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Investigation of the elementary mechanisms controlling dislocation/twin
boundary interactions in fcc metals and alloys: from conventional to
advanced TEM characterization
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The elementary mechanisms controlling the interactions between lattice gliding dislocations and twin boundaries were
carefully analyzed using conventional and advanced transmission electron microscopy techniques in both bulk coarse-
grained Fe-Mn-C TWIP steels with deformation twins and nanocrystalline Palladium thin films with nanoscale growth
twins. The results reveal that the individual dislocation/TB reactions depend mainly on the stacking fault energy of the
material as well as the nature of the incoming dislocations nucleated during the plastic deformation of the material. It is
also demonstrated that such investigation requires dedicated and specific microscopic techniques depending on the
microstructure and the intrinsic properties of the crystallographic defects of the materials.
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1. General introduction

Twin boundaries (TBs) in face centered cubic (fcc) metals and alloys can be categorized into deformation, annealing,
and growth twins. These low-energy planar interfaces, which exhibit exceptional mechanical and thermal stability were
the subject of several studies in the past because of their beneficial effect on the mechanical behavior of these materials.
Recently, there is a strong renewed interest on these defects motivated by the recent development of new synthesis
techniques capable to produce bulk and small fce systems with well controlled populations of nanoscale twins.

Deformation twinning in fcc coarse-grained metals has been studied extensively in the past and recently reviewed by
Christian and Mahajan [1]. All these studies have revealed that the twinning tendency is largely determined by the
stacking fault energy (SFE) of the metal. For example, coarse-grained fcc metals with high SFEs such as Al and Ni
normally deform by dislocation slip, while fcc metals with low SFEs such as Ag primarily deform by twinning [2,3].
Based on this result, new and innovative strategies were thus developed for the enhancement of the deformation
twinning tendency in fcc coarse-grained metals. The most evident route is the use of alloying elements in these
materials for lowering of the SFE and the resulting enhancement of deformation twinning.

Recently, bulk nanocrystalline (nc) metals which can be defined as solids with grain sizes in the range of 1-100 nm
were successfully synthesized by either two-step approaches such as nano-powder synthesis and consolidation [4], or
one-step approaches such as severe plastic deformation [5]. Furthermore, following the observation of deformation
twinning in bulk nc metals, even in high SFE metals such as Al [6], there has been significant interest in studying
twinning as a deformation mode in these materials.

Another important breakthrough is the fabrication of fcc metallic thin films and layers with nanotwinned structures

using methods such as electro-deposition [7] or sputter deposition [8]. Nanotwinned fcc metals made via sputtering can
have twin boundary (TB) spacings as small as 2—4 nm and preferential alignment of {111} TBs normal to the growth
direction [8]. These as-grown nanotwinned structures exhibit unusual properties as compared to the above mentioned nc
metals. Typically, in nc metals with high-angle grain boundaries (GBs) the increased strength is accompanied by a loss
in ductility, thermal stability, and electrical conductivity. However, nanotwinned metals such as copper exhibit very
high tensile strengths, with good ductility, thermal stability, and electrical conductivity at room temperature [7].
It is worth mentioning that during the plastic deformation of the coarse-grained or nc materials, the interactions between
lattice perfect or partial dislocations with both growth and deformation TBs are inevitable. Such reactions, which are
expected to control the mechanical behavior of the twinned systems, have been observed both experimentally [7,9,10]
and by molecular dynamic (MD) simulations [11-13]. Twins are believed to be effective in simultaneously increasing
the strength and the ductility by acting as obstacle for lattice deformation dislocations as well as sources for dislocation
multiplication and storage via specific reactions between twins and lattice gliding dislocation at the twin/matrix
interfaces [7]. However, the fundamental mechanisms controlling the dislocation/TB reactions are still under debate
since these reactions are complex and affected by several parameters such as the SFE of the material, the properties of
the dislocations involved in the reactions, the presence of impurities, etc. Moreover, the investigations of dislocation/TB
reactions have not yet benefited much from new advanced transmission electron microscopy (TEM) techniques such as
aberration corrected microscopy, able to provide unique information at the nanoscale.

In the present paper, both conventional and advanced TEM techniques were used to unravel the fundamental
processes governing the interaction of lattice dislocations with deformation twins in bulk coarse-grained Fe-Mn-C
TWIP (twinning-induced plasticity) steels as well as with growth nanoscale twins in nc Pd thin films produced by
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electron beam evaporation. The paper also reports the evolution and the adaptability of the TEM techniques available
nowadays for the study of the dislocation/TB interactions in materials exhibiting different microstructural properties
(grain size, stacking fault energy, alloying elements, etc). This experimental approach will be of great importance for
the understanding of the mechanical behaviour of twinned materials and will yield new data for the continuously
growing efforts for the modelling of these reactions.

2. Dislocation/TB reactions in coarse-grained Fe-Mn-C TWIP steels

For several years now, focused studies have been carried out on what is called “twinning-induced plasticity” steels. The
acronym “TWIP” came after the similar “TRIP” acronym, which stands for transformation-induced plasticity, to
designate a new generation of advanced high-strength steels. It corresponds to specific Fe-Mn steel grades in which
mechanical twinning occurs and leads to a large strength—ductility balance thanks to an enhanced work hardening rate.
Such behaviour has been used for a very long time in Fe-Mn-C Hadfield steels, which were named after the work of
R.A. Hadfield [14]. However, despite several decades of research, the real origin of the large work hardening rate
exhibited by these steels remains partially unclear and a matter of debate. Also, in the literature, hardly anything can be
found on the TEM investigation of dislocation/TB interactions expected to affect strongly the mechanical behaviour of
these materials. It is thus the aim of the present study to elucidate the origin of the elevated work-hardening rate of Fe—
Mn—-C TWIP steels based on the investigation of these reactions.

2.1 Materials and experimental procedures

The chemical composition of the investigated Fe-Mn—C austenitic TWIP steels is Fe—20 wt.% Mn—1.2 wt.% C. Cast
ingots were hot rolled down to 3.5 mm in thickness, then cold rolled to either 1.5 or 1 mm thick sheets.
Recrystallization annealing was finally conducted prior to mechanical testing and microstructural characterization.
Tensile specimens were then strained to different levels up to fracture at room temperature. A huge uniform strain and
true stress at the onset of necking was observed resulting from a large hump in the evolution of the work-hardening rate
with strain [15].

Prior to the TEM observations, disks 3 mm in diameter were machined by electrical discharge machining from the
strained samples. Electron transparent areas were obtained by twin-jet electropolishing with a solution of 5% HCIO4
and 95% acetic acid at room temperature. A Philips (LaBs, CM20) transmission electron microscope operating at 200
kV was used for the observations. The character and the morphology of the extended defects (SFs and dislocations)
were identified using the bright-field (BF) technique in two-beam diffraction condition. In the next section, it will be
also shown that different dislocation components, i.e. perfect dislocations, Frank sessile dislocations and Shockley
partial dislocations (SPDs), are involved in the reactions between the lattice dislocations and the deformation TBs. In
order to characterize these dislocations, careful TEM examinations were carried out based on both the dislocation
geometry and the invisibility criterion g.b=0. This last condition was used in BF two-beam condition to identify perfect

dislocations with Burgers vector of type bZ%(l 10> . Furthermore, SPDs with Burgers vector bZ%(l 12) and bounding

SFs can be invisible when g.b is small, but not necessarily zero. It is also generally argued that SPDs are invisible for
|g.b|£%. SFs are invisible when the displacement vector Rz%(lll) is perpendicular to the diffraction vector g

(g.R=0). The two-beam dynamic theory originally presented by Howie and Whelan [16] and then modified by Silcock
and Tunstall [17] was used to identify Frank partial dislocations since these dislocations exhibit an anomalous
diffraction contrast. Indeed, Silcock and Tunstall [17] proposed the extended invisibility criteria based on their
calculation of intensity profiles considering anomalous electron absorption effects (two-beam dynamic theory). They

reported that the Frank partials exhibit a so-called “reversal of contrast” under 002 and 002 reflections. For example, a

Frank partial dislocation with Burgers vector b= %[1 1 1] will be visible with g=002 (g.b= +§) but out of contrast with
g= 002 (g.b= —%) in contradiction with the original criteria of Howie and Whelan [16] (all the partial dislocations

with g.b= ig should be visible irrespective of their plus or minus sign). In the original paper of Silcock and Tunstall

[17], the “reversal of contrast” was observed only for a dimensionless parameter W = fgs above 0.3 (with fg being

g
the extinction distance for the 002 reflection, and s, the deviation parameter extracted from the diffraction data). It was

also reported by Silcock and Tunstall [17] that the %[1 1 l] Frank dislocations give a characteristic strong oscillatory
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contrast when using the g= 220 reflection although the value of the product g.b=0 is zero. This condition will also be
used to identify Frank dislocations in the present study.

2.2 Results and discussion

The average grain size of the Fe-Mn-C TWIP steels under study was measured using the electron back scattered
diffraction (EBSD) technique and found to be around 15 um. Conventional diffraction contrast imaging was thus used
to investigate the extended defects within the large grains. Also, due to the large work hardening capacity of the Fe-Mn-
C, the number of the dislocations stored within the grains was quite elevated even for small deformation levels. This
makes the analysis of individual extended defects very difficult using high resolution TEM (HRTEM).

Figure 1 presents three micrographs obtained with different two-beam diffraction conditions in Fe-Mn-C sample
deformed to € = 0.02. This figure exhibits one planar defect corresponding to wide overlapping SFs bounded by partial
dislocations, and thus considered as a twinning precursor. Details on the investigation of the nucleation process of these
precursors are given in [15]. The present paper only focuses on the interaction between deformation lattice dislocations
with pre-existing deformation or growth twins. It is worth mentioning here that, by tilting the region shown in Fig. 1, it

was confirmed that the exact twinning plane for the twin precursor corresponds to the (ﬁl) plane [15]. In Fig. 1, a
curved dislocation line separating two different faulted regions in the twinning plane is indicated by a white arrow. This
dislocation corresponds to a twinning SPD gliding in the (ﬁl) twinning plane and dragging a wide SF behind it. This
dislocation is out of contrast with g=002, g =111 and g=200, even though it presents a small residual contrast in Fig. 1a

(corresponding to g=002). In the (ﬁl) twinning plane the unique SPD that satisfies the extinction condition (|g.b|= %)

with the three reflecting planes considered in Fig. 1 is the b= % [121] partial.

Fig. 1 Shockley partial dislocation in the twinning plane observed with (a) g=002, (b) g =111 and (c) g =200.

The BF micrograph of Fig. 2a, obtained with the reflecting plane g=002, shows other details on the twinning
precursors. Straight parallel dislocations associated with the overlapping SFs can be clearly observed. These
dislocations retain their straight morphology when the sample is tilted. They are thus not influenced by the applied shear

stress during deformation. These straight dislocations are parallel to the lliOJdirection, which corresponds to the

intersection between the (111) and (ﬁl) close-packed planes. They can thus correspond to:
(1) Sessile stair-rod dislocations formed by the stair-rod cross-slip mechanism proposed by Mori and Fujita [18] with

the dissociation of bz%[ﬁl 1] SPD lying initially in the (111) primary plane into a stair-rod dislocation with the
Burgers vector b=%[1_10] and another Shockley partial dislocation in the (ﬁl) conjugate twinning plane with

b= % [i2 1] (analysed experimentally in Fig. 1) following:

% El 1](1 m = %[ﬁo]Sessile + % [12 1](111) (1)
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In this case, the b=%[§l I]Shockley partial dislocation in the reaction (1) can be obtained by the dissociation of a

b= % [10 l] perfect dislocation in the (111) primary plane following:

%[101](111) - %[ﬁz](lll) +%[§1 1](111) (2)

The micrographs of Fig. 2b, obtained with the reflecting plane g=202, show pile-ups of narrowly dissociated
dislocations (marked by black arrowhead) that interact with the twinning precursor. SF fringes on another plane than the
twinning plane associated with the SPDs can also clearly be seen. In this case, the exact Burgers vector of the SPDs
could not be determined, since the microscope goniometer stage reached its tilt limit. However, from the orientation of
the SF fringes, it can be determined that the SPD lies in the (111) plane. It can thus be postulated that they correspond to

the b= %[112] and b= % [51 1] Shockley partial dislocations resulting from the dissociation given in the reaction (2).
(i1) Sessile Frank dislocations generated by the pole mechanism with the deviation process proposed by Cohen and

Weertman [19], with the dissociation of a b= %[10 l] perfect dislocation in the (111) primary plane into a Frank sessile

dislocation and the observed b= % [12 1] SPD in the (ﬁl) conjugate twinning plane following:

% EOI](111) - % [1_11]Sessile +% [121](111) (3)

Since perfect dislocations observed in the matrix were found to be dissociated into SPDs (Fig. 2b), the reaction (3)
requires the constriction of the SF and the recombination under the applied stress of the two Shockley partials of the
reaction (2) when meeting the TB.

A
&l

Fig. 2 (a) Straight sessile dislocations parallel to the lliOJ direction observed with g=002. (b) Dissociated Shockley partials

interacting with the twin precursor observed with g=202. “P” and “C” indicate the position of the primary and the conjugate twinning
plane.

In order to discriminate between the two potential mechanisms in the present case (i.e. the stair-rod cross-slip
mechanism [18] or the “pole + deviation” mechanism [19]), the distinction between Frank and stair-rod dislocations
was considered in more detail by considering the “reversal of contrast” exhibited by Frank dislocations under the two

opposite reflecting planes g=002 and g= 002 with varying W, according to the modified two-beam dynamic theory

proposed by Silcock and Tunstall [17]. Figure 3 shows a series of BF micrographs obtained with g = 002 and £2=002
on the straight dislocations related to the twinning precursors and expected to be stair-rod or Frank dislocations.

In the micrographs of Figs. 3a and b, the straight dislocations exhibit similar contrast under g = 002 and £=002 when
W = 0. However, in Figs. 3c and d, corresponding to W = 0.7, the straight sessile dislocations are visible with g= 002
but disappear with g=002 . In Fig. 3d, although the change in fringe position still yields some residual contrast, the

extinction is clearly visible for the two dislocations shown by arrowheads. This result confirms that the sessile
dislocations correspond to Frank dislocations in agreement with the results obtained by Silcock and Tunstall [17]. In

addition, the sessile dislocations expected to be a %[ﬁl] Frank dislocations exhibit, in Fig. 2b, a strong contrast with
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g=202 parallel to the twinning plane although g.h=0, which is a characteristic of Frank dislocations as also reported by
Silcock and Tunstall [17].

Fig. 3 BF micrographs obtained under (a) g = 002 with W = 0, (b) g=002 with W=0, (c) g= 002 with W =0.7 and (d) g=002
with W=0.7.

Based on these results, the pole mechanism with deviation proposed by Cohen and Weertman [19] is fully
compatible with the dislocations and extended defects observed here. This mechanism can be summarized as follows.

Under the applied stress, a% [iOl] perfect dislocation in the matrix primary plane dissociates when meeting the TB, into

a %[1_11] Frank sessile dislocation located at the intersection of the primary and conjugate planes and a %[i?.l] Shockley

partials, now gliding in the conjugate twinning plane, following the reaction (3). In Figs. la and c, two perfect
dislocations connected to Frank sessile dislocations are indicated by black arrowheads confirming the dissociation
process of reaction (3). These dislocations are invisible in Fig. 1b.

Figure 4 illustrate the mechanism controlling the dislocation/TB reactions in Fe-Mn-C TWIP steels as concluded
from the TEM observations. The pileups of extended dislocations in the primary plane interact with the TBs with the
systematic formation of Frank dislocations at the intersection sites between the primary and the conjugate plane. The
SFE of the present steel is not low enough to avoid the constriction of SFs in the primary plane under the applied stress
(15 mJ.m™ as measured in [15]). As a consequence, the two partials of reaction (2) recombine under the applied stress
when meeting the TB. Thus, the perfect dislocation is totally incorporated at the TB, followed by the dissociation of
reaction (3), with the production of Frank sessile dislocations and Shockley dislocations in the twinning plane.

Based on these results, it is clear that that the activation of the “pole + deviation” mechanism in Fe-Mn-C will
influence both the thickness of the twins and the resistance of the TBs for the penetration of lattice dislocations,
elevating thus the work hardening rate. On the one hand, due to the presence of a huge density of sessile Frank
dislocations at the twin/matrix interfaces (Fig. 2a), the mobility of the SPDs lying in the twinning plane will be certainly
affected and the thickening of the twins reduced. On the other hand, the sessile dislocations will act as strong obstacles
for further incoming lattice dislocations hampering thus the interaction of these dislocations with the TBs. Details
concerning the consequences of such features on the mechanical behaviour of Fe-Mn-C TWIP steels can be found in
[15].
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Fig. 4 Illustration of the dislocation/TB reactions in Fe-Mn-C TWIP steels

3. Dislocation/TB reactions in nanocrystalline Pd thin films

Nc thin metallic films suffer from a lack of ductility, which limits their use in a variety of applications involving
flexible electronics, MEMS, microelectronics, and thin functional coatings [20-22]. Ductility is directly connected to
the ability of a material to deform plastically without plastic localization or without damage. Often the limited
resistance to plastic localization is the main concern in thin films [23]. The resistance to plastic localisation is inherently
related to the strain hardening capacity, i.e. the capacity of metals to harden with plastic deformation. Same as for
nanostructured bulk metallic materials, the strain hardening capacity of thin metallic films is often very low, explaining
the weak ductility. The reasons for the low strain hardening capacity essentially relate to the absence of forest hardening
mechanisms when the grain size is in the submicron range.

Recently, we investigated ~25 nm grain size Pd thin films containing coherent growth TBs [24] deformed using a
novel concept of an on-chip nanomechanical testing stage [25]. An unexpected large strain hardening capacity
compared to what is currently reported for nc metallic thin films was observed leading to fracture strains as large as 8%
in some specimens and more than 1 GPa strength. This large strength/ductility balance was partly attributed to the
presence of nanotwins providing an isotropic hardening contribution to the strain hardening capacity [24].

The aim of the present paper is thus to present a detailed TEM analysis of the dislocation/TB reactions in Pd films to
elucidate their contribution on these remarkable mechanical properties. The results can be used for further enhancement
of the ductility of Pd films as needed for instance in Pd-based membranes in hydrogen applications [26].

3.1 Materials and experimental procedures

The Pd films were deposited by electron-beam evaporation on top of a 5 nm thick Cr layer to ensure proper adhesion to
the substrate (see details in [24,27]). The temperature of the substrate was limited to 100°C. Pd films with thickness of
310, 160 and 80 nm have been tested using a recently developed on-chip testing method [25]. The basic idea of this
technique devoted to the testing of submicron freestanding films is to use internal stresses introduced in a long actuating
beam to deform another material attached to it by removing the underneath sacrificial layer. The details about the
technique, the design rules and its range of applications are given elsewhere [24,25,27].

In order to uncover the mechanism(s) controlling the interactions of the lattice gliding dislocations with TBs, TEM
have been extensively used to characterize the evolution of the microstructure in the Pd thin films before and after
deformation. These in-depth TEM characterizations were mostly performed on the 310 nm thick films. Conventional
Bright field BF and Dark field (DF) TEM characterization was carried out with a CM20 (LaBg, 200 kV) microscope to
observe the overall microstructure at low TEM magnification (grain size, twins,...) while HRTEM was used to
determine the properties of the crystallographic defects at the nanoscale in a TECNAI G2 (Field Emission Gun, 200kV)
microscope. Proper analysis of the mechanism(s) controlling the dislocation/TB reactions has also required the
investigation of the dislocation cores. However, some of these dislocations exhibit strong strain field contrast in
conventional HRTEM images that masks the information on the defect core. On top of the adverse effect of the strain
field contrast, the resolution of non-aberration corrected electron microscopy is, in some instances, insufficient to image
the intricate details of a dislocation. To overcome these two issues, aberration-corrected high resolution scanning TEM
(HRSTEM) was adopted instead of conventional HRTEM to reveal the near-core properties of dislocations at the
nanoscale [28]. These HRSTEM experiments were carried out on a FEI Titan 80-300 “cubed” microscope fitted with an
aberration-corrector for the imaging lens and the probe forming lens as well as a monochromator, yielding a resolution
in STEM mode around 80 pm. An Annular Dark Field (ADF) camera length of 286 mm (detector inner semi-angle of
~16 mrad) was selected to allow some diffraction contrast on the ADF detector in order to easily recognize the
dislocations.
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3.2 Results and discussion

Figure 5 shows BF micrograph on cross-sectional TEM samples prepared by focused ions beam (FIB) technique from
310 nm thick as-deposited Pd films. This figure show that the Pd thin films exhibit a morphological texture with
columnar grains elongated parallel to the growth direction. The ring shaped selected area diffraction pattern (SADP)
shown in the upper right of Fig. 5 reveals the fcc Pd crystalline structure. No clear preferential crystallographic
orientation of the grains is detected from the SADP of Fig. 5, indicating the absence of a marked crystallographic
texture. The statistical distribution of the in-plane grain size and of the aspect ratio of the grains (grain height / in plane
grain size) in the as-deposited films yields an average grain diameter of 25.6+7.3 nm with an aspect ratio equal to ~7.
Around 200 grains were included in the analysis.

Fig. 5 BF micrographs obtained in cross-sectional FIB samples before deformation of 310 nm thick Pd films

A significant density of planar defects was observed inside the grains of the as-deposited Pd films as indicated by
white arrows in the BF micrograph of Fig. 5. These defects were identified as {111} nanotwins using the nanodiffraction

pattern provided in the lower right part of Fig. 5. Indeed, the diffraction pattern obtained from a TB region and oriented
along a (110) zone axis reveals the typical superposition of two mirrored (110) diffraction patterns with respect to the

{111} plane. Figure 5 also shows that most twins are not parallel to the surface of the film and that their orientation

changes randomly from one grain to another, confirming the absence of clear crystallographic texture. The twins are
heterogeneously distributed within the grains and over the film thickness. The distance between two subsequent TBs
ranges from 1~2 nm to 20 nm. About 20% to 30% of the grains are estimated to contain 1 or 2 TBs in the as-deposited
films. It important to note here that, due to the small grain size shown in Fig. 5 defect analysis using conventional TEM
proved to be very difficult. Thus, HRTEM was used to investigate the dislocation/TB interactions in the Pd films.
Figure 6a shows a HRTEM image of one nanograin with a lateral diameter of 21 nm, containing a 1.3 nm thick growth
twin observed in the as-deposited Pd film. The TBs in Fig. 6a are perfectly coherent and atomically sharp without steps
and any residual dislocations located at the TB. This result was confirmed by further HRTEM analysis of several TBs in
the as-deposited films. Furthermore, the grain of the Fig. 6a does not reveal significant dislocation activity. Indeed, the
HRTEM image of this figure exhibits a homogenous contrast free from dislocations. Only one dislocation in the upper
left part of Fig. 6a can be observed (see the high magnification insert). Although this dislocation is located at the
vicinity of one of the TBs, it does not correspond to a twinning SPD because the extra half plane of the dislocation does
not terminate at the twinning plane.

Figure 6b shows a HRTEM micrograph of a Pd film subjected to 4% deformation. This image exhibits a long grain
with one growth TB almost parallel to the film surface. Careful analysis of the TB, magnified in Fig. 6¢, shows that,
contrary to the HRTEM images of Fig. 6a, the TB of Fig. 6b has lost coherency. Indeed, the atomic structure of this TB
exhibits severe distortions associated to strongly inhomogeneous strain fields. Coherent TBs are characterized by their
thermal and mechanical stability compared to GBs. Shearing along coherent TBs is thus extremely difficult. Interactions
of gliding dislocations in the crystal lattice with the TBs must thus be invoked to explain the observed loss of coherency
of the TBs. This scenario is in agreement with the strong variations of the average contrast related to a high local
density of dislocations observed in the grain of Fig. 6b. Some of these dislocations are indicated in the micrograph of
Fig. 6b. They were probably nucleated from GBs during the plastic deformation of the films. Other HRTEM analyses of
Pd films before and after the release step show similar results, confirming that the Pd films deform by the activation of
slip systems inside the grains.
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Fig. 6 HRTEM images obtained in (a) as-deposited and (b,c) 4% deformed 310 nm thick Pd films.

A careful investigation of individual dislocations lying at the twin/matrix interfaces has been carried out using
HRTEM. For this purpose Pd films subjected to moderate strain were selected, in order to avoid the large distortion of
the atomic structure of the TB observed at large strains (Fig. 6¢). Figure 7 is a HRTEM micrograph of a single TB in a
Pd film subjected to 0.8% deformation.

Fig. 7 HRTEM image of a single TB in a Pd films deformed at 0.8%; 8 SPDs and only one Frank dislocation (FD) can be observed at
the twin/matrix interface.

In this image, distinct atomic steps can be observed along the TB. These steps are due to the presence of several
SPDs dragging large SFs in the twinning plane. The locations of the extra half planes related to these SPDs are
indicated in Fig. 7. This figure also reveals strong local residual contrast related to one sessile dislocation located at the
TB. This strain contrast hampers the investigation of the dislocation core and whether it is connected to other defects
(e.g., in the case of stair-rod sessile dislocation, a short SF connected to the TB and located in the matrix or in the
twinned region).

Figure 8 is a micrograph obtained by aberration-corrected high resolution ADF-STEM on the 0.8% deformed
sample, showing two sessile dislocations located at two parallel TBs. The dark contrast originating from the strain field
surrounding the core of the sessile dislocation in Fig. 7 is highly decreased and could be minimized even more by
reducing the ADF camera length to the high angle ADF (HAADF) regime. Here, however, an ADF camera length
(ADF detector inner semi-angle of ~16 mrad) was used to allow enough diffraction contrast in the image in order to
easily locate the dislocations and to provide a higher signal-to-noise ratio in the images at minimal dwell times.
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Fig. 8 High resolution STEM image of two parallel TBs in Pd film deformed at 0.8%. Two Frank sessile dislocations located at the
TBs can be distinguished. The strain field contrast related to Frank sessile dislocations is lowered by using ADF-STEM while the
resolution is severely improved compared to conventional HRTEM images. The exact position of the extra-half planes corresponding
to the two Frank dislocations can be clearly observed. A Burgers circuit was drawn around the core of one Frank dislocation in order
to determine its Burgers vector.

No SFs located in the matrix or in the twinned regions and connected to the sessile dislocations are observed in Fig.
8. It can thus be expected that these sessile dislocations correspond to Frank sessile dislocations instead of stair-rod
dislocations. Inverse Fast Fourier Transformation (FFT) images obtained on the region containing one sessile
dislocation in Fig. 8 reveal that the extra plane of this dislocation is parallel to the twinning plane. This result is in

agreement with a Frank partial dislocation with Burgers vector of type %(l 1 1). It also explains the shape of the strain

field surrounding this type of dislocation in Fig. 7, which is characteristic of a dislocation with Burgers vector
perpendicular to the twinning plane. Also, Fig. 8 shows the Burgers circuit drawn around the core of one Frank sessile
dislocation and used to determine its Burgers vector. The measured value was found to be 0.224 nm, very close to the

theoretical value of 0.223 nm for an edge %(1 1 1> Frank dislocation. Further HRTEM observations of TBs in Pd films

after deformation confirmed the presence of residual Frank sessile dislocations at the TBs. The origin of these
dislocations can be attributed to the interaction of an extended dislocation with a coherent TB. For example, labeling the

twinning plane in Fig. 7 as the (lil) plane, a perfect dislocation of fcc Pd in the matrix plane (lﬁ) with a Burgers vector
b=%[101] can nucleate from a GB under applied stress. When this extended dislocation is dissociated into two SPDs

bounding a narrow SF following:

%[101]->%[1b]+%[211] (4)

. . . . L . . . al-
the extended dislocation can interact with the coherent TB and dissociates owing to the applied stress into a b= 3 [111]

Frank sessile dislocation and a new %[121] SPD in the (lil) twinning plane following:

% [1 0 1](111) - % [ﬁl]Sessile + % [1 2 1](111) ®)

Since the SF energy of Pd is relatively high, the recombination of the two SPDs in the (lﬁ) plane following the
reaction:

a |7 a a
3[112]+g[211]—>5[1°1] (6)
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does not require a very high stress. Recently, Jin et al. [29] used MD simulations to investigate the interactions between
non-screw lattice dislocations and coherent TBs in pure fcc metals such as Cu, Ni and Al. For comparison with the
present work the case of Al is the most relevant one because of a SFE similar to Pd (160-200 mJ.m™ for Al, 100-180
mJ.m™ for Pd). The simulations revealed that, depending on the Burgers vector of the incident dislocation and on the
applied strain, the coherent TB may either allow complete slip transfer or act as a dislocation trap. Among the several
possibilities of interactions in Al, the simulations predict the dissociation, under 3% applied strain, of a 60° incoming
extended dislocation at the coherent TB into a Frank dislocation and a 30° SPD in the twinning plane, in agreement
with the observation of Frank dislocations, partial twinning dislocations and perfect dislocations within the matrix in the
present work (Figs 6b, 7 and 8).

Owing to the small grain size, most of the HRTEM images contain at least one individual grain (see e.g., Figs 6a and
6b). It was thus possible to precisely determine the total number and the nature of the dislocations located at TBs. In
Fig. 7, the two opposite GBs limiting the single TB are labeled GB1 and GB2, and indicated by dashed lines.
Furthermore, 8 SPDs can be identified along the TB, whereas only one Frank sessile dislocation is detected. Additional
HRTEM observations confirmed that the number of SPDs in the twinning planes of moderately deformed grains is
always larger than the number of Frank sessile dislocations. The dissociation reaction (5) cannot explain the excess of
SPDs compared to Frank sessile dislocations, as observed in the present work (Fig. 7). Indeed, from this reaction, for
one incident extended dislocation, one Frank dislocation will be produced at the TB, with the emission of one SPD in
the twinning plane. In this case, identical numbers of Shockley twinning dislocations and Frank dislocations should be
found along a TB (or even an excess of Frank sessile dislocations compared to glissile SPDs, the latter being possibly
absorbed by the nearby GB). On the other hand, the large number of SPDs in the twinning plane cannot be attributed to
the growth process, since, as demonstrated above, the TBs in the as-deposited films are perfectly coherent and do not
contain any intrinsic defects (Fig. 6a). Also, the twin growth mechanism was attributed to a GB splitting mechanism
instead of a twinning mechanism involving the nucleation and glide of SPDs [30]. Thus, another dislocation/TB
interaction mechanism involving the formation of new SPDs in the twinning plane but without any residual defect at the
twin/matrix interface should be invoked in order to explain the excess of SPDs compared to Frank dislocations observed
in Fig. 7.

Jin et al. [29] have found also that under 4% applied strain, the Burgers vector of the 60° incoming extended dislocation
is completely transferred across the TB. It dissociates at the coherent TB in three SPDs following the reaction:

a a a
E [1 Ol]matrix - E [1 Ol]twiﬂ + g [1 2 l]twi’mi”g _ plane (7)

Two SPDs form a new extended dislocation with b= %[IOI]MH gliding in the slip plane of the twin grain and a third one

isa %[121]90° twinning partial which is left in the twinning plane. Due to the twin symmetry, the leading and trailing

partials of the incoming dislocation exchange their order after the transmission. This mechanism does not involve the
formation of a residual Frank sessile dislocation at the twin/matrix interface. It thus explains the excess of SPDs
compared to Frank dislocations observed in Fig. 7.

Figure 9 summarizes the two most prominent mechanisms (labeled A and B) as concluded from the TEM
observations to operate during the plastic deformation of the grains involving twins. It is worth repeating here that the
high SFE of Pd will strongly affect the nature of the lattice dislocation/TB interactions. Indeed, the two reactions (5)
and (7) involve the systematic constriction (under the applied stress) of the SF of the incident dislocation, followed by
the recombination at the coherent TBs of the leading and the trailing SPDs. Additional contribution to the plastic
deformation can be provided by the transmission of screw dislocations across coherent TBs via conventional stress-
driven cross-slip. Indeed, due the high SF energy of Pd and the narrow splitting width between the partials, cross-slip
could occur spontaneously when a screw dislocation enters the coherent TB. However, this process will not leave a
visible signature for the ex-situ TEM imaging.

The dislocation/TB interaction mechanisms discussed here can partly explain both the high strength and the large
strain hardening capacity of the Pd films. The presence of nanoscale TBs provides adequate barriers to dislocation
motion. Indeed, TBs are considered as effective as conventional GBs in strengthening materials. However, dislocation
glide is inhibited along GBs because of their disordered structure. Hence, the GBs have limited capacity to
accommodate dislocations, resulting in a strength increase due to a Hall-Petch mechanism. The enhancement of the
isotropic part of the strain hardening capacity owing to coherent TBs can be related to two different (but related)
processes.

First, the coherent TBs offer multiple barriers to dislocation motion. In the present work, the efficiency of coherent
TBs for trapping dislocations was confirmed experimentally by the observation of the sessile FDs possibly resulting
from the dissociation reaction (5). According to this reaction, non-screw prefect dislocations can be dissociated when
interacting with coherent TBs into residual Frank sessile dislocations at the TB, and SPD in the twinning plane. The
accumulation at the TBs of Frank sessile dislocations with Burgers vectors out of the twinning plane produces a
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significant decrease of the TBs coherency (see Fig. 6¢). Also, due to these sessile dislocations, mobile SPDs in the
twinning plane could agglomerate during deformation and contribute to the decrease of coherency. The capacity of the
TBs to stop the gliding dislocations can be expected to increase with the accumulation of Frank sessile dislocations at
the interface, providing the strain hardening capacity. Second, TBs contribute to the increase of the work hardening by
acting as sources for dislocation storage and multiplication. The excess of SPDs compared to Frank dislocations
observed in Fig. 7 could be attributed to the complete slip transfer across TBs as predicted by reaction (7). The
multiplication of dislocations is thus preserved via the storage of new SPDs in the twinning plane, and/or via the
transmission of perfect dislocations from the matrix to the twin grain or vice versa. Other factors influencing the
mechanical behavior of the Pd films under study are detailed in [31].

Fig. 9 Schematic illustration of the two mechanisms expected to control the lattice dislocation/coherent TB interactions in
nanocrystalline Pd films with coherent growth twins; (A) dissociation of the incident dislocation into a Frank sessile and a Shockley
twinning partial dislocation; (B) slip transfer of the incident dislocation across the coherent TB, with the emission of a new SPD in
the twinning plane.

4. Conclusion

The fundamental processes governing the interaction of lattice gliding dislocations with both deformation and growth
twins were investigated, respectively, in coarse-grained Fe-Mn-C TWIP steels and nc Pd thin films using conventional
and advanced TEM techniques. The results show that several types of dislocations are involved in these reactions (e.g.
perfect dislocations, Shockley partial twinning dislocations and residual Frank sessile dislocation at the TBs). The
experimental TEM techniques used for the investigation of these dislocations can be categorized into two main groups
depending mainly on the grain size:

i) For coarse-grained materials, the BF or DF two beam techniques with the standard extinction criterions can be
used for the characterisation of perfect lattice dislocations and Shockley partials at the twinning plane. Frank sessile
dislocations located at the TBs can be characterized using the “reversal of contrast” method described in sections 2.1
and 2.2 of the present paper.

il) For nc materials, conventional HRTEM can be used to characterize perfect lattice dislocations and Shockley

twinning partials while the ADF-HRSTEM have proved its ability to reveal the near core properties of residual Frank
sessile dislocations by minimizing the contrast of the strong strain field surrounding this type of dislocations.
It was also demonstrated that, owing to the small grain size in nc materials, the total number and the nature of the
dislocations located at TBs can be precisely determined and used for the improvement of the investigation of the
dislocation/TB reactions. Such behaviour cannot be accomplished in coarse-grained materials because in most cases the
TBs expand in the thicker part of the TEM foils.

The results also show that TBs act as barriers to dislocation motion as well as sources for dislocation storage and
multiplication via specific TB/dislocation reactions with a positive impact on the strength-ductility balance in these
materials. The reactions depend mainly on the SFE as well as on the nature of the incoming lattice dislocations. In-situ
straining TEM experiments are under preparation for direct observation of the dislocation/TB reactions shown in the
present work.
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