the combination between in-situ BF-TEM

nanomechanical testing and ACOM-TEM nanomechanical

testing can play a pivotal role towards a better understanding

not only of the fundamental mechanisms operating at the

nanoscale in ufg materials but also of the competition and

the synergy between these mechanisms. In the future, the

focus will be on the use of the same method to investigate

the elementary processes controlling the fracture of nc and

ufg materials such as the interactions between GBs and the

atomistic cracking mechanisms.
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