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ARTICLE INFO ABSTRACT

Keywords: The role of a }3{112} incoherent twin boundary (ITB) on the shear stress of Cu at the micron scale has been
Dislocation . investigated through microcompression of bi-crystalline pillars containing ITB, as well as single-crystalline pil-
Incoherent twin boundary lars, in two different compression directions. The Cu sample containing ITBs was synthesized using magnetron
Thin film . . . . . . : . .

Compression sputtering on a sapphire substrate. Firstly, pillars along [111] compression direction were milled on the film
Micrgpillars surface. As multiple slip systems were activated upon loading, the dislocation-ITB interaction in this direction

was dominated by the dislocation—dislocation interactions. Another set of pillars was milled from the side of the
film (in the thickness of the film) in a nominally [134] compression direction. Compression in this direction
activated a single slip in each grain, which facilitated the investigation of the interaction between dislocations
and ITBs. Post-mortem images showed that slip traces were not distinctly connected at the boundary unlike ideal
slip transmission in pillars containing a coherent twin boundary. Moreover, bi-crystalline pillars in the single slip
direction are stronger than single-crystalline pillars. The observations indicate that ITBs are not impenetrable for
dislocations, but the boundary demonstrates some resistance to transmission.

1. Introduction

Grain boundaries (GBs) are known to affect the mechanical behavior
of metals remarkably. They influence plastic properties such as yield
strength and work hardening, as well as damage nucleation, crack
propagation and fracture toughness of materials [1-3]. Besides, the
deformation of face centered cubic (FCC) materials is usually achieved
by dislocation slip or twinning [4]. Therefore, studying the interactions
of dislocations with GBs is pivotal in understanding the mechanical
behavior of FCC metals. Among various GBs, twins are of great impor-
tance in FCC metals due to their abundance, as a result of low formation
energy [5-7]. Moreover, the Introduction of nanotwins to the material is
reported to cause exceptional properties like coincident ultrahigh
strength and ductility [8-11]. In order to gain a comprehensive under-
standing of GB behavior in complex stress states of polycrystalline ma-
terials, it is imperative to investigate the behavior of individual GBs as
fundamental building blocks.

To decipher the role of individual twins in materials’ mechanical
properties, numerous experimental [12-18] and simulation [19-21]
studies focused on the interaction of dislocations with } 3{111}
coherent twin boundaries (CTB). However, not all twins extend across
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the entire grain, and those twins terminating inside a grain possess, in
addition to the > 3{111} coherent sections, also an incoherent twin
boundary (ITB), for instance  3{112} [22]. Unlike CTBs, the nearest
neighbor coordination is changed around the ITB, therefore they are
associated with much higher GB energy. Schmidt et al. calculated the
CTB energy to be 19.9 mJm~2in Cu [23], while it is estimated to be 540
mJm~2 for the >-3{112}ITB [24]. A similar ratio for CTB and ITB is also
obtained in the case of Ni, where the CTB GB energy is 64 mJm 2 and
879 mJm~2 for the >23{112} ITB [25]. It is noteworthy that the
boundary plane of ITB is not limited to {112}, and other GB planes are
also reported to exist. For copper, such ITB can have even slightly lower
energy cusps than Y 3{112} [24], but only } 3{112} and } 3{110}
form symmetrical boundaries.

In thin films, the incoherent sections can be even more abundant
than the coherent sections due to the geometrical factors, elastic prop-
erties and surface energies, which facilitate the growth of specific grain
orientations. For instance, in metal films grown on single crystalline
sapphire (a-Al303), the hexagonal symmetry of the (0001) plane trans-
lates into the defined orientation of the film’s microstructure [26].
Based on this orientation relationship, the existence of ample incoherent
>~3{112} growth twins has been reported in the epitaxial growth of Al
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on a (0001) a-Al,O3 sapphire substrate [27,28]. Depending on the
deposition conditions, orientation relation one (OR I) {111}+<011 >
Cu || (0001) < 1010 > a-Al03 or orientation relation two (ORII) {111}

+<011 > Cu |[|(0001) < 2110 > a-Al,03 could be achieved [29]. The +

sign in the OR indicates the two grain variants separated by an ITB.
Epitaxial growth of other FCC metal films such as Al [27,28,30], Ni [31],
Cu [26,29] and even CoCrFeNi films [32] on (0001) a-AlyO3 sapphire
substrate has been reported to have similar maze-like structures, with
surface normal of (111) and two types of growth orientation relation-
ships and their twins.

TEM studies of the ) 3{112} GB showed that the ITB consists of
periodically repeated Schockley partial dislocations on each of three
{111} planes making the ABC stacking sequence [33,34]. Wang et al.
[35] reported the migration of ITBs under shear stress in the growth
twins. The migration led to detwinning and showed the unstable nature
of ITBs, caused by the glide of Shockley partials of the boundary. Using
in situ nanoindentation in TEM, Li et al. [36] reported the ITB migration
in a Cu film by propagation of steps or disconnections, as a result of
dislocation-ITB interaction. Molecular dynamics (MD) simulations of the
dislocation transmission across  3{112} indicate that transmission of a
mixed dislocation takes place, when the leading partial and pre-existing
partial at the ITB form a full dislocation. Otherwise, the incoming
dislocation is blocked by the ITB [37]. Ma et al. [38], using MD and
phase field studies on the transmission of dislocations at ITB revealed
that not all transmissions are direct. The transmission behavior and the
shear stress needed for that depends on which of the three repeating
planes the gliding dislocation is impacting [33].

Experimental studies aimed at a mechanistic understanding of the
dislocation structure at an ITB [33], movement of dislocations on an ITB
[34] and dislocation transmission across an ITB and its impact on
boundary migration [36] were performed in TEM. Since these samples
for TEM must be electron transparent, very high stresses are present that
move dislocations through the thin foil. Consequently, potential mech-
anisms that require lower stresses in larger samples (i.e. micron scale or
bulk) could be masked. An important tool to study the mechanics of
materials at the micron scale is micropillar compression, which was first
introduced by Uchic et al. [39]. To the best of our knowledge, no
research has yet focused on the ITB strength contribution and the
dislocation transmission behavior through ITBs in micron-sized samples.
Such experiments are challenging due to the high energy of ITBs, as well
as sample requirements for a successful micro-compression study. The
flow stress in micron-sized samples has a stochastic behavior as a result
of the availability of dislocation sources [9,40]. Therefore, a quantita-
tive conclusion based on micro-compression testing often requires a high
number of measurements of samples for statistical reasons, as previously
reported by our group for pillars containing a CTB [12,15].

In this paper, we employed physical vapor deposition (PVD) to
synthesize a 6 pm thick Cu film on single crystalline (0001) sapphire
with two twin related grain variants for OR I, which consist mainly of
ITBs. Micron-sized pillars containing ITBs, as well as single-crystalline
pillars in two different nominal sizes were milled and tested on the Cu
film. A new milling configuration from the side of the film was proposed
to avoid compression along the [111] direction and associated multiple
slip activation, which may obscure the dislocation-grain boundary
interaction by dislocation—dislocation interactions. The transmission
behavior of dislocation through ITBs and the strength contribution of the
ITB based on two different pillar orientations are reported and critically
discussed.

2. Experimental details and data analysis
2.1. Thin film deposition

The sample required for the micropillar compression containing ITB
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was synthesized using PVD film deposition. The Cu film was deposited
by a magnetron sputtering apparatus (Bestec GmbH), using 99.999%
pure Cu targets mounted on both RF and DC cathodes. Prior to deposi-
tion, the chamber was pumped down to a base vacuum pressure < 10
Pa, after which Ar gas was introduced at a rate of 20 cm®/min to reach a
pressure of 0.5 Pa. The substrate was placed at a distance of 239 mm
from the cathodes and rotated at 30 rpm to obtain thickness homoge-
neity across the 2-inch (0001) oriented a-Al,O3 substrate. The deposi-
tion process was divided into two steps: i) Firstly, an initial 500 nm thick
Cu layer was grown at Tyoom On top of a single crystal (0001) sapphire
(a-Alp03) substrate, using an RF cathode with an applied power of 250
W and subsequently annealed at 320 °C for 2 h inside the deposition
chamber. This was done to facilitate the growth of the desired (111)
grains in the next step, similar to the method reported in a previous work
from our group [41]. ii) In the second step, the deposition continued for
2 h 45 min employing co-sputtering with RF and DC cathodes both at
250 W at 320 °C to increase the deposition rate. A total film thickness of
~ 6 um was achieved. Finally, the film was annealed at 320 °C for 45
min to promote grain growth. The film microstructure, including the
grain size will be reported in section 3.1.

2.2. Pillar milling in two directions

Using annular Ga focused ion beam (FIB) milling at 30 kV, two sets of
pillars were produced with differing compression directions. The first set
of pillars was milled on the film surface, with a compression direction
oriented along [111]. This is shown schematically in Fig. 1a. The [111]
micropillars were fabricated at 2 nominal diameter sizes of 1.5 and 3 pm.
In total, 46 cylindrical pillars were milled in this direction, 18 of which
contained a boundary (Bxx) and 12 were single-crystalline (Sxx). After
deformation, 16 of the pillars were excluded based on SEM inspection, as
it was unclear from the slip traces whether they contained a vertical
boundary, or the boundary was straight from the surface to the
substrate.

The [111] pillars had six slip systems with the highest Schmid factor,
which were activated in compression. In order to focus on the
dislocation-ITB interaction, a different compression direction was
required to facilitate single slip in each crystal. To achieve this in the
copper film, the second set of pillars was milled into the side of the film,
parallel to the film/substrate interface, as shown schematically in
Fig. 1b. As pillars need to have a single slip compression direction, the
film should be first cut in a specific direction. Sapphire tends to fracture
on preferred cleavage planes, either {11 2 0} or {10 1 0} [42]. This
causes the Cu film to break along planes of the {110} family, which
again promotes multi-slip. An attempt to cut the film in a pre-selected
direction was made using a diamond saw. Nonetheless, this method
proved ineffective, as the indenter tip could not approach the pillars
without touching the hard sapphire. This method is discussed in details
in S2 section in the supplementary document.

Ultimately, a part of the film that was freestanding at the edge of the
film/substrate was employed for pillar milling. A diamond pen was used
to scratch the film from the top side, and then the two pieces were de-
tached using tweezers. Because the Cu film with this thickness was
ductile, the film deformed in the fracture area. This caused a small part
of the film to be freestanding (approximately 50 um). Next, this free-
standing portion of the film was FIB cut until only a few micrometres of
freestanding film material extended from the substrate (blue arrows in
Fig. 1b). The final step of removal was done with a low current (240 pA)
to obtain a smooth surface, as this would serve as the top contact surface
of the pillars in the next step. The in-plane direction of the film in the cut
region is ~ 5° different in the two grains, and is nominally along [134].
Then the sample is rotated inside the microscope chamber, so that the
FIB beam was parallel to the [134] direction and the pillars were milled
into the thickness of the Cu film (see Fig. 1b). The [134] pillars were
milled with a diameter of 2.2 ym. In total 5 annular pillars were milled
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Fig. 1. Schematic configuration of the Cu film on the

i - substrate and two sets of pillars. a) Pillar compression
) along [111] direction, b) pillars compressed along

(111) iy [134] through the thickness of the film. Pillars are

milled at a freestanding part of the film with a
compression direction that promotes a single slip.

Prior to milling the pillars, FIB was used to remove

—

[211) . large portions of the freestanding film to reach a

— T smooth surface (blue arrows). ¢) Schematic of two
grains and their corresponding Thompson tetrahe-

CcTB dron. The £3{211} ITB between them is shown which

=
FIB cleaning [111] pillars
Cu film A
[111]E [oi1}
Sapphire substrate ) ﬂ]
[134] pillars \‘ [011].:.
[135] pillars

separates the two grains. CTB £3{111} plane is also
shown for comparison. The compression direction for

and tested successfully, out of which 2 were Bxx.

Fig. 1c shows the twin grains with their Thompson tetrahedra. There
is a 60° misorientation between the blue and green grain (corresponding
to Y 3). The boundary plane between the grains is decisive whether the
twin is an ITB or CTB. If the GB plane between the grains has a normal of
{112} type, the GB is ITB (red plane). In case of a CTB, the boundary is
of {111} type, one of which is shown as the green plane to compare with
ITB. The two compression directions are marked with red arrows in the
legend. For [111] pillars, the compression direction is the same for both
grains, and the ITB lies parallel to the compression axis. Whereas for
[134] case, the boundary is nonparallel to compression axis. This results
in a different compression direction in two grains. Moreover, the grain
boundary plane does not run straight from surface to the base of pillar,
as schematically shown in Fig. 1b.

All cylindrical micropillars were cut using a Zeiss Auriga® FIB
workstation in two milling steps using currents ranging from 2 nA to 240
PA. The cleaning step for removing the parts of the film (blue arrows in
Fig. 1b) was done using 16 nA currents, and the final polishing with 240
PA. The aspect ratio of diameter to the length was kept between 2 and 3
to avoid buckling. The pillars were milled either within one of the single
crystalline (Sxx) regions or at the incoherent boundary (Bxx). However,
the incoherent twin boundary was in most cases not straight and usually
deviated from the original plane below the surface.

2.3. Mechanical testing and analysis

Compression of all pillars was performed using a Bruker Hysitron
PI88 indenter with a flat diamond punch of 5 pm (for 3 um pillars) and 3
um for all other pillars (Synton-MDP, Switzerland). All tests were per-
formed in displacement-controlled mode at a nominal strain rate of 10
3571, Each pillar was unloaded to zero at about every 5% of strain to
reduce instrumental constraints [14,43,44]. Compression tests were
done in situ inside the Zeiss Gemini 500® scanning electron microscopy
(SEM), and were followed by post-mortem imaging using an in-lens de-
tector and electron backscatter diffraction (EBSD). Some of the post-
mortem micrographs were sharpened using Adobe Photoshop for better
detection of slip traces.

Each pillar diameter was measured both at the top and bottom cross-
section before compression. An average of the top and bottom values
was used to calculate the engineering stress. A Mathematica® script was
then used to determine the stress-strain curves from the force-
—displacement raw data from the indenter. The stress at 2% strain was
chosen to compare different pillars to minimize the impact of dis-
location—dislocation interactions.

3. Results and interpretation

This chapter begins with the characterization of the deposited Cu

[111] and at [134] pillars are marked with red ar-
rows. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web
version of this article.)

film on sapphire. Section 3.2 reports the results for the [111]
compression direction of micropillars containing an ITB. Finally, section
3.3 describes the micro-compression test results of the ITB containing
pillars in [134] single slip compression direction.

3.1. Characterization of Cu film on sapphire

The sample was synthesized by employing magnetron sputtering to
deposit a 6 pm thick Cu film on the sapphire substrate, which has suf-
ficient thickness for performing micro-compression tests. The majority
of the grains have an average diameter larger than 10 pm, permitting
micrometer sized pillars to be milled in the film. Fig. 2a shows a trench
that was milled using FIB to observe the cross-section of the film. The red
arrow marks the 500 nm thin layer grown in the first step of deposition
using the RF cathode. This layer has much smaller grains (~0.5 pum)
compared to the grains in the second, much thicker layer. There is a
visible interface between the two layers. Fig. 2b shows the inverse pole
figure map from EBSD of the surface of the film, where it can be
observed that all grains have a [111] surface normal. The presence of
only two distinct, 60° twin-related grain orientations in OR I was
intended to facilitate ITB growth between them, as shown in Fig. 2d. The
GB between these grains has a coincidence site lattice (CSL) of £3 and
has an incoherent nature due to the film normal direction being [111].
Although the GB plane is not the same everywhere, the most dominant
GB plane observed on the film surface is {112}.

The cross section of the film in Fig. 2a shows that the GBs do not
always run straight from the surface to the substrate. Still, some
boundary segments are mostly straight (see yellow arrow in Fig. 2a). The
significant energy difference between ITB and CTB gives rise to the
evolution of CTBs facets along the ITB, resulting in a curved GB
appearance. Besides short facets, extended excursions of CTB may be
also found in the film due to their low formation energy. Moreover, there
are some GBs buried in the film, like the white arrow in Fig. 2a.
Therefore, whether a pillar is single crystalline, bi-crystalline or even
contains buried boundaries can be determined only after post-mortem
analysis.

3.2. Compression of pillars containing an ITB in [11 1] direction

The first set of pillars was milled using FIB perpendicular to the film
surface, so that the compression direction of both grains was [111] (see
Fig. 1a). The Bxx pillars were placed where a > 3{112} ITB was iden-
tified at the sample surface. However, as shown in Fig. 2a, the boundary
might deviate through the pillar’s height. Therefore, whether pillars are
Sxx or Bxx could only be confirmed by slicing the pillar after compres-
sion testing.

Pre- and post-mortem SEM images of 3 representative Bxx pillars are
summarized in Fig. 3. There are multiple slip systems with the highest
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Fig. 2. a) A trench cut in the Cu film using FIB, shows
the cross-section of the deposited film on a (0001)
oriented sapphire substrate. Two types of GB can be
identified, which according to EBSD are ITB
(perpendicular to the surface of the film) and CTB
(horizontal). Curved segments consist of alternating
CTB and ITB facets, while some micron-sized sections
are straight ITB (see yellow arrow). Long CTB seg-
ments (near red arrow) or even buried grains (white
arrow) can be also found in the film. b) Inverse pole
figure map from the surface of the Cu film reveals two
twin-related grain orientations having both a [111]
normal direction. ¢) Inverse pole figure showing
slight angular deviation of the two orientations in the
transverse direction. d) {111} pole figure of the film
surface. The two-grain variations with 60° misorien-
tation are visible. (For interpretation of the references
to colour in this figure legend, the reader is referred to
the web version of this article.)

001

Schmid factor activated in each grain (see Fig. 3g). Note that the (111)
plane, which continues across the ITB and thus permits easy trans-
mission, has a critical resolved shear stress of zero. Thus, transmission
must occur on the other three planes of the Thompson tetrahedron,
namely (11 1), (11 1) and (I 1 1), which all have similar Schmid factors.
Therefore, slip traces for both cases of Sxx (shown in Fig. S1 in the
supplementary document) and Bxx are faint and distributed across the
entire height of the pillar. For post-mortem images of Bxx pillars shown in
Fig. 3d ,e,f, the images are sharpened for better visibility of slip traces.
Non-sharpened images can be found in Fig. S2 in the supplementary
document. As the contrast between the grains is lost after deformation,
the position and shape of the GB cannot be exactly confirmed after the
deformation across the GB length. In addition, the slip traces are not
distinctly connected at the boundary, as would be the case for ideal slip
transmission. The connected slip traces was previously shown for
instance in the case of pillars with a CTB [12].

The stress-strain curve for each pillar was determined from load-
displacement data based on the micropillar dimensions determined by
SEM imaging. Fig. 4 shows the representative stress—strain curves of Sxx
and Bxx pillars of two different sizes. At around each 5 % strain, there is
an intentional unloading step to zero stress to lower the lateral friction
between the tip and the pillar top surface. The results indicate that the
smaller pillars, with a diameter of 1.5 um, exhibit greater strength than
the larger pillars. This observation is consistent with the well-known size
effect observed in micropillars [45,46]. At a size of 3 um, the flow stress
of Sxx and Bxx are comparable, whereas, at 1.5 um, the difference be-
tween them is slightly more pronounced. In addition, in the case of 3 um
pillars, load drops are smaller than for 1.5 pm pillars.

Fig. 5 shows the shear stress at 2% strains vs. pillar diameter for all
compressed pillars. A size effect, as it is typically observed in micropillar
compression testing is evident: pillars with smaller diameters tend to be
stronger. In addition, more scattering could be seen at 1.5 ym diameter,
which can be explained by the scarcity of available dislocation sources in
the confined body of the pillar [45,46]. The average values of normal
stress for Sxx and Bxx pillars in two nominal sizes is provided in Table 1,
assuming that slight differences in the nominal diameters do not

influence the pillar strength. According to this table, the shear stress
difference (Atay) between Sxx and Bxx for 3 um pillars is Aoy, 3 ym =~
2.7 MPa, while it is slightly larger for 1.5 um pillars AT, 1.5 ym = 5.7
MPa. The shear stress is calculated from the normal stress using the
highest Schmid factor (0.26) for each grain.

3.3. Compression of ITB pillars in the thickness of the film in [134]
direction

The pillars in the [111] direction had multiple slip systems acti-
vated. Therefore, the dislocation—dislocation phenomena could partially
mask the dislocation-ITB interaction. To investigate the transmission
behaviour across ITBs, the second set of pillars was milled from the side
of the film (as shown in Fig. 1b), oriented nominally in the [134]
compression direction. In this configuration, one system has the highest
Schmid factor. The experimental procedure for milling these pillars is
explained in section 2.2.

The pre- and post-mortem image of a single crystalline pillar in [134]
are shown in Fig. 6a and 6c¢, respectively. Fig. 6¢ shows that the defor-
mation in Sxx pillar is concentrated at the top of the pillar, in a few but
distinct slip steps. Up to around 8% strain, only one slip system with the
highest Schmid factor is activated.

In the case of Bxx pillars in Fig. 6b, the ITB is in the center of the
pillar on the top surface, but eventually exits at approximately middle of
the pillar height. It is notable that in this compression direction, the GB
plane is not perpendicular to the compression direction (see the sche-
matic in Fig. 1¢) and therefore does not run through the pillar vertically
from top to bottom. The slip traces in Bxx pillars are more homoge-
neously spread in the pillar. Some less frequent secondary slip traces also
can be found in the left grain. After deformation, no connected slip
traces at the boundary can be found. The post-mortem images are
sharpened for better detection of slip planes. The raw images can be
found in Fig. S4 in the supplementary document.

Comparing the stress—strain curves of Sxx and Bxx in Fig. 6f shows
that the flow stress of the Bxx pillar is ~ 50 MPa larger than for the Sxx.
There are numerous displacement bursts in the Sxx pillars, which —
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A\

Fig. 3. a), b) and c) show the pre- and d), e) and f) the post-mortem SEM micrographs of Bxx pillars containing an ITB along [111] direction. The first two pillars are
nominally 3 um in diameter and the third 1.5 um. The grain boundaries are marked with red arrows. There is a distinct channeling contrast between the two grains
before deformation, which is lost after deformation. Because multiple slip systems are activated, the slip traces are in different directions and are faint. Note that the
post mortem images are sharpened for better visibility of slip planes. g) shows schematics of all the 3 slip planes in each type of grain variant, that have 6 slip systems
with the highest Schmid factor. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

g 400} [111] compression axis pillars : :::z::
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Fig. 4. Representative stress-strain curves of the single and bi-crystalline pil-
lars in two sizes, in [111] compression direction. In the case of 3 um pillars, the
Sxx and Bxx curves are close to each other, while at 1.5 ym, Bxx pillars have
higher flow stress than Sxx. The load drops in flow stress in smaller pillars are
larger compared to 3 pm pillars. It should be noted that load drops to zero are
intentional unloading steps.

together with the pseudo displacement control of the indenter — results
in an unintentional unloading to zero force. On the contrary, other than
the intentional unloading step, Bxx shows smaller load drops. Moreover,
Sxx shows no sign of apparent strain hardening, while small apparent

100 | ~
- e Bxx
[134] e Sxx
© I ]
% sof [111] ‘i
= L . [111]
Q 60} ¥ z 1
; : i
a0 . ) . . .
15 2.0 2.5 3.0

Pillar diameter [um]

Fig. 5. The shear stress vs. pillar diameter of pillars compressed in [111] and

[134] directions. The standard error bars of each experiment is shown for each
symbol. Considering pillars in [111] direction, a size-effect is evident: smaller
pillars are stronger. At a nominal size of 3 pum, the Bxx pillars are slightly
stronger than the Sxx. The difference at 1.5 pm is more distinct and the Bxx
pillars are ~ 5.7 MPa stronger than their Sxx pillar counterparts are. Pillars in
[134] direction are milled in one diameter and two Bxx pillars are stronger than
Sxx in this direction.
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Table 1

The average value of normal stress for Sxx and Bxx pillars in [111] direction in
two nominal sizes of 1.5 and 3 um. The diameter is measured at the top and
bottom of the pillar and the average value is reported.

Pillar Nominal pillar Measured average 029 average
type diameter (um) diameter (um) (MPa)

Sxx 1.5 1.48 + 0.04 236.3 + 6.8
Bxx 1.5 1.54 + 0.03 258.8 + 3.5
Sxx 3 2.82 £ 0.03 196.9 + 2.1
Bxx 3 2.85 + 0.02 207.4 + 2.1

Materials & Design 232 (2023) 112164

highest Schmid factor of each grain (m; = 0.44 and my = 0.46) has been
used to calculate the shear stress (t29,) of Bxx. The shear stress vs
diameter of all pillars in [134] and [11 1] directions is shown in Fig. 5. A
shear stress difference Atyy, =~ 17.5 MPa between Sxx and Bxx pillars is
observed for [134] pillars.

One aspect of ideal slip transmission across a CTB was the distinct
slip traces connected at the boundary [12,14,15]. Indications of con-
nected slip traces could be not found in the annular pillars in [134]
direction. Aiming for a better observation of the boundary with SEM and

EBSD, some annular pillars were cut in the middle prior to pillar
compression to have a flat surface as shown in Fig. 7a. However, as
evident in Fig. 7a and 7b, curtaining prevented the surface from being
entirely smooth, which therefore obscured the observation of small
features in the post-mortem analysis. This was likely caused by the pre-
vious milling step, where the excess part of the freestanding film was

hardening is observed in the case of the Bxx pillar(s).

In total, 5 annular pillars were successfully tested in [134]
compression direction. As the compression direction is slightly different
(~5°) in the two Bxx grains (see IPF in Fig. 6e), the average of the
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Fig. 6. Pre- and post-mortem SEM micrographs of a Sxx a) and c), and Bxx pillar b) and d) in [134] direction. The post-mortem images are sharpened for better visibility
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removed with FIB. This step may have introduced some surface un-
evenness, leading to curtaining. The curtaining existed even in surfaces
that were milled with FIB currents as low as 10 pA. The post-mortem
image of this pillar is shown in Fig. 7b. A distinct slip trace in the right
grain close the the top surface is visible. The continuation of this slip
with the highest Schmid factor in the left grain (red lines) is, however
multifold and more faint, and seems to deviate from the incoming slip
plane from the right grain.

Having a flat surface is also beneficiary in taking EBSD before and
after deformation. Fig. 7e and 7f show kernel average (KAM) misori-
entation maps of the pillar before and after deformation, respectively.
Notably, a low misorientation (<3°) is observed in the pillar before
deformation. This confirms that the freestanding film aftter preparation
and sapphire fracture does not have a considerable density of stored
dislocations. The post-mortem KAM also shows small misorientation
(<3°) at the boundary, indicating that the boundary does not entirely
block the dislocation transmission which would lead to pile ups. We
interpret the weak decoration of the ITB with geometrically necessary
dislocations (GND) and the spread of incoming slip traces in several slip
traces (Fig. 7) as indications for slip transmission. The primary slip
planes with the highest Schmid factor are marked in Fig. 7c and d.
Keeping the Thompson tetrahedral of two grains in Fig. 1c in mind, the
slip systems of the two grains do not facilitate an easy transmission
based on the slip geometry. As no common plane or direction can be
found between the systems, complex behavior of dislocation at the
boundary is required for slip transmission.

4. Discussion
4.1. Remarks of milling pillars with an ITB on a Cu film

Fabrication of bulk samples with a defined GB for micro-compression
tests can be done using various methods such as the Bridgeman tech-
nique or diffusion bonding [47]. The advantage of a bulk bi-crystalline
sample is that a slice of a macro sample can be used to mill numerous
pillars with the exact same grain boundary. This is beneficial in
achieving the statistics that is usually required to quantify the mecha-
nisms of slip transmission in micron-sized samples.

In the case of ITBs, thin film deposition was chosen to synthesize the
Cu sample. As the GB energy of the boundary is more than one order of
magnitude higher than for the CTB (see the Introduction), bi-crystal
growth with the Bridgeman technique (which was previously used for
Bxx growth of CTB [12,15]) was not employed, because the GB was
expected to deviate to other lower energy boundary planes. Using the
film sputtering method, one can use the orientation relationships of the
crystal to the substrate to motivate the growth of certain crystal orien-
tations and, thus, specific GBs [27]. Besides being able to produce spe-
cific GBs, milling pillars on a thin film on a sapphire substrate, compared
to a bulk sample, also provides a rigid base for the pillars. Plastic ma-
terial sink-in and the movement of the dislocation into the base of the
pillars [44] are thus suppressed by the sapphire substrate.

Hieke et al. [27] showed that depositing Al on single crystalline
sapphire, >°3{112} ITBs are present between two grains variants in
orientation relationships OR I. Also Bishara et al. [41] revealed that a Cu
film with ~ 490 nm thickness on sapphire contains straight " 3{112}
ITBs that extend from the surface to the substrate. The sputtered Cu film
in this work also possessed two variants with [111] normal direction
that had > 3{112} ITBs between them. However, the minimum thick-
ness required for micropillar milling must be taken into account. In this
case, where pillars of up to 3 ym in diameter were aimed, a film thick-
ness of at least 6 um was necessary so that the diameter to height ratio of
~ 2 could be maintained. In the 6 pm thick film, boundaries were not
always straight and large or small CTB facets could be found at the ITB
boundary. Therefore, some pillars could only be classified as bi-
crystalline after post-mortem FIB milling. Moreover, CTB sections
needed to be taken into account when discussing the strength
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contribution of tested boundaries to the overall pillar strength.

While compressing the pillars in [111] direction activated multiple
slips, another compression direction was needed, where fewer systems
(ideally one) are activated. This enables us to focus on the interaction
between GBs and dislocations, rather than on dislocation—dislocation
interactions. Since the film is thin in one dimension (6 pm), the
compression axis of the second set of pillars could only be selected
normal to the film surface, as depicted in Fig. 1b. Handling the substrate
in this configuration was challenging, because the sapphire substrate
could not be easily removed. In the case of other substrates, either
etching (for silicon [47,48]) or dissolving (for NaCl [49]) could remove
the substrate and leave an entirely detached and freestanding film. The
fact that we used a partially freestanding film (see Fig. 1b) required long
FIB cuts to remove the redundant part of the film. This and needing to
mill pillars on the edge of the film meant that only a limited number of
pillars in this configuration could be milled and tested. Nevertheless,
this configuration allowed testing pillars containing ITBs with single slip
activation.

4.2. Can dislocations transmit through ITBs?

In bi-crystalline pillars, the incompatibility stresses due to different
grain orientations and elastic and plastic anisotropy may change the
stress state in the pillar [50], causing the activation of other slip systems
than predicted by Schmid’s law. In the [111] pillars of this study, the
compression direction is the same in both grains and therefore no
anisotropy is expected. For [134] pillars, the slip traces after deforma-
tion agree with those predicted by Schmid’s law. Therefore, we conclude
that activation of dislocation sources are on planes with the nominally
highest shear stress as predicted by Schmids law, and not caused by
compatibility stress.

To answer whether dislocations can transmit through ITBs or not, the
meeting point of slip traces at the boundary can be analysed. In the case
of easy transmission, distinct slip traces are connected at the boundary,
like in ideal slip transmission across a CTB [12,15]. In [111] pillars,
multi-slip activation caused faint slip traces both in Sxx and Bxx.
Therefore, [111] compression direction at the micron scale is not suit-
able for observing slip transmission. In the case of [134] pillars, where
mostly one slip system in each grain is activated, slip traces are not
distinctly connected at the boundary. For instance, Fig. 7b shows that
the distinct slip in the right grain is continued by numerous faint and less
distinct slip traces in the left grain. Besides, post mortem KAM reveals no
sign of GNDs storage at the GB, indicating that dislocations can pene-
trate the boundary. The small apparent strain hardening in [134] Bxx
pillars in Fig. 6 also suggests that the boundary is penetrable. Therefore,
it can be inferred that the dislocations can transmit across ITB, although
transmission on a pre-defined path does not take place.

Shear stress difference (Ata,) between Sxx and Bxx pillars can also
be utilized to determine whether slip transmission occurs or not. If the
GB is impenetrable, the Bxx pillars can be considered as two separate
pillars that are attached to each other. It is well-established that size-
scaling has an impact on the strength of pillars, with smaller pillars
exhibiting greater strength. Therefore, the strength of Bxx pillars with an
impenetrable boundary would scale with half of the pillar diameter (d/
2), which represents the effective dislocation size [51]. In our previous
work [12], a power-law relation was derived to predict the strength of
Cu pillars in different sizes, based on the approach of Dou and Derby
[52]. Using the power law for pillars in [134] direction, with d = 2.4 um
(corresponding to Sxx) and d = 1.2 ym (corresponding to a Bxx pillar
with an impenetrable boundary), Aty is expected to be ~ 35 MPa. The
estimated Atoy, is larger than what we measured (17.5 MPa) for [134],
which again suggests that the ITB is penetrable. One example of
compression of a bi-crystalline pillar with an impenetrable boundary can
be found in the work of Imrich et al. [13]. In that case, a large apparent
strain hardening was observed and bi-crystalline pillars were 19-41%
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stronger than the Sxx ones. It is important to note that despite in-
dications of slip transmission, the measurement of slip transmission is
not feasible.

Fig. 5 shows the shear stress (t2¢,) vs. the pillar diameter for both
compression directions of [111] and [13 4]. It is interesting that pillars
in [13 4] direction deform at higher shear stresses compared to [111]
pillars. This difference might have two explanations: i) Because 6 slip
systems are activated in [111] compression direction, there is a higher
chance that a dislocation source with lower activation energy (stress) is
present in the body of the pillar. ii) pillars are milled and compressed at
two different conditions. The difference in alignment, tearing of the Cu
film prior to obtaining a freestanding film portion, and more extensive
FIB milling for [13 4] pillars could cause more damage [53] and thus
higher flow stress.

The discussion on the transmission of dislocations has thus far been
based on the assumption that the ITB has a GB plane of {11 2}. However,
it is important to note that numerous large and small steps of CTB can be
observed along the boundary. Therefore, the experiments measured the
collective behavior of such boundaries. Different mechanisms could be
considered to explain the present, but not large Aty in case of ITB
pillars:

a) Transmission of dislocations through CTB steps could be consid-
ered. In our previous work [12], pillars with a CTB in different sizes were
tested. The strength increases in pillars containing a CTB was explained
by the dislocation curvature penalty needed for reorientation of the
dislocation, so that they have a screw character and can cross-slip to the
next grain. A probability function was derived to predict the strength
increase caused by the presence of a CTB in different pillar sizes [12].
According to this probability function, there is a 50% probability that
pillars with a CTB at 2.4 um diameter are 7 MPa stronger than their Sxx
counterparts. This is indeed lower than what we measured for Atgg, &~
17.5 MPa in the case of ITB pillars compressed at [13 4]. The difference
in AT, values indicates that CTB segments alone cannot explain the
transmission behavior.

b) The indirect transmission through the {112} ITB is another pos-
sibility. As discussed in section 3.3, the two slip systems with the highest
Schmid factor do not have a common plane or direction for easy trans-
mission. This is also confirmed by the transmission factor m’ based on
the Luster and Morris criterion [54], which is between 0 (no trans-
mission) and 1 (perfect alignment for dislocation transmission). This
was calculated to be m' = 0.4 for the pillar in [13 4] compression di-
rection. As the alignment is not ideal for easy slip transmission, non-
conservative motion and/or reactions with the partial dislocations
forming the ITB and/or possible GB dislocations (disconnections), fol-
lowed by subsequent emission to the next grain is required. As shown in
Fig. 7b, the incoming distinct slip trace from the right grain is continued
by numerous faint and parallel slip traces in the adjacent grain. This can
be an indication of an indirect slip transmission. Moreover, Ma et al.
[38] in a simulation study showed that the transmission behavior of
dislocation through ITB is dependent on where the gliding dislocation
meets one of the three pre-existing partial dislocations, which are pre-
sent at ITBs. Such interactions cannot be observed in a micron-sized
sample. However, the fact that some slip traces exit the boundary in
different planes compared to the incoming plane, shows that parts of the
boundary are more favorable for transmission or for emission of dislo-
cations to the second grain. Therefore, alignment of the dislocation
Burgers vectors, their movement on the GB plane, and their reaction
with the ITB partials can explain the strength increase of Bxx pillars.

5. Summary and conclusions

Micropillar compression of pillars containing an ITB showed that
dislocations can transmit through ITB, and the strength of the Bxx pillars
is increased (Atay) compared to Sxx pillars. The magnitude of Atay,
depends on the pillar size, as well as the compression direction of the
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grains. It has been previously shown that in dislocation transmission
through CTB, additional curvature of the dislocation is responsible for
the size-dependent stress increase of pillars. In pillars containing ITB,
however, ideal slip transmission does not likely take place and the
dislocation transmission is more complicated. This can be confirmed by
post-mortem images of the pillars in [134] directions: the slip traces are
not distinctly connected at the boundary. Comparing the two slip di-
rections, only the [134] direction allows for observing signs of slip
transmission as multiple slip in the [111] case prevents the observation
of slip traces.

The testing of high energy ITBs at the micron-scale involved utilizing
the geometrical relationship between the film and the substrate (sap-
phire in this case). ITBs that were grown in the film had several long and
short CTB steps in them, which is expected at this length scale due their
large energy differences. The result of this work can be used in studying
complex systems to predict the mechanical response, where ITBs are
frequent or present alongside CTBs.
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