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Abstract

Alloying nanocrystalline copper with immiscible elements, such as tantalum

(Ta) and zirconium (Zr), is a promising technique to manipulate grain boundary

properties and by this suppress grain growth at elevated temperatures. How-

ever, insights on the atomistic origins on the influence of impurity elements on

grain boundaries are lacking. In this study, the atomistic effects of Ta and Zr

on [111] tilt grain boundaries in Cu are investigated by high resolution scan-

ning transmission electron microscopy techniques. In case of Ta, the formation

of spherical, nano-scale precipitates in close vicinity to the grain boundaries is

observed, but no sign of segregation. The particles induce a repelling force to

migrating boundaries and act as local pinning points. The segregation of Zr

is observed to occur either at confined grain boundary steps or homogeneously

along the boundaries without steps. In both cases as strong disordering of the

defect or grain boundary structure is revealed. Furthermore, at low Zr concen-

trations it induces structural GB transitions and partial atomic reordering of

the grain boundary structural units.

Keywords: Grain boundaries, atomic structure, transmission electron

microscopy, structural transitions, grain boundary pinning

1. Introduction

Grain boundaries (GBs) have been investigated over many decades because

of their enormous importance to tailor material properties [1, 2, 3, 4, 5]. Even
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though many experimental and theoretical studies have been employed to un-

ravel the structure, energy, mobility and diffusion behavior of special GBs, a5

detailed understanding of the atomistic mechanisms of GB segregation effects

and their impact on GB properties is lacking [6, 1, 7, 8, 9, 10, 11, 4]. The main

challenge to establish a generalized picture in this field results from the huge vari-

ety of GB types [2], the difficulty to experimentally access their atomic structure

and to correlate it directly to the GB properties. Mostly atomistic simulations10

are employed to explore GB structures and effects of impurity segregation, al-

though these studies are limited by the accessibility of reliable semi-empirical

atomic potentials [1, 12, 13, 14, 15].

Already ∼ 50 years ago the structural unit (SU) model was introduced in

order to describe the atomic structure of special coincident site lattice (CSL)15

GBs by repeating 2D building blocks [16, 1, 12]. A GB that consists only of one

single unit type is called a delimiting boundary. The SU model predicts that

each GB with misorientation Θ can be constructed using only the units from

the delimiting GBs. Many theoretical studies focused on the description of the

structural units of different symmetric and asymmetric GBs [6, 7, 1, 12]. Frost20

et al. [6] presented a catalogue of predicted structures for [001], [011] and [111]

symmetric tilt GB in face-centered cubic (fcc) hard sphere crystals. Wang et al.

[7] followed the approach and presented structures of [001] and [111] tilt GBs

and their energies. However, more recent studies have shown that the SU model

does not work in general for all kinds of GB, e.g in low stacking fault materials25

and for long period GBs [17, 18]. Therefore, the SU model was revisited and

extended by Han et al. [19] including stable and metastable GB structures as

delimiting boundaries.

The development of aberration-corrected transmission electron microscopes

(TEM) made possible to experimentally access the atomic structure and chem-30

istry of GBs. In recent years, several studies explored the atomic arrangements

of special tilt GBs in ceramic, metallic and semiconductor systems [20, 21, 22,

23, 24, 9, 25]. Yu et al. also showed that periodic segregation pattern can be

formed at more general GBs and that these reconstruction are not dependent
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on the grain misorientation but rather on the orientation of the terminating35

grain surfaces [25]. In combination with complementing atomistic simulations

it is possible to unravel intrinsic GB properties, such as segregation behavior

or cohesive properties. These detailed insights enabled GB engineering as a

major research field in order to tailor materials properties by manipulating the

structure and chemistry of GBs [26]. Introducing impurity elements at GBs is a40

promising way to modify specific GB properties, such as cohesion, mobility and

energy. The reason for such property deviations can be explained by structural

and chemical transitions, which are difficult to access at atomic resolution due

to experimental restrictions [27, 28, 29, 10]. Recently, Peter et al. reported

on segregation-induced nano-faceting transition of an asymmetric copper (Cu)45

tilt GB [24]. Only the combination of atomic resolution scanning TEM (STEM)

and molecular dynamics simulations were able to reveal the underlying atomistic

and thermodynamic origins for the nanofacet formation.

An emerging field where GBs and their transitions play an important role

are nanocrystalline (nc) and nano-structured materials [30, 31, 32, 33, 34, 35].50

They have recently received broad attention because of their unique proper-

ties. Especially the mechanical behavior of such materials is to mention here

since the yield and flow stress as well as the hardness can increase quite signif-

icantly [36, 37, 38, 39]. Nanocrystalline Cu is a particularly interesting candi-

date because of the excellent electrical and thermal conductivity of Cu [5] and55

its remarkably high strength [40, 36]. However, rapid grain growth and the re-

sulting instability of the microstructure at elevated temperatures strongly limit

its commercial application. A way to stabilize the grain structure up to the

melting point has been achieved by alloying with immiscible elements. It has

been proposed that these elements tend to segregate to GBs and either kineti-60

cally or thermodynamically prevent grain growth. The kinetic approach utilizes

second phase precipitation to pin migrating GBs, a process know as Zener pin-

ning [41, 42]. In the thermodynamic approach, the GB free energy is reduced

by solute segregation and thus the driving force for grain growth is decreased

[43, 44, 45]. Two prominent candidates for stabilizing the nc grain structure are65
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zirconium (Zr) and tantalum (Ta).

The formation of nano-scale Ta clusters or precipitates in nc Cu have been

shown to increase the strength and stability of the microstructure, referred to

as kinetic approach. In ref. [46] the hardness was found to increase by more

than a factor of 2 compared to pure Cu with comparable grain size. Close to the70

melting temperature the alloy suffered less from grain growth and could retain

the extreme hardness. At the same time, the Cu matrix maintains its excellent

electrical and thermal properties [47, 48]. However, a major disadvantage is

the production of these alloys. Not only the solubility of Ta in Cu is neglegible

[49], but also the diffusion of Ta inside the Cu matrix is at temperatures below75

1000◦ C [46]. Furthermore, the underlying atomistic mechanisms of Ta segrega-

tion to GBs and GB pinning have been explored mainly by simulations. Only a

few detailed TEM studies exist, investigating the effect of Ta on the atomistic

mechanisms of GBs, e.g ref. [50, 46].

Zirconium was seen as an excellent candidate to stabilize nc Cu due to its80

poor solubility in Cu (0.12 at.% at 972◦ C [51]), the tendency to segregate to

GBs and glass phase formation [52]. Atwater et al.[53] showed that adding only

1 at.% Zr can stabilize the nanoscale grain size by forming small scale inter-

metallic phases and Zirconia (ZrO2) at GBs. In contrast, Khalajhedayati et al.

[52] reported the formation of amorphous intergranular films, which are assumed85

to reduce the GB energy and therefore the driving force for GB migration.

In this study, the effect of Ta and Zr on the atomic structure is investigated.

In order to observe the atomic structure of GBs in TEM, both grains need to

share a common zone axis parallel to the electron beam direction, which is true

for tilt grain boundaries. Textured thin films with mainly [111] tilt GBs This can90

be achieved by growing Cu thin films growth onto sapphire (0001) substrates,

which and is explained in detail in Ref. [54]. Thus, defined [111] tilt GBs are

produced by molecular beam epitaxy (MBE) in order to systematically study

the same GB structures and possible structural transitions by the addition of

solute atoms (Ta and Zr). The representative GBs in this work are two symmet-95

ric Σ 19 b and corresponding asymmetric variants, with deviations of maximum
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∼ 6◦ from the symmetric orientation. The Σ 19 b is amongst the most com-

mon special and low Σ GB in these films and can be easily reproduced. It was

found that they occur in two symmetric variants and vicinal asymmetric GBs.

The GBs exhibit long period structural units, which can be further decomposed100

into sub-units. Even though only the GB inclination changed by 30◦ , the two

GBs show strongly differing atomic structures, which do not agree with the SU

model as described above. The Cu films are alloyed by sputter depositing Ta

and Zr thin films at room temperature followed by a subsequent post-deposition

annealing treatment and it is shown that GB diffusion is fast enough to intro-105

duce large amounts of Ta and Zr into the GBs. The effect of both impurity

elements on the atomic structure is investigated by aberration-correct STEM.

It is shown that this is a simple process to introduce spherical, nano-scale Ta

precipitates at GBs, which act as local GB pinning points by bending the local

GB plane. The segregation behavior of Zr is observed to occur in two different110

ways. At a planar asymmetric GB, Zr homogeneously decorates the GB and

causes a strong disordering of its atomic structure. Confined Zr segregation to

GB steps is observed for a nano-faceted GB, where the steps are more disor-

dered compared to the clean GB steps. At the symmetric GB facets structural

transitions compared to the clean GB facets are observed.115

2. Experimental Details

Cu thin films were grown by molecular beam epitaxy at room temperature

on (0001) oriented Sapphire substrates followed by a post-deposition annealing

for 4 hours at 400 ◦C. For the segregation experiments, the Cu film surface was

sputter cleaned prior to deposition of Ta and Zr thin films. Subsequently, 50nm120

Ta and 100nm Zr films were deposited each separately at room temperature

on a small piece of the Cu film. The Zr/Cu film was annealed for ∼ 5 hours

at ∼ 400 ◦C under high vacuum conditions. The annealing temperature and

time were chosen rather small in order to prevent the formation of intermetallic

phases at the GB and the sample surface. The Ta/Cu film, however, was an-125
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nealed for ∼ 24 hours at ∼ 600 ◦C. Since Ta diffusion in Cu is almost zero, a

much higher temperature and longer annealing time was chosen in order to acti-

vate GB diffusion. A higher temperature for higher diffusion was not chosen to

be sure that the films remain thermally stable and prevent dewetting of the Cu

film. Therefore, the temperature was chosen to be at least half of the absolute130

melting temperature of Cu. Thin film texture and global grain structure was

determined by electron backscatter diffraction (EBSD) in a JSM-6490 (JEOL)

operated at an acceleration voltage of 30 kV . TEM specimens of special GBs

were prepared either by a site-specific plan-view focused ion beam (FIB) lift-out

as described in ref. [55, 56] or as conventional cross-section lift-outs using a dual135

beam SEM / FIB instrument Helios Nanolab 600i (Thermo Fischer Scientific).

EBSD has been performed only on the pure Cu films, since no diffraction pat-

tern could be recorded through the remaining Ta and Zr. STEM imaging was

performed in a probe-corrected FEI Titan Themis 60 − 300 (Thermo Fischer

Scientific) S/TEM equipped with a high-brightness field emission gun and gun140

monochromator operated at an accelaration voltage of 300 keV using a high an-

gle annular dark field (HAADF) detector (Model 3000, Fischione Instruments).

The semi-convergence angle was chosen to 17mrad and HAADF images were

recorded with a collection angle range of 73 − 200mrad and a probe current

of ∼ 80 pA. For energy-dispersive X-ray spectroscopy (EDS) the probe current145

was raised to ∼ 150 pA and X-rays were collected with the ChemiSTEM system

(Thermo Fisher Scientific). Bright field (BF), dark field (DF) and high resolu-

tion TEM imaging was done in an image-corrected FEI Titan Themis 80− 300

(Thermo Fischer Scientific) TEM under negative Cs (−10µm) conditions us-

ing an accelerating voltage of 300 keV [57].APT specimens were prepared by150

site-specific FIB lift-out using a dual beam workstation Helios Nanolab 600i

from Thermo Fischer Scientific. Final low energy cleaning at 5 kV and 40 pA

was performed to minimize the Ga content in the sample, which was found to

be at the background level in the regions of interest. The measurements were

conducted in a LEAP 5000 XR local electrode APT from Cameca Instruments155

in laser pulsing mode. The specimen temperature was set to 50K, while the
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laser pulse energy of 85 pJ at a frequency of 125 kHz were used to evaporate the

sample at a detection rate of 0.7 %. The presence of oxides and other impurity

elements was detected only close to the top surface indicating possible contam-

ination during sample preparation and transfer between instruments. These160

initial sections, corresponding also to the Zr film, were discarded to focus on

the Cu grains and their GBs and no further oxides were found.

3. Results

3.1. Global thin film grain boundary structure

EBSD reveals that the Cu films grow with [111] texture, as shown by the165

inverse pole figure (IPF) map in Fig. 1. The film’s grain structure is shown in

the image quality map (IQM). The grain size can be determined to ∼ 100µm±
50µm. The large error in average grain size results from a strong scatter in

the grain size distribution, which includes grains with diameters of ∼ 300µm

down to ∼ 10µm. The grain size distribution is shown in Fig. 1 (c). Most170

grains exhibit a round shape (in 3D it is therefore cylindrical due to small film

thickness compared to the grain size), which translates to continuous changes in

GB inclination along each grain boundary. Approximately 80% of the GBs are

low angle and twin boundaries (Σ 3). The remaining ones are different low Σ

boundaries, such as Σ 7 (∼ 1 %), Σ 9 (∼ 0.3 %), Σ 19 b (∼ 7 %), Σ 31a (∼ 2.5 %),175

Σ 37c (∼ 8 %). The most frequent GBs are highlighted by colored lines in Fig. 1.

The white/black regions in the center of the IPF/IQM illustrates positions from

where TEM specimens were extracted by FIB. This procedure ensures that each

TEM specimen only contains specific, pre-selected types of CSL boundaries; in

the present case a Σ 19 b GB.180

3.2. Atomic structure of pure Σ 19 brain boundaries

The atomic structure of four different GBs is depicted in Fig. 2 and Fig. 3.

Two are symmetric Σ 19 b with a misorientation of ∼ 47◦ and GB habit planes

(25̄3) and (18̄7), which corresponds to a change in boundary plane inclination
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of 30◦ (see Fig. 2 (a) and (c)). The other two GBs are asymmetric variants of185

the two symmetric GBs with different GB plane orientation resulting in small

angular deviation between ∼ 2− 6◦ (Fig. 3 (a) and (d)).

The Σ 19 b (25̄3) in Fig. 2 (a) is a straight and flat GB, which remains in the

symmetric orientation for ∼ 100nm. It is difficult to observe longer segments

of these GB orientations, since the grains have mostly a cylindrical shape and190

therefore the GBs are often stepped or faceted. In between these segments, the

same symmetric structural units can be consistently observed. The common

description of CSL GB structures is obtained by characteristic structural units

(SU) [16, 19]. The full SU of the Σ 19 b (25̄3) can be divided into two sub-

units as highlighted by red and green circles in the magnified view of the yellow195

rectangle of Fig. 2 (b). The filled red circle marks the CSL positions at this

GB. The red sub-unit exhibits a square shape formed by 8 atomic columns

followed by the green sub-unit, a trapezoid consisting of 4 columns. According

to the nomenclature of the SU model, the GB structure can be written as

| S T · S T |, where S represents the red, squared and T the green, trapezoidal200

sub-unit. According to [19], the vertical lines | represent one GB period along

the GB plane and ” · ” means that the sub-units are shifted along the GB by a

half period. In the whole GB segment these two sub-units alternate and form

the GB and disruptions of this sequence at the symmetric segments were not

observed. With respect to its appearance, this GB structure is termed zipper205

structure in the following.

The Σ 19 b, (18̄7) shows a very different atomic structure (see Fig. 2 (c))

with a change in GB inclination by 30◦ . This boundary also remains straight

over a length of ∼ 100nm, but its SU appear completely different to that of the

zipper structure. The red box highlights the region of the GB from where the SU210

are displayed in magnified view in Fig. 2 (d). Also here, two characteristic sub-

units, marked by green and red circles, are observed. A particular arrangement

of four of these sub-units builds up the repetitive unit of the GB. The green

sub-unit consists of one ”pearl chain” type arrangement (5 atomic columns) and

one distorted rectangle (red), similar to the red sub-unit of the zipper structure.215
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The total SU is composed of a combination of these two sub-units, which are

mirrored with respect to the grain boundary plane, as is indicated in Fig. 2 (d)

by the SU model notation. Here the SU notation is | RP · RP· RP · RP|,
where R represent the distorted rectangle (red), P the pearl chain (green) and

the Rand Pthe mirror operation of the two sub-units with respect to the GB220

plane. It is obvious that this GB exhibits a longer period structure, since 4

sub-units build up a full SU. Also here, no deviation from this arrangement

was observed for the symmetric boundaries. The filled red circles show CSL

positions switching periodically from the left to right side of the GB due to the

mirror operation of the sub-units. This GB structure is termed pearl structure225

in the following.

Asymmetric GBs with a small deviation of ∼ 2 − 6◦ from the symmetric

orientation are frequently observed for both Σ 19 b boundaries when tracing the

GBs. For each GB one example is illustrated in Fig. 3 (a) and (c). Interestingly,

both GBs show a different way of compensating for the asymmetric inclination230

of the GB habit plane. In case of the zipper structure, the GB dissociates into

∼ 4nm long symmetric (25̄3) facets that are regularly interrupted by steps

as illustrated in Fig. 3 (a) and (b)). The magnified view, indicated by the

purple rectangle, in Fig. 3 (b) highlights a GB step and shows an extended,

disordered core structure. The CSL of the single symmetric facets still fit nicely235

together (not shown here) so that the step seems to be a shift along the CSL.

The facet length, and hence the number of steps, as well as the step height of

∼ 0.5nm adjusts in such a way as to compensate for the overall deviation in

grain boundary plane inclination from the symmetric orientation of ∼ 5◦. For

the pearl structure, a different scenario is observed, as demonstrated in Fig. 3240

(c). Instead of decomposing into facets and steps, here, the asymmetric GB

plane remains straight and incorporates additional sub-units to compensate for

the asymmetric inclination, as indicated by blue arrows (Fig. 3 (d)). The inset

(see Fig. 3 (c)) shows a magnified view of the area highlighted by the blue

rectangle. These sub-units appear similar to the ”pearl chain” (green sub-unit)245

of the symmetric case and their repeat distance depends on the magnitude of
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angular deviation. In the present GB, this deviation is ∼ 3◦ and the repeat

distance of the extra units is ∼ 2nm.

3.3. Tantalum segregation and grain boundary pinning

Fig. 4 shows conventional and high resolution TEM images of a cross-section250

specimen of the Cu film alloyed with Ta. The alumina substrate is located at

the bottom, the Cu thin film containing a GB in the central region and the

50nm Ta film is located in the top part of the BF TEM image of Fig. 4 (a).

The length of the GB was measured to ∼ 975nm and its overall appearance is

straight. However, the region highlighted by a blue box, reveals a step towards255

the right grain, as shown in the HRTEM image in Fig. 4 (b). The step size

is measured to ∼ 6.4nm. Along the GB three of these steps can be observed,

as illustrated by the blue arrows in Fig. 4 (a) so that the total step height

between the top and bottom part of the GB adds to ∼ 18nm. Therefore, it

can be assumed that the GB migrated towards the right during heat treatment.260

Furthermore, a spherical Ta precipitate with ∼ 14.4nm in diameter is observed

roughly in the middle part of the GB, directly in front of the step (see Fig. 4

(b)). A particle found in the upper GB region (red box) is illustrated in the BF

image of Fig. 4 (c). It shows a more elliptical shape with a size of ∼ 12.4nm

and 9.1nm and is directly located besides the GB, while the image contrast265

reveals that it is still connected to the GB. The high resolution TEM image

of Fig. 4 (d) shows that the right grain is in [011] zone axis orientation, while

the left grain is off zone axis and only the (2̄00) lattice planes can be resolved.

We observe that the grain boundary still adheres to the particle and that the

right grain in front of the particle is extended into the region of the left grain,270

twisting the GB plane. It appears that the GB moved across the precipitate,

but was not able to detach from its backside. A STEM-EDS measurement in

the same region and magnification as Fig. 4 (d) identifies the particle as a Ta

precipitate. An elemental map of the Cu-Kα and Ta-Lα map is shown in Fig.

5 (a) and the corresponding X-ray spectra, one from the Cu matrix (red) and275

one from the particle (blue), in Fig. 5 (b). Additionally, a pronounced oxygen
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peak is observed in the region of the Ta-particle indicating that the particle

could be oxidized. However, it should be mentioned that this might also be a

result of the FIB sample preparation process and more likely, exposure of the

specimen to air during sample handling. From the high resolution image in Fig.280

4 (d), the particle appears amorphous. Investigating the fast Fourier transform

(FFT) of HRTEM images in other orientations and different particles did also

not reveal any indication that the particles are crystalline. An example of an

FFT obtained only from the Ta-particle is shown in the inset of Fig. 4 (d).

3.4. Zirconium segregation and grain boundary disordering285

Adding Zr to the thin film reveals a different segregation behavior than for

Ta. The results for an asymmetric ∼ 49◦ [111], (16̄5)\(1 1̄6 15) GB with the pearl

structure is shown in Fig. 6 (a). The planes deviate from the symmetric (18̄7)

plane by ∼ 2.3◦ and ∼ 3.4◦. In the STEM micrograph, the GB appears dark

under HAADF conditions and the identification of structural motifs is barely290

possible. This contrast is observed almost entirely along the GB. A magnified

view of the atomic structure is illustrated in the insets of regions highlighted by

purple and red rectangles in Fig. 6 (a). A strong high pass Fourier filter was

applied in order to emphasize the structure. Despite the weak atomic column

contrast, similar structural units, indicated by green and red dots, as in the295

pure Cu GB of Fig. 3 (d) can be identified in the purple region. But as shown

in the area marked by a red box in Fig. 6 (a), distorted or even disordered

variants of the structural motifs are observed. The blue colored atomic columns

show additional sub-units resulting from the asymmetry of the GB. In the upper

region only one line of extra atomic columns is visible, while two extra lines are300

found in the lower part. The STEM-EDS maps of the Cu-Lα and Zr-Lα X-ray

lines taken in the purple region of Fig. 6 (a) are illustrated in Fig. 6 (b) and

clearly reveal that the GB is strongly decorated with Zr. The corresponding X-

ray spectra, taken from the grain interior (red) and at the GB (green) are shown

in Fig. 6 (c). The inset in the spectrum, indicated by a dashed box, illustrates305

the intensity modulation of Cu, Zr and O by taking a line scan across the GB.
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The maximum standard deviation of the EDS line profiles was determined by

calculating the standard deviation in a sliding window of ∼ 0.5nm and is shown

as inset in Fig. 6 (c). The peak-to-noise ratio of the integrated Zr-Lα X-ray line

profile across the GB is ∼ 4 indicating clear evidence for Zr enrichment. No clear310

sign of O enrichment at the GB is observed in the line scan, although a slight

oxygen (O) peak is present in the GB spectrum of Fig. 6 (c)). All together, Zr

leads to a strong disordering of the GB structure, which leads to displacements

of atomic column positions perpendicular to the viewing direction. This in turn,

leads to de-channeling of the electrons, which leads to an effective reduction of315

the atomic column intensity in the HAADF images.

In the case of an asymmetric ∼ 49◦ [111], (123̄)\(2̄11) GB, adapting the zip-

per structure, an inhomogeneous segregation of Zr is observed, which appears

as dark contrast regions at the GB steps as seen in the HAADF image of Fig.

7 (a) (marked by the white arrows). The corresponding STEM-EDS measure-320

ments reveal that these regions are Zr and O rich, as can be seen from the

corresponding X-ray spectrum extracted from the orange rectangle in Fig. 7

(b). The Zr signal disappears almost entirely at the symmetric GB facets (blue

rectangle) and within the Cu matrix (magenta rectangle). This observation is

further supported by two intensity profiles extracted across the GB and the GB325

step, as indicated by arrows. A drop in Cu signal at the GB step is observed,

while both Zr and O intensities increase (Fig. 5c). In this line profile the O

and Zr signal are more noisy compared to the former example in Fig. 6 (c),

again illustrated by the maximum standard deviation shown in the insets in

Fig. 7 (c) and (d). In the case of the GB step, the peak-to-noise ratio of the330

integrated Zr-Lα X-ray line profile is only ∼ 2, which is high enough to confirm

segregation of Zr to the GB steps. The O intensity increase may be a result of

oxidation of Zr in the GB step, but in view of the APT measurements on a fully

Zr decorated GB shown in Fig. 9, a complete Zr-oxide formation is unlikely.

The detection of O in each location of the specimen indicates that the surface of335

the TEM specimen was oxidized. The large Zr rich regions are mainly located

at the steps between symmetric segments, but also smaller Zr rich regions in the
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clean symmetric segments are observed rarely (seen also as black contrast), as

illustrated in Fig. 8 (a) in the green rectangle. A 0.5nm wide dark spot can be

seen in the middle of the clean symmetric facet, indicating that also here small340

amounts of Zr could be located in such confined regions. While the facets of the

clean GB show a homogeneous length distribution, the facet length in the Zr

segregated case varies between 1nm (first facet in Fig. 8 (a)) and 6nm (facet

in the image center in the green box). This can either be induced by the Zr

segregation or could also be due to the local GB curvature. Such a behavior was345

not observed for a clean GB, but the statistics on these observations are low.

Furthermore, the steps differ in contrast with respect to each other, suggesting

that the amount of Zr differs for each step.

Since the quantification of STEM-EDS data obtained under strong channel-

ing conditions used here is limited, more precise information on the GB compo-350

sition was obtained by APT shown in Fig. 9. As EBSD measurements were not

successful, because of the remaining Zr film on top of the Cu, it is not known

what kind of GB was investigated here. But it still gives very good and detailed

information about the elemental distribution and the amount of Zr segregated

to the GBs. To directly relate the GB structure and the chemistry, one would355

need to do correlative TEM and APT measurements. The reconstruction in Fig.

9 (a) shows all Cu atoms as red and Zr atoms as green dots. Zr is segregated

homogeneously along this GB and its accumulation can be better approximated

in the concentration profile (see Fig. 9 (c)). In the corresponding mass spec-

trum, no significant amount of oxygen was found within the detection limit. It360

is concluded that pure Zr is located at the GB core and no intermetallic Cu-Zr

phases or a ZrxO1−x were formed, as intended by the annealing treatment. The

solute atomic excess of Zr at the GB was calculated following ref [58, 59] with

an average of 2.76 ± 0.24 at
nm2 . The absence of oxygen signal in the APT data

supports that variations in the oxygen signal of the STEM-EDS data are mainly365

related to surface oxidation.

Looking deeper into the atomic structure of the symmetric, Zr free appear-

ing facets, an influence of Zr on the structural sub-units can be observed. Such
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regions are marked by a green and orange rectangle (facet and step region) and

its magnified views are illustrated as an inset in Fig. 8 (a)). The atomic struc-370

ture of the Zr decorated steps (orange box) is strongly disordered (compared to

the clean step from Fig. 3 (b)), which also explains the decrease in contrast de-

spite the segregation of an atomic species with higher atomic number than Cu.

In certain locations, the SU observed at clean symmetric and asymmetric GBs

(Fig. 2 (a) and Fig. 3 (a)) appear to undergo slight structural transitions upon375

Zr segregation. Locations where these structural modifications are indicated by

yellow rectangles in the insets of Fig. 8 (a). In contrast to the original SUs, the

modified units are only composed of rectangular building blocks (red sub-units)

leading to a disruption of the periodicity of GB structural units. In Fig. 8 (b),

the structure of the clean symmetric and asymmetric GB are compared with380

the Zr influenced symmetric facet. The blue and yellow boxes show the SU of

the clean and Zr induced GBs. On the bottom of Fig. 8 (b) the structural

transition is visualized. The transformation can be described by adding one

atomic columns to the green, trapezoidal SU, which transforms it into the red,

rectangular SU. This seems to occur without any periodicity/ ordering along385

the GB facets so that the overall periodicity and order is decreased.

4. Discussion

In the first part of this discussion the complexity of the two Σ 19b GBs,

investigated here, will be discussed with respect to the SU model. To the authors

knowledge, there are no other experimental studies on the atomic structure of390

[111] tilt GBs in fcc metals, but only theoretical calculations, for example from

Frost et al. and Wang et al. [6, 7] . Afterwards, the influence of Ta and Zr on

the atomic SU of the GBs is discussed in detail. Furthermore, the results are

compared with recent studies on similar material systems and conclusions on

how this is related to the microstructure stabilization of nanocrystalline Cu are395

drawn.
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4.1. Pure Σ 19b111] tilt GB structures

Both experimentally observed Σ 19b GBs exhibit the same grain misorien-

tation and only differ in habit orientation leading to a significant change in

their structural sub-units. In total, 4 different structural sub-units, S,T,R and400

P, could be assigned to fully describe the structure of the grain boundaries.

Originally it was proposed that each GB with a specific misorientation can be

constructed by the structural units of two delimiting boundaries (with respect

to misorientation) [16]. This model is not applicable to the present GBs even

though we do not know the SU from the delimiting GBs. Since a delimiting405

boundary is supposed to consist of only one SU [19], according to the SU model

there exist only two SU, e.g. one from the 0◦ and on from the 90◦ GB, in

order to build up other GBs (as it is done for the Σ 5 [001]) [19]. But the two

Σ 19b GBs here already revealed 4 different SUs so that two delimiting bound-

aries would be not enough to describe both Σ 19b simultaneously. Therefore,410

the extended model by Han et al. [19] could be considered, since it also takes

meta stable GB structures as possible delimiting GBs into account and thus

the number of available SUs is increased. But this is not investigated in that

detail nowadays so that it cannot be discussed further. Deviations from the SU

model have been also found by other theoretical studies in different symmetric415

tilt GBs [18, 17, 19].

[111] tilt GBs in fcc metals are much less studied than [001] or [011] tilt

boundaries. To our knowledge, only two theoretical studies exit reporting on

the structure of several of the [111] tilt GBs [6, 7]. Frost et al. estimated the

structure and properties of different low Σ GBs by a simple hard sphere model420

[60]. Comparing their predicted structures to the ones observed in experiment

here reveals a fundamental difference in the structural units of both Σ 19b bound-

aries. This indicates that the hard sphere model is not capable of predicting

the structure of [111] tilt GB. A similar conclusion is found by comparing the

experimentally obtained structures here with the calculated ones of Wang et al.425

[7]. They describe the structure of the Σ 19b (25̄3) with the SU model notation

| E F F · E F F · E F F | by using the Σ 1 (11̄0) and Σ 3 (121) as delimiting GBs.
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E represents a special unit of the Σ 1 and F of the Σ 3 boundary. It is obvious

that their notation/structure does not fit to the experimental observations in

the present study | S T · S T | and | RP · RP· RP · RP|.430

4.2. Cu-Ta system

The formation of spherical, nanometer sized Ta-rich particles is only observed

at or near GBs, leading to the conclusion that GB diffusion is the dominating

process, while diffusion into the grains is not possible at this temperature. This

is not surprising since Ta diffusion tends to zero in bulk Cu below 1000◦C435

and the annealing treatment here was performed at 600◦C [46]. Apparently,

diffusion of Ta along the entire ∼ 1µm long Cu tilt GBs occurred during the

heat treatment for 24h at 600◦C. Ta homogeneously distributes along the GBs

during annealing, since the bulk solubility of Ta in Cu is essentially zero below

∼ 1038◦C [49]. During cooling, the solubility of Ta at the GB decreases and440

excess Ta atoms accumulate to form spherical particles. In total, three steps

are observed and the GB moved in total ∼ 18nm, which would correspond

to an average velocity of 2 · 10−4 nm
s to the right side (considering a constant

movement for 24h). It can be assumed that while Ta homogeneously distributes

along the GB it lowers its mobility at 600 ◦C due to the solute drag effect [61].445

During cooling, Ta precipitates out at the GB and the mobility of the Ta lean

parts increases. It seems that the GB groove at the film surface acts as a

step nucleation site first promoting the motion of the upper part of the GB.

Subsequently, this part of the boundary starts migrating and sweeps across the

Ta precipitates and gets pinned at its backside. The exerted backstress of the450

particle impedes GB migration. This pinning of GBs by particles was discussed

in theoretical studies before and is known as Zener pinning [62]. The Zener

model describes grain growth of a particle containing matrix, where the driving

force for GB migration is counteracted by a pinning pressure between the surface

of the particle and the GB plane [42, 41]. Depending on the direction of GB455

migration and the position of the particles, they can either exert an attractive

or repelling force on the GB. It is proposed that the particles induce a local
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curvature in the GB, which then leads to a driving force towards the particle.

This is schematically depicted in fig. 10 (a), adapted from [42]. Applying this

force balance to our experimental observations allows to estimate the fraction460

of local pinning force on the GB for a given particle radius r, even though the

local surface tension γ between GB and particle is not known:

Fz = 2π rγ sin(θ) cos(θ) (1)

In equation 1, θ defines the contact angle between the average surface of the GB

plane and the point where it crosses the particle [41]. The force on the GB is at

its maximum (attracting or repelling) for an angle of 45 ◦. In the experimental465

image, the GB does not follow a smooth curvature but appears discontinuous

and deviates strongly from the exact model (see fig. 10 on the right the white

line). This makes it difficult to precisely determine the correct contact angle.

But here, two variants can be calculated and it can be assumed that the real

value lies in between these two. First, the angle between the particle center470

and the kink (marked in red in the figure) can be measured to an angle of

∼ 45 ◦, which means that maximum force is pulling on the GB in the observed

configuration. Secondly, one can measure from the particle center to the point

of contact (marked in green) an angle of ∼ 25 ◦, which leads therefore to ∼ 77%

of the maximum force. Since the GB moved to the right side considering the475

GB steps from fig. 4(e), the particle is exerting a repelling pinning force on the

GB at this moment. A single nano-sized particle is in principle not enough to

pin a whole GB, but with a higher particle density the Zener model predicts a

limited grain size.

The atomic resolution images clearly reveal the Zener effect of Ta particles480

at Cu GBs. The observations are in excellent agreement with theoretical studies

[62, 63, 46, 64] and the proposed Zener model [42, 41]. Hence, the segregation of

Ta to Cu GBs and the associated GB pinning by Ta particles can be associated

to the kinetic approach for stabilizing microstructure.
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4.3. Cu-Zr system485

A recent study by Khalajhedayati et al. shows that adding Zr not only leads

to a stabilization of the microstructure of nanocrystalline Cu-Zr alloys, but also

increases the strength while conserving partly the ductility of polycrystalline Cu

[52]. In their study, they presented that either amorphous intergranular films

(AIFs) form at the GB or that Zr homogeneously decorates the GB, depending490

on the processing route of the material. They propose that the AIFs reduce the

GB mobility and ductility is partly retained, while homogeneous Zr decoration

only reduces GB mobility and leads to embrittlement. However, direct atomic

scale correlation of the presence and effects of Zr on the GB structure (with

EDS for example), also compared to clean GBs in their material, are missing in495

the study [52]. In a different publication, however, they presented some EDS

analysis in lower magnification in similar samples and showed a slightly inhomo-

geneous Zr segregation and a Zr concentration as high as ∼ 7at.% [65]. Another

study of Pan et al. [66] deals with atomistic calculations of the Zr segregation

behavior at different GBs considering several Zr concentrations and annealing500

temperatures. They found that AIF formation depends on the Zr concentration,

the GB structure and annealing temperature. Low Zr concentration and low

annealing temperature lead more to defined segregation and a crystalline GB

structure, while increasing both leads to amorphization. The concentration and

temperature for the transition also depends strongly on the GB structure. In505

the present study, considering the two different Σ 19b variants observed, three

different phenomena can be observed:

1. The Σ 19b (18̄7) reveals a homogeneous decoration of Zr, which induces a

high degree of structural disorder at the GB core, but still remaining partly

the crystalline structure of the original GB. The observed segregation layer510

at the GB was found to be pure Zr with an average solute atomic excess of

2.52±0.24 at
nm2 by APT. The structural disorder indicates that in addition

to Zr segregation, the grain boundary energy is further reduced by an

increase in the GB entropy. This observation supports the two studies
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of Khalajhedayati et al. [52] and Pan et al. [66], since also a strong515

disordering occurs. Furthermore, such a disordering of the GB by Zr

will also have a strong effect on the plastic behavior, in particular the

dislocation nucleation, as was shown by molecular dynamics simulations

[67]. The overall picture on the results can be interpreted as a reduction

of the GB free energy by solute segregation and disordering of the atomic520

structure [3, 2].

2. An asymmetric variant of the Σ 19b (25̄3) shows high Zr segregation to GB

steps. The steps are incorporated to compensate for the asymmetric incli-

nation of the GB and it was shown that the steps Burgers vector is [011̄]

with pure edge character. Zr was observed to preferentially segregate to525

these GB steps instead of decorating the planar symmetric GB segments

as was found in the pearl structure . Similar to the planar GB, the core

structure of the step appears more disordered upon Zr segregation. Such

an anomalous segregation behavior was revealed at faceted GBs in silicon

and was associated to the core structure and strain of the GB facet junc-530

tions [68]. An indication of minor Zr segregation to the symmetric facets is

found indirectly by the occurrence of partially disordered structural units.

These observations indicate that Zr segregation is strongly affected by GB

topology.

3. As shown in fig. 8, minor structural transitions at the symmetric facets535

are observed. The green sub-unit, or T unit, transforms irregularly to

the red, S sub-unit leading to a disruption of the periodicity of the GB

structural unit arrangement. This chemically-induced effect is assumed to

be related to Zr incorporation in the GB. It implies that different degrees

of disordering can be introduced in a GB depending on Zr concentration,540

as also suggested by atomistic simulations [66]. The SU might transform

due to local chemical changes and rearrange in order to minimize the GB

free energy.

These atomic scale observations directly confirm the atomistic origins of Zr
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segregation to different [111] tilt GBs in Cu. Overall, Zr induces disordering of545

the structural units as well as the core structure of GB steps, strongly affecting

the GB properties. The preferential segregation of Zr to GB steps can have

important implications in nc materials since their nanoscale grain size implies

a high density of such GB defects [52]. The observations for Zr indicate that

it contributes to the microstructure stabilization through the above introduced550

thermodynamic approach, which is described by a reduced GB energy and thus,

a lower driving force for grain growth.

5. Conclusion

In this paper, a systematic study of the atomic scale GB structure and re-

lated segregation-induced effects by Ta and Zr on the same GB are investigated.555

The chosen GBs are two symmetric Σ 19b and its slightly asymmetric variants.

The employed high resolution microscopy techniques revealed the following con-

clusions:

1. The two symmetric Σ 19b exhibit very complex structures with different

structural sub-units and periodicity and cannot be described by the struc-560

tural unit model. Slightly asymmetric variants of the two GBs reveal a

different behavior in compensating the asymmetry. While the Σ 19b, (25̄3)

includes steps into the structure, the Σ 19b, (18̄7) includes additional struc-

tural sub-units in a periodic manner.

2. Ta segregation was achieved by GB diffusion during an annealing treat-565

ment at 600◦C. The formation of nano meter sized Ta precipitates is

observed at or close to the GBs. One specific Ta precipitate was found to

pin the GB via Zener Pinning by locally distorting the GB plane, which

exerts an attractive force on the GB.

3. Zr is found to segregate to the GBs in different ways, depending on the570

local atomic structure of the GB itself. For an asymmetric variation of

the Σ 19b, (18̄7) , a homogeneous formation of a pure Zr layer was ob-

served. The presence of the Zr induced a higher disorder in the GB core
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and transformed some structural units, by distorting them or removing

atomic columns. On an unknown GB with homogeneous Zr segregation,575

a Zr concentration of ∼ 1.6 at.% was measured with APT. The asymmet-

ric variation of the Σ 19b, (25̄3), revealed inhomogeneous Zr segregation

to its steps, while the symmetric facets are mainly free of Zr. The seg-

regated steps show a much higher disorder compared to the clean steps.

Furthermore, small structural transitions of sub-units are observed inho-580

mogeneously along the facets and close to the steps.

4. Interpreting the results with respect to the microstructure stabilization

of noncrystalline materials it can be concluded that Ta stabilizes via the

kinetic approach. This study visualizes nicely the Zener pinning by Ta

particles. The stabilization mechanism of Zr, however, can be explained585

by the thermodynamic approach. Due to the Zr induced disorder and

structural transitions, the GB free energy is lowered. With that the driving

force for GB migration is lowered and the microstructure is more stable.
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Figure 1: EBSD results of the Cu thin film grown on Sapphire: (a) The inverse pole figure

map shows a [111] texture of the Cu film. The colored lines indicate the different GBs species

in the film. The two white dices shoe the orientation of the cubic unit cell, further supporting

the [111] orientation with different rotations around [111] (b) The image quality map shows

the microstructure of the film and also the color coded GBs. The most prominent GBs are

low angle GBs (white lines), Σ 3 twin boundaries (black lines), Σ 7 GB (yellow lines), Σ 19b

GBs (red lines) and Σ 37c GBs (green lines). (c) These two graphs present two different

visualizations of the grain size distribution.
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Figure 2: STEM HAADF images of 2 symmetric [111] tilt grain boundaries in plan-view

and [111] zone axis orientation. (a) shows the structure of the symmetric Σ 19b, (25̄3) and

(c) symmetric Σ 19b, (18̄7) GB. The white lines show the 002̄ planes and the colored boxes

indicate the magnified views on each GB structure, depicted in (b) and (d). The green and red

dots represent the structural sub-units and the filled dots represent the coincide side lattice

positions. On the bottom of (b) and (d), the respective SU model notation is visualized.

meaning of the notation is explained within the text. The STEM images have been smoothed

using a Gaussian filter and contrast and brightness were adjusted accordingly.
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(b) magnified view

(d) magnified view

Figure 3: (a) and (c) show asymmetric variations of the GBs shown in Fig. 2 (a) and (c) in

plan-view and [111] zone axis orientation. The image depicted in (b), as indicated by a purple

box, shows a magnified view on the GB step of (a). In (d), the magnified view in the blue

box shows additional structural sub-units of (c), which are also indicated by the blue arrows.

The STEM images have been smoothed using a Gaussian filter and contrast and brightness

were adjusted accordingly.
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Figure 4: (a) Conventional bright field (BF) image of a cross-section specimen showing the

Alumina substrate, the Cu thin film with the GB being perpendicular to the substrate and the

Ta thin film. The blue inset (b) shows a spherical particle (HRTEM image) sitting directly on

the GB and right in front of a step. The red inset in (c) shows a BF image of another particle

sitting next to the GB, which is pinned to the GB. (d) illustrates the atomic structure at

that position in a HRTEM micrograph in a [011] zone axis orientation. The yellow rectangle

includes the particle and shows the position where the FFT was taken from, which is shown

in the lower left corner.
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Figure 5: (a) depicts a STEM-EDS maps of the particle using the Cu-Kα (red) and Ta-Mα

(blue) edges at the exact position from Fig. 4. In (b) two X-ray spectra are plotted together

belonging to the pure Cu grain (red) and to the particle (blue).
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Figure 6: (a) HAADF STEM image in plan-view and [111] zone axis orientation of an asym-

metric ∼ 49◦ [111], (16̄5)\(1 1̄6 15) GB alloyed with Zr. The image has been smoothed using

a Gaussian filter and contrast and brightness were adjusted accordingly. The insets show two

different magnified views of the atomic structure using a strong high pass Fourier filter in order

to filter out the dark contrast and to highlight the atomic columns. The purple inset shows a

region with the original GB structure and the red region with some deviations, as indicated by

the colored dots. (b) STEM-EDS measurements, containing a map with the Cu-Kα (red) and

Zr-Lα (green). The graph in (b) shows the spectra (in log scale of the y-axis) taken from the

grain and the GB, showing an increased Zr concentration at the GB. A concentration profile

is depicted in the dashed inset of (c), showing the Cu, Zr and O intensity across the GB. The

black square block shows the maximum standard deviation of the corresponding element.
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Figure 7: (a) HAADF-STEM micrograph in plan-view and [111] zone axis orientation and

STEM-EDS map (Cu-Kα (red) and Zr-Lα (green)) of an asymmetric variant of the zipper

structure showing Zr segregation to the GB steps. The colored boxes in the EDS map indicate

the positions where the spectra in (b) were taken from. The plot in (b) compares the x-Ray

spectra from the GB step, the GB between the steps and the grain. The arrows represent

the concentration profiles in (c) and (d) and the black square blocks show the maximum

standard deviation of the corresponding element of the line scan. The STEM images have

been smoothed using a Gaussian filter and contrast and brightness were adjusted accordingly.
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Figure 8: (a) HAADF STEM image in plan-view and [111] zone axis orientation of an asym-

metric 49.2◦ [111], (123̄)\(2̄11) alloyed with Zr, showing dark contrast at all GB steps. The

green and orange rectangle show two regions in higher magnification. The green box shows a

symmetric facet of the GB. The red and green dots represent the structural sub-unit config-

uration. In the orange box the disordered structure of a step is shown. (b) HAADF-STEM

image of the clean GBs (symmetric and asymmetric) (see also fig. 1). The blue windows

marks one structural unit of the GB. Below, the structural units in the yellow, red and blue

boxes are compared. The STEM images have been smoothed using a Gaussian filter and

contrast and brightness were adjusted accordingly.
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Figure 9: (a) Reconstructed specimen showing Cu atoms in red and Zr atoms in green. A

concentration profile of across the GB, showing the concentration of Cu in red and Zr in green,

is presented in (c).
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Figure 10: Sketch of the Zener pinning adapted from ref. [42] (a) in comparison with an

experimental HRTEM image (b).
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