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A B S T R A C T   

Micropillar compression was used to investigate whether Ag segregation to an asymmetric Σ5[001] grain 
boundary will lead to measurable strength differences compared to the pure copper bicrystal. Ag segregation was 
accomplished by deposition and subsequent annealing of an Ag thin-film applied on the surface of the Cu 
bicrystal. Atom probe tomography analysis indicated Ag segregation at the grain boundary with a peak con
centration of 2.3 at.%. While the pristine Σ5 grain boundary shows a yield strength of 288 ± 18 MPa when 
compressing 1 µm diameter pillars along 〈001〉, micropillars containing an Ag-segregated Σ5 grain boundary 
demonstrated an increased yield strength of 318 ± 17 MPa. In addition, post-deformation electron microscopy 
was carried out to examine the active slip systems and slip transmission across Ag-free and Ag-containing 
bicrystals. The results are compared to reference measurements of the adjacent single crystal grains. The 1 µm 
pillar diameter promoted deformation governed by dislocation-grain boundary interactions for the bicrystalline 
pillars. This is the first time that changes in flow stress associated with grain boundary segregation have been 
quantified locally without interference from other mechanisms such as solid solution strengthening, formation of 
precipitates or changes in stacking fault energy. The results clearly indicate that purely geometrical models for 
slip transmission are not sufficient as the local atomic structure and composition influence dislocation trans
mission through grain boundaries.   

1. Introduction 

The study of grain boundaries (GBs) is of critical importance and 
there are few systematic investigations that directly correlate GB 
structure and chemistry to physical properties [1–3]. Mechanical 
behaviour is one key property influenced by GBs, where dislocation-GB 
interactions play an important role [3–6]. Studies of slip interactions at 
GBs started roughly 60 years ago, with Livingston and Chalmers ana
lysing slip transfer across GBs in bicrystals [7]. In general, 
dislocation-GB interactions may have the following outcomes: (i) direct 
transmission; (ii) direct transmission with a residual Burger’s vector left 
at the GB; (iii) indirect transmission assisted by non-conservative 
movement across the GB (e.g. through dislocation climb); (iv) no 
transmission, which could be due to complete absorption of the 
incoming dislocation or the GB acting as a strong barrier to dislocation 
transmission; (v) the GB acts as dislocation source [8]. For a more 
detailed description on dislocation-GB interactions, readers are directed 

to the review articles of Refs. [9–11]. An approach to parametrise the 
likelihood of slip transfer between grains was taken by Luster and Morris 
[12], who defined the transmission factor m’ = cosΨ⋅cosκ as a geometric 
function of the angles between slip plane normals in each grain (Ψ) and 
the slip vectors (κ), with slip transmission occurring when m’ is close to 
unity (perfect transmission), but blocked when m’ approaches zero. 
Experimentally determining m’ is straightforward based on electron 
backscatter diffraction (EBSD) data. Furthermore, based on both mo
lecular dynamics (MD) simulations and experiments, m’ is found to 
consistently predict the likelihood of slip transmission [10,13-15]. 

Micro- and nanomechanical methods have been employed to study 
the influence of GBs and slip transmission in both FCC and BCC metals 
[13,16-20,21-24]. Over the last two decades, micropillar compression 
has demonstrated its importance for understanding GB-dislocation in
teractions, with research groups examining the mechanical response of 
isolated GBs in pure FCC and BCC metals using this technique [13,16,17, 
19–22]. While nanoindentation provides fast, precise local mechanical 
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characterisation with minimal surface preparation, micropillar 
compression offers a clearer observation and analysis of activated/
transmitted slip steps in addition to extracting load-displacement data 
under a nominally uniaxial stress state [25]. A major disadvantage of 
pillar compression is that at sub-micron length-scales a highly stochastic 
response is prevalent [26]. However, testing bicrystals at such length 
scales also allows for the load-displacement data to be dominated by 
dislocation-GB interactions [17,27]. Although in situ transmission elec
tron microscopy (TEM) facilitates the observation of dislocation-GB in
teractions at the atomic scale, it is well known that thin TEM foils have 
extremely high stresses due to sample size effects [28], which impede 
quantitative interpretation. For more detailed overview on the emer
gence and advancements in micro- and nanomechanical testing readers 
are directed to Ref. [29]. 

MD studies at high strain rates of typically 108 s− 1 have linked the 
transmission stress across a GB to the GB energy (usually referred to as 
energy criterion) [14,30], revealing an increase in the energy barrier for 
slip transmission with decreasing GB energy. Adlakha et al. found this 
correlation in pure α-Fe but also for hydrogen enriched GBs in α-Fe [30]. 
Huang et al. demonstrated a correlation between the change in the 
excess free volume as a function of impurity segregation for a Σ5[310] 
GB in Cu, and strengthening, using first-principle calculations [31]. In 
their study, the decrease in GB energy was attributed to the efficiency of 
impurities or dopants in filling the excess free volume at the GB, and the 
strengthening effects were found to be closely related to the electronic 
interactions between the segregating elements and host Cu atoms. 
Currently, there are few experimental proofs for the energy criterion 
[32,33], and although the above discussed geometric parameter m’ 
addresses the crystallographic dependence of slip transmission across a 
GB, surprisingly there exist a limited number of systematic experimental 
attempts to comprehensively understand the influence of other param
eters such as temperature, strain rate or local chemistry on 
dislocation-GB interactions. These interactions are of paramount 
importance in predicting and controlling deformation and failure at 
these interfaces. In their pioneering attempt, Malyar et al. [34] 
addressed the impact of varying strain rates on the dislocation trans
mission by testing bicrystalline copper micropillars containing a pene
trable high-angle GB at strain rates of 10− 4 to 10− 1 s− 1. The 
measurements revealed a clear strain rate sensitivity (SRS) of the 
bicrystalline pillars, four times higher than for their single-crystalline 
counterparts. The difference in the SRS was attributed to the difficulty 
in reorienting dislocations in adjacent grains at higher strain rate and 
the non-conservative motion of dislocations in the GB plane (thermally 
activated process) was speculated to be most likely the origin of the 
quantitative differences in SRS of the single and the bicrystalline 
micropillars. Furthermore, the SRS of bicrystalline micropillars ap
proaches single crystalline micropillars at higher strains, as indirect slip 
transmission becomes prevalent. 

For nanocrystalline metals/alloys the maximum strength corre
sponds to competing dislocation and GB-mediated mechanisms [35]. 
The current understanding of how individual deformation mechanisms 
contribute to the overall deformation behaviour of poly
crystalline/nanocrystalline materials is limited and there is a significant 
gap in the quantitative understanding of individual mechanisms [36]. 
While GB segregation offers a viable approach in manipulating GBs to 
tailor the “strongest grain size” and mechanical properties [24,32,35, 
37-39], the influences of GB chemistry on slip transmission, an essential 
part of both dislocation and GB mediated deformation mechanisms has 
not yet been systematically investigated [10]. Although experiments on 
bulk-polycrystalline specimens provide valuable information, they 
provide rather indirect global evidence [32,33]. In polycrystals this is 
due to deformation activity in surrounding grains leading to complex 
local stress states and activation of different slip systems, while the 
inherent microstructural complexities such as precipitate formation in 
multi-element systems and variations in impurity segregation across 
different boundary types further complicates analysis [40–42]. 

Here, by employing in situ scanning electron microscope (SEM) 
micropillar compression with support from slip trace analysis and atom 
probe tomography measurements for chemical analysis, this study at
tempts to systematically determine the influencing factor of solute 
segregation on slip transmission and mechanical response. The present 
study utilises a bulk Cu bicrystal containing an asymmetric Σ5<100>
GB and Ag as segregating species. Cu-Ag is an immiscible system where 
Ag preferentially segregates to GBs [43], and acts as model system to 
experimentally investigate the change in slip transmission and flow 
stress associated with changing GB chemistry. 

2. Experimental methods 

2.1. Sample fabrication and characterisation 

As described in Ref. [44], two seed crystals were employed to grow a 
bulk bicrystal from 99.97 at.% purity copper (See Supplementary In
formation Table S1) using the Bridgman method. Subsequently, 
electro-discharge machining was performed to cut out two 0.4 mm thin 
bicrystalline slices from the mother bicrystal. The slices were further 
ground and electropolished using phosphoric acid at a voltage of 22 V 
ensuring a clean and a damage-free surface. One of the slices was sputter 
coated with a 500 nm Ag layer (Bxx(Ag)), while as a reference the other 
slice was left in a pristine state (Bxx). Both of these slices were annealed 
at 800 ◦C (1073 K) for 120 h under a protective Ar atmosphere. 
Post-annealing, the specimen surfaces were Argon ion polished using a 
broad ion beam (Gatan PECS II). Bicrystal slices were characterised by 
electron backscatter diffraction (EBSD) in a Zeiss Auriga® dual-beam 
focused ion beam (FIB)–SEM with an attached EDAX TSL-OIM version 
6.0 data acquisition system. 

2.2. Scanning transmission electron microscopy 

Conventional TEM preparation was used to estimate the initial 
dislocation content in the grains. Initially, the sample was mechanically 
thinned to 200 µm. Then, the samples were electropolished using a 
TenuPol-5 in 33% HNO3 in Methanol at 2 V and a temperature of − 30 
◦C. For extracting site-specific TEM lamellae at the Ag-segregated GB, a 
Thermo Fisher Scientific Scios2HiVac dual-beam SEM was used. The 
rough milling was performed at 30 kV and 1 nA, going sequentially 
down to 5 kV and 7.7 pA up to a thickness of about 80 nm. A FEI Titan 
Themis 80–300 (Thermo Fisher Scientific) scanning TEM (STEM) was 
used for imaging. The DF-STEM dataset was taken with collection angles 
of 25 to 154 mrad, whereas the TEM image was taken with a 4k Ceta 
camera from FEI. 

2.3. Probing GB segregation 

A correlative approach consisting of EBSD, transmission Kikuchi 
diffraction (TKD), and site-specific atom probe tomography (APT) was 
utilised to analyse the GB. APT tips were prepared using a dual-beam FEI 
Helios NanoLab 660i FIB–SEM. TKD was performed with an EDAX 
Hikari Plus EBSD camera during the FIB preparation to ensure the 
presence of the targeted GB. A standard lift-out procedure was employed 
for APT tip preparation. APT studies were carried out in a LEAP 5076XS 
and the measurement was carried out at 50 K with a detection rate of 
0.7% (7 ions per 1000 pluses). Laser pulsing with a repetition rate of 
200 kHz and pulse energy of 60 pJ was used. Cameca’s AP suite 6.1 
software was employed for analysing the acquired data. The interfacial 
excess of Ag from the APT measurement was calculated using the inte
gral method as described in Ref. [45]. 

2.4. Micropillar fabrication, testing and post-deformation analysis 

Both single (Sxx) and bicrystalline (Bxx) cylindrical micropillars with 
a top diameter of ~1 μm were fabricated by Ga+ FIB milling at 30 kV 
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with currents of 2 nA down to 240 pA for final polishing (Zeiss Auriga® 
dual-beam FIB-SEM). Nano Patterning and Visualization Engine (NPVE) 
software was employed for annular milling leading to a typical cylin
drical pillar as seen in Fig. 1a. For each prepared pillar, dimensions were 
first determined using SEM imaging. The GB was parallel to the loading 
direction and extended throughout the bicrystalline pillars. A diameter- 
to-height aspect ratio of 1:2.5–3.0 was maintained. This configuration 
facilitates dislocation-GB interaction as described in Ref. [46,47]. The in 
situ micropillar compression tests were carried out using a Bruker 
Hysitron PI 88 mounted in a Zeiss Gemini 500 SEM. The indenter tip was 
a conductive diamond flat punch with 3 μm diameter (Synton-MDP, 
Switzerland). All tests were performed in 
pseudo-displacement-controlled mode at a strain rate of 10− 3 s− 1. The 
yield stress (σy) was defined as the maximum stress at or prior to 2% 
offset strain (for a more detailed description see Supplementary Infor
mation). The majority of the tests were conducted to engineering strains 
greater than 10% to obtain well-defined slip steps (see Supplementary 
Information Fig. S8). The cross-sectional diameters at the top of each 
pillar were taken as the representative diameter to calculate the engi
neering stress values [48]. A total of 32 micropillars were successfully 
tested. Compression tests were followed by post-mortem SEM imaging, 
to assist in verifying glide step crystallography. A Mathematica© code 
was used to visualise and simulate the slip traces of single-crystalline 
counterparts and slip transmission factors (m’) for relevant slip sys
tems were calculated using the STABIX tool [49]. 

3. Results and interpretation 

3.1. GB segregation and mechanical response 

The annealed bicrystal was found to contain a single asymmetric Σ5 
[001] (510)/(210) tilt GB with a misorientation angle of 40 ± 1.6◦, and 
surface normals (equivalent to the compression direction) ≈ 〈001〉 for 
grain pairs L [2 1 23] and R [2 1 27] (left L and right R, respectively, 
according to Fig. 1b). The GB planes (510)/(210) were determined using 
a stereographic projection from the EBSD data, where the indices 
correspond to the crystallographic planes of the abutting grains parallel 
to the GB plane (Fig. 1b). A representative cylindrical bicrystalline 
micropillar (Bxx) with 3◦ taper is illustrated in Fig. 1a, in which the GB is 
positioned close to the centre and extends across the pillar volume. The 
initial (post-annealing) dislocation density estimated using TEM of 
electrolytically thinned specimens (Bxx) was (9.5 ± 2.0) × 1012 m− 2 

(see Fig. 1c and Fig. S9). The dislocations are heterogeneously distrib
uted, with dislocations free regions and areas containing dislocation 
entanglements. Of critical importance, site-specific TEM analysis of the 
Ag-segregated GB Bxx(Ag) revealed no significant secondary dislocation 
structures in the bulk or near the GB (see Fig. 1d and Fig. S10). 

To determine the chemical compositions at the GB for the annealed 
diffusion couple, an APT specimen extracted close to the sample surface 
of Bxx(Ag) (Tip 1, Fig. 2a) was found to have a peak concentration of 2.3 
at.% Ag (line composition indicated by the black arrow) at the GB 
(Fig. 2c). An APT specimen extracted approximately 2 µm below the 
surface (Tip 2, Fig. 2b,d) showed a GB concentration close to 1.4 at.% 
Ag, suggesting a concentration gradient of Ag along the specimen depth. 
As a consequence of the Ag segregation, and consistent with Ref. [44], 
the GB in Bxx(Ag) is observed to have inclinations varying between 

Fig. 1. a) A representative bicrystal pillar (Bxx) before compression (GB 
highlighted with dashed black line); b) EBSD inverse pole-figure (IPF) map of 
the bicrystal showing the GB trace (dashed black line) and relative crystal 
orientations in 〈001〉 zone axis. c) BF-TEM micrograph of conventionally pre
pared foil of the Ag-free specimen used to estimate dislocation density. The 
distribution is heterogenous, showing µm2 areas free of dislocations separated 
by areas containing entangled dislocations. Some dislocations are highlighted 
by blue arrows. d) DF-STEM image of a FIB lamella of the Ag segregated GB in 
cross-section, in which the left grain is in 〈120〉 zone axis. The distribution of 
dislocations is comparable to the Ag-free specimen. Some dislocations in c) and 
d) are highlighted by blue arrows. 

Fig. 2. (a-b) 3D reconstructed APT tip 1, extracted close to the top surface 
showing the Cu and Ag atoms and 0.8 at.% Ag isosurface at the GB. Tip 2 was 
extracted at an approximate depth of ~2 μm. Note that the grain boundary 
inclination in b) is predominately caused by extracting an inclined FIB-APT 
sample. (c-d) 1D concentration profiles (indicated by black arrows in a and 
b) corresponding to tip 1 and tip 2 show a peak concentration of 2.3 and 1.4 at. 
% Ag, respectively, at the GB. The values of ΓAg correspond to the GB excess. 
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0 and 9̊ (Fig. S7) rather than straight boundaries as for the Ag-free Bxx 
pillars (Fig. 1a). However, as reported in Ref. [47], inclinations of such 
magnitude have a negligible influence on the observed mechanical 
response and does not interfere in the final interpretation. Using the 
integral method [45], a solute excess of 6.2 ± 1.0 atoms/nm2 was 
calculated for Tip 1 and 2.6 ± 0.5 atoms/nm2 for Tip 2 at the GB, 
respectively. The same approach yields a matrix concentration of 0.18 
at.% Ag, which can be rationalised when considering a room tempera
ture solid matrix solubility of ~0.1 at.% according to the Cu-Ag phase 
diagram [43]. 

FIB-milled micropillars with ~1 µm diameter were then cut for pure 
and Ag segregated specimens. Compression testing of both the Sxx and 
Bxx micropillars revealed serrated stress-strain curves (Fig. 3), charac
teristic of stochastic deformation at micron length-scales [26]. As the 
deformation axis corresponds to [001] in both grains, eight {111} slip 
systems could be activated according to Schmid’s law in each grain. 
Although dislocation-dislocation interactions could potentially mask the 
effect of dislocation-GB interactions, a clear impact of the asymmetric 
Σ5[001] (510)/(210) tilt GB is observed when comparing the flow stress 
of the Bxx to that of the Sxx micropillars (Fig. 3a). The pristine Σ5 Bxx 
demonstrates a higher strength than its SxxL and SxxR single-crystalline 
counterparts. The higher strength in Bxx is explained by dominant dis
location–grain boundary interactions over dislocation-dislocation in
teractions. This can be attributed to the small pillar diameter of ~1 μm 

and the low initial dislocation density, as at these length scales, dislo
cations are also more likely to escape to the specimen surface mini
mising the probability for dislocation-dislocation interactions [17,27, 
29,50]. Thus, the deformation behaviour in the bicrystal pillars at this 
length-scale appears to be dominated by dislocation-GB interactions 
[51]. 

Flow curves for the Ag segregated specimens reveal a similar trend 
(Fig. 3b). The Bxx(Ag) micropillar shows significantly higher strength 
than the constituent SxxL(Ag) and SxxR(Ag) responses, exceeding the 
flow stresses obtained for the pristine Bxx sample(s). This trend is 
further established when the yield strength (σy) is compared for all 
tested specimens (Fig. 4). Single crystalline micropillars of the pristine 
and Ag containing specimens show similar flow stress responses (Fig.4a, 
c). However, with Ag segregation the strength of the Bxx(Ag) samples 
yield at 318 ± 17 MPa, while the Ag-free Bxx reaches yield stresses of 
288 ± 18 MPa. 

3.2. Slip trace analysis 

3.2.1. Single-crystalline micropillars 
Fig. 5a-d show representative post-deformation SEM images and 

simulated slip traces of the single crystalline pillars Sxx(Ag). Multiple 
fine and a few large slip steps were observed in the single crystalline 
samples SxxL(Ag) and SxxR(Ag), and are consistent with the simulated 
slip traces with the highest Schmid factors. No differences are found 
between Sxx pillars both without and with 0.18 at.% Ag. The total 
number of possible active slip systems are summarised in Table S2, in 
decreasing order of Schmid factor. Three distinct slip systems could be 
identified in both the left and the right single-crystalline micropillars 
respectively. The slip traces corresponding to the highest Schmid factor 
slip systems are identified in Fig. 5a-d. 

3.2.2. Bicrystalline micropillars 
Upon examining the post-deformation surface features of the 

bicrystals by SEM, the deformed pillars show multiple small slip steps in 
both grains originating from multiple active slip systems (Fig. 6). 
Examining the slip traces, several slip lines are seen to extend from one 
grain through the GB to the abutting grain, evidence of possible slip 
transmission through the GB. The slip traces of Fig. 6 correspond to the 
slip systems shown in Fig. 5 of 1 L (red) and 2R (blue) with Schmid 
factors of 0.422 and 0.418 for grain L and grain R, respectively, and a 
calculated transmission factor m’ = 0.63, indicating a favourable 
transmission configuration. While there exist multiple combinations of 
active slip systems with even higher transmission factors (see Table S3), 
due to the continuity of slip across the GB (as highlighted by the white 
dashed arrows in Fig. 6) and dominant slip traces, the aforementioned 
combination was resolved, and the continuity of slip traces across the GB 
strongly serves as an indicator of direct dislocation transmission [52]. 

Testing a boundary with Ag decoration makes it possible to gain 
more insights into dislocation-GB interactions using local chemical to
mography analysis. Fig. 7 compares pre- and post-deformation 3D APT 
reconstructions, wherein the post-deformation APT tip was extracted 
from a Bxx(Ag) micropillar deformed to an engineering strain of 14%. 
While the pre-deformation APT specimen extracted from a region in 
close vicinity to the deformed pillar reveals a straight GB segment 
(Fig. 7a, consistent with Fig. 2), deformation is seen to induce significant 
steps into the GB (Fig. 7b). The observed steps (on the order of 10–15 nm 
width) are assumed to be a direct result of residual disconnections at the 
GB due to frequent dislocation GB interactions (see also Supplementary 
Video 1,2 and Table S4). It must be noted that despite the micropillar 
being deformed to 14% engineering strain, the GB steps in the post 
deformation APT should reflect a strain less than 14% due to the 
localised slip during the micropillar compression. Nevertheless, the 
post-deformation images and post-deformation APT combined with the 
transmission factors of the active slip systems suggest frequent 
dislocation-GB interactions (dislocation-transmission) within the 

Fig. 3. Representative flow curves for a) the Cu reference specimen, and b) the 
Ag segregated specimen from micropillar compression. Responses from both 
single crystalline pillars and bicrystal are shown. 
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deforming volume of the bicrystals. A more detailed discussion on the 
implications of these observations is provided in the next section. 

4. Discussion 

While the yield strength comparisons in Fig. 4 reveal a clear corre
lation between strength and GB chemistry for the bicrystal samples, the 
post-deformation images of slip traces (Fig. 6) show no obvious differ
ences between the Bxx and Bxx(Ag) samples. Given that dislocation-GB 
interactions are predicted to dominate the deformation response, the 
differences in mechanical behaviour must arise through differences in 
the slip transmission. Potential factors that may affect the mechanical 
response/dislocation transmission across the GB include:  

i. The relative orientation of slip systems across the GB;  
ii. The formation and operation of dislocation sources in the bulk 

and/or near to the GB;  
iii. Possible secondary dislocation structure near Ag-segregated GB;  
iv. Ag enrichment at the GB;  
v GB acts as dislocation source; 

Factor (i) relating to the transmission factor m’ is purely geometric 
where a high m’ indicates easier slip continuity across the GB, thus 
favouring slip transmission. Structural and chemical effects of the GB are 
not considered. As a consequence, the post-deformation images (Fig. 6) 
clearly identify the same glide systems for Bxx(Ag) and the Ag free Bxx, 
and (i) can therefore be ruled out as a possible cause of strength increase. 

The impurity content in the bulk/near GB may also result in 
increased resistance to dislocation motion (solid solution strengthening) 

further impairing the operation of dislocation sources and dislocation 
propagation i.e. factor (ii). However, in the present study, the atom 
probe results of Fig. 2 indicate an average concentration of only 0.18 at. 
% Ag in the bulk. For Cu with a moderate stacking fault energy (SFE) of 
70 mJ•m− 2 [53], the addition of 0.18 at.% Ag will have a negligible 
influence on the SFE [54]. Also, while the lower shear modulus and 
larger atomic size of Ag compared to Cu may lead to some solid solution 
strengthening, based on the Fleischer model 0.18 at.% Ag is predicted to 
only increase the shear strength by 1.7 MPa (≈ 4.4 MPa in yield 
strength) [55] (Supplementary Information, Section S2). This is in 
accordance with the observed stress-strain responses revealing no 
impact on the single crystalline yield stress (Fig. 3) compared to the 
pristine reference specimen (see Fig. 4). Therefore, no evidence was 
found to attribute solid solution hardening or changes in SFE in the bulk 
as the possible causes of the strength enhancement, nor was Ag pre
cipitation observed within the grains or at the grain boundaries. As 
earlier put forth in Section 3.1, no evidence of an existent secondary 
dislocation structure near the Ag-segregated GB was found hence (ii) 
and (iii) as putative factors influencing strength could be ruled out. 

In light of the aforementioned results and discussions, explanations 
for the strength increase point towards factor (iv); i.e. that the change in 
mechanical behaviour (i.e. strengthening) could primarily be influenced 
by Ag enrichment at the GB. The addition of the relatively larger Ag 
atom along the GB could potentially induce local distortion. As 
dislocation-GB interactions are sensitive to local stress fields [56], 
dislocation movement may consequently be influenced, resulting in 
higher transmission stresses. The observations made here also align with 
MD observations made for the Cu-Zr system [57]. In that study [57], 
segregated Zr atoms lead to strong dislocation pinning at the GB by 

Fig. 4. a) Comparison of the average yield stress (σy) of specimens based on the number of samples (N) tested successfully. Error bars represent single standard 
deviations. The mean flow stress of 228 MPa for all single crystal samples Sxx and Sxx(Ag) is represented with a dashed black line. b) Comparison of flow stress values 
at 1%, 2% and 4% strain offset. Single crystalline pillars of both specimens are grouped into a single category Sxx(all). c) Unpaired Student’s t-tests were performed 
on σ2% for statistical significance (not-significant ns when P > 0.05, significant ** when P ≤ 0.01). Error bars denote standard error of the mean. 
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formation of ledges and local strain fluctuations, increasing the flow 
stress required for dislocation propagation. Interestingly, dislocation 
pinning by a GB was experimentally observed during in situ TEM 
compression of pure Cu Σ5 GB containing pillars [58], consistent with 
the performed MD simulations [57]. Furthermore, MD simulations on a 
symmetric Cu Σ5{210} GB with and without Ag reveal an increase in 
excess volume and change in GB shear stresses, both opposing trans
mission in case of Ag segregation [31,57]. Moreover, recent experi
mental evidence of strain rate sensitivity of pure Cu bicrystalline pillars 
during micropillar compression indicates stress-assisted non-conserva
tive dislocation movement as an essential phenomenon during slip 
transmission [34]. Therefore, the segregation of Ag atoms at the GB 
would additionally reduce the GB diffusivity, limiting stress-assisted 
dislocation climb up or down along the GB plane eventually 

Fig. 5. a,c) Representative post-deformation SEM images of single-crystalline 
specimens Sxx(Ag). b,d) Corresponding simulated slip systems in single- 
crystalline micropillars with calculated Schmid factors, where the systems 
with the three highest Schmid factors are highlighted, and denoted in a,c) 
with arrows. 

Fig. 6. Post-mortem SEM images of a) representative Bxx (compressed to ~17% strain) and b) Bxx(Ag) (compressed to ~23% strain), where the markings indicate 
slip traces on the left and right grain component. Attention is paid to the continuity of slip traces 1L and 2R across the GB (indicated by the white arrow) in both cases 
indicative of direct dislocation transmission. 

Fig. 7. a) 3D reconstructed APT tip showing only Ag atoms, and b) APT tip 
extracted from a deformed pillar with a total engineering strain of 14%. Post- 
deformation APT results indicate significant steps (highlighted by the black 
arrow) in the GB after undergoing deformation. 
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restricting indirect slip transmission [59,60]. As such, based on the 
current experimental observation of higher shear stresses measured in 
the case of the Ag enriched GB, it is implied that the GB chemistry and 
local atomic-scale GB properties influence the transmission stress [15]. 

It follows that GB chemistry is an instrumental parameter in engi
neering the Hall-Petch coefficient k [61], as demonstrated in poly
crystalline nickel doped with sulphur, where tensile tests indicated an 
increase in the Hall-Petch slope with sulphur concentration [62]. This 
was explained based on sulphur segregation increasing the ledge density 
at the GB which act as potent dislocation sources for increasing the local 
dislocation density. In situ tensile tests on the same system, however, 
suggest a different mechanism, where sulphur segregation at GBs is 
speculated to prevent dislocation transmission, ultimately resulting in 
intergranular fracture [63]. While the above explanation aligns well 
with the experimental observations reported here, Ag segregation does 
not however completely restrict dislocation transmission in Cu. 
Furthermore, Wyrzykowski et al. studied the effect of temperature 
(77–423 K) on k in polycrystalline Al [64]. Interestingly, the specimens 
with a higher fraction of special GBs demonstrated higher k values. This 
was explained based on the differences in the distribution of GB diffu
sivity coefficients. For specimens with lower fraction of special GBs, 
higher GB diffusivity coefficients promote relaxation processes at GBs, 
thus resulting in more “transparent” GBs. In the present context, the 
variation of k with temperature could be better explained by considering 
indirect transmission, which is sensitive to non-conservative dislocation 
motion within the GB, and thus to GB diffusivity and testing tempera
tures (also strain rates). 

Finally, taking factor (v) into consideration, GBs can influence plastic 
deformation by acting as sources and sinks for dislocations [10]. Veri
fying such processes experimentally poses an extremely challenging task 
and the atomic details of these processes are still largely unsolved. In this 
light, Borovikov et al. simulated the effect of Ag-segregation on dislo
cation nucleation from a Σ11 GB in Cu where a dramatic increase in 
yield stress was observed, associated with deformation mechanisms 
controlled by dislocation emission from the GB [65]. It is also important 
to consider the amount of segregation, as a higher solute concentration 
may negatively impact emission stress [57,66]. However, in the present 
case, the initial local dislocation density up to (9.5 ± 2.0) × 1012 m− 2 

corresponds to a minimum dislocation spacing of ~320 nm. As a result, 
already existing dislocations and their multiplication could potentially 
mask the effect of GB dislocation sources. Hence, the impact of Ag 
segregation on dislocation emission by the GB could not be assessed. 
Nevertheless, the results clearly reveal that dislocation transmission is 
governed by both geometry of the adjacent slip systems and GB 
chemistry. 

Our findings suggest that interaction of segregated solute atoms and 
dislocations at GBs can be an important micro-mechanism influencing 
plasticity in nanocrystalline alloys. Most previous computational and 
experimental work has focused on the segregation-induced strength
ening response of nanocrystalline alloys based of GB stabilisation or GB 
pinning, encompassing only GB mediated deformation processes (such 
as GB sliding, GB dislocation sources and GB migration) [36,67,68]. GB 
stabilisation positively scales with the size of the segregated elements 
(lattice mismatch) as does the dislocation pinning capability of solutes 
[32,39,57]. However, the influence of segregating elements on slip 
transmission has largely been overlooked in experiments, while only a 
limited number of simulations have described its influence [30,69]. 
Nevertheless, producing alloys with superior properties requires a 
thorough understanding of the atomistic mechanisms influencing plastic 
deformation. It is therefore essential for both experimental and model
ling studies to consider variability of segregation and its influence on 
slip transmission. 

5. Conclusions 

Using a Cu-Ag model system coupled with in situ micropillar 

compression, the effect of Ag impurity segregation at an asymmetric Σ5 
GB on mechanical behaviour was successfully examined. The effect of 
GB segregation on the mechanical response with a specific focus on the 
role of local chemistry on dislocation transmission was quantitatively 
measured. Small pillar dimensions of ~1 µm diameter ensured that 
dislocation-GB interactions dominated the deformation process, even 
during a crystallographic alignment for multiple slip system activation. 
Ag enrichment at the GB leads to a significant increase in yield strength, 
with Bxx micropillars containing pristine Σ5 having a yield strength of 
288 ± 18 MPa, compared to 318 ± 17 MPa for Bxx(Ag) micropillars 
containing an Ag-segregated Σ5 GB. Possible influences by solid solution 
strengthening, changes in misorientation or possible GB dislocation 
networks were ruled out by the experiments, which led to the conclusion 
that GB segregation of Ag enhances the transmission stress. Simulations 
are required to understand the exact atomistic mechanisms and resolve 
the physical nature of the stress increase. Thus, not only grain size 
refinement by GB segregation, but also the GB chemistry is an important 
lever to improve the strength of materials, while in situ micropillar 
compression in conjunction with local chemical analysis allows the 
rational study of such effects. 
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