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a b s t r a c t 

In this work, we experimentally establish the isothermal nanofacet evolution at an asymmetric 
∑ 

5 tilt 

grain boundary in the Cu-Ag system using a diffusion couple approach. We investigate the nanofacet for- 

mation along the grain boundary in dependence of the Ag solute excess concentration. The initial grain 

boundary dissociates into asymmetric Ag-lean segments and Ag-rich symmetric (210) segments. Increas- 

ing Ag excess leads to an increase in Ag-rich facet segment length, while the length of the asymmetric 

facets remains constant. From this, we construct a grain boundary nanofaceting diagram deduced from 

our experiments relating local atomic structure, overall inclination and Ag solute excess. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
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. Introduction 

Grain boundaries (GBs) are interfaces separating adjoining crys- 

als with different misorientation. They are amongst the most im- 

ortant material defects and their associated structure and prop- 

rties determine their influence on the behavior of polycrystalline 

aterials. An easy categorization is based on the coincide site lat- 

ice (CSL), which identifies special CSL boundaries e.g. for distinct 

ilt angles. One well-known and studied type of boundaries is the 
 

5-type, which includes in particular the symmetric (310) and 

210) boundaries with [001] tilt axis. These have been serving for 

arious studies of grain boundaries. However, much less is known 

bout the asymmetric inclinations between these two symmetric 

oundaries. Medlin et al., for instance, reported a decomposition 

f an asymmetric 
∑ 

5 grain boundary in iron into a faceted bound- 

ry composed of symmetric (310) and (210) facet segments [1] . 

n fact, Tschopp et al. simulated the grain boundary energies of 

everal of these asymmetric inclinations in copper and aluminum 

nd chose some specific inclinations to also investigate their struc- 

ure [2] . Many other studies investigated the structure of 
∑ 

5-type 

Bs experimentally [1] and theoretically [3] in different materi- 

ls and it is by now accepted that the two symmetric (310) and 
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210) variants are composed of a distinct, reoccuring arrangement 

f kite-shaped motifs. Going further Frolov et al. even investigated 

emperature induced structural changes of the symmetric variants 

pon segregation in the Cu-Ag system [4] . In early work, Gibbs 

stablished that interfacial transitions can be described by equi- 

ibrium thermodynamics [5] and Hart later proposed that transi- 

ions at GBs are possible and referred to them as “two-dimensional 

hase transitions” [6] . The thermodynamic description of these 

ransitions was extended by Cahn and Rottman [7,8] who catego- 

ized them into faceting and congruent (all 5 degrees of freedom 

emain constant) transitions. Both types, non-congruent (faceting) 

nd congruent transitions are referred to as GB phase transforma- 

ions [9] or synonymously GB complexion transitions [10,11] . How- 

ver, these transitions are typically studied in perfectly symmet- 

ic and planar GBs [12–14] and mostly derived from indirect ex- 

erimental measurements [15,16] or atomistic simulations [4] . In- 

tances of how complex such GB transitions can be and how fac- 

ors like temperature and chemistry can influence a GB’s structure 

ere recently demonstrated by scanning transmission electron mi- 

roscopy (STEM). Hu et al. found a temperature dependent segre- 

ation behavior including a first order congruent transition at low 

emperatures in a planar Au-doped Si GB using atomistic calcula- 

ions [17] . Very recently, a complex co-segregation pattern includ- 

ng segregation induced symmetry changes and order losses at a 

lanar WC grain boundary was discovered [18] . A comprehensive 

eview on evidence of grain boundary transitions can be found in 

 recent review article [19] . 
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Already Cahn discussed that most GB transitions involve 

aceting [7] and such transitions have been observed experimen- 

ally in many materials [20–22] . Faceting-roughening phenomena 

f GBs were recently summarized by Straumal et al. for a great 

mount of different grain boundary types and in different material 

ystems [23] . The majority of experimental and simulation work 

stablished a clear dependence of faceting-defaceting transitions 

n temperature in pure metal GBs [21,24–26] . Some work also fo- 

used on how structural defects of a grain boundary (GB disloca- 

ions) may influence faceting by pinning or dragging facets during 

efect motion [27] . Transitions influenced by chemical stimulus, 

or instance by segregation, are much less understood in the case 

f GB faceting as compared to the segregation behavior of planar 

oundaries. Changing the chemistry at GBs by adsorption of so- 

ute excess significantly changes the energy of such boundaries and 

onsequently structural transitions are likely to occur. Early work 

howed structural transitions at a low angle grain boundary in the 

e-Au system [28] . Faceting transitions were frequently observed in 

he last decades in the Cu-Bi binary system since Bi promotes GB 

mbrittlement [29] . Experimentally, only one carefully performed 

n situ experiment conducted by Ference and Baluffi unambigu- 

usly demonstrated that reversible faceting-defaceting can be in- 

uced by solute adsorption [30] . However, faceting occurred on a 

cale of several tens to hundreds of nanometers and the character- 

zation of the atomic GB structure and chemistry was not possible 

t that time. Four decades ago Loier and Boos demonstrated al- 

eady how small additions of Bi induce striations and faceting of Ni 

rain boundaries [31] . Yu et al. recently found distinct segregation 

atterns of Bi solutes at a microfaceted general GB in Ni [32] after 

aving shown that such patterns may be the underlying reason for 

etrimental effects of Bi segregation on mechanical properties in 

i [33] . Our recent work combining atomic resolution imaging and 

tomistic modelling demonstrated that Ag segregation can act as 

hemical trigger promoting a nanofaceting transition of an asym- 

etric 
∑ 

5 tilt grain boundary in Cu [34] . However, temperature 

3] , pressure [35] or solute excess concentration [30,36] strongly 

nfluence GB transitions [37] and their concentration dependence 

s usually established by atomistic modeling. 

Here, we report the experimental assessment of GB plane and 

aceting evolution in dependence on the Ag solute excess concen- 

ration at an initially asymmetric 
∑ 

5 tilt grain boundary in Cu. The 

oncentration dependence was observed using atomic resolution 

TEM in combination with energy dispersive X-ray spectroscopy 

EDS) and atom probe tomography (APT) in close vicinity to the 

nterface of a Cu-Ag diffusion couple. A Ag reservoir was sputter 

eposited on top of a bicrystal containing the GB to create the dif- 

usion couple. For consistency, we refer to the surface of the bicrys- 

al (the interface to the Ag reservoir) as surface . 

. Experimental 

Bicrystal growth and sample preparation. To achieve the 

tructure-chemistry correlation for Ag segregation induced 

anofaceting, we grew a Cu bicrystal containing the asym- 

etric grain boundary using the Bridgman technique. The [001] 

rystallographic directions of the two seed crystals were aligned 

arallel with a misorientation of 54 ° around this common axis to 

nsure the formation of a tilt GB, in the 
∑ 

5 system, with a com-

on [001] zone axis orientation, which is important for the STEM 

nalysis. We would like to point out here that the misorientation 

iven by the tilt rotation of the seed crystals results in the entire 

icrystal being close to the 
∑ 

5 misorientation and, consequently, 

ll GB planes studied in this work are of this type if not mentioned

ifferently. Additionally, an asymmetric inclination of 31 ° was cho- 

en for the as-grown reference boundary. A schematic overview of 

he crystallography and diffusion couple geometry is provided in 
2 
ig. 1(a). From the grown bicrystal, discs were cut parallel to the 

001] growth direction and metallographically prepared to obtain 

est surface quality with a final electropolishing step. A reference 

amella was extracted from this disc for STEM investigations using 

ocused ion beam (FIB) preparation. Segregation was achieved by 

hermal annealing at 800 °C under high vacuum conditions for 

20 h. In our previous work we could exclude already that these 

onditions influence the pure, Ag-free, grain boundary structure 

34] . Ag was sputter deposited to a thickness of 500 nm onto the 

ame disc used as reference, to extract a Ag segregated GB as close 

o the reference state as possible. In this way a diffusion couple 

rrangement was created between Ag and the GB-containing Cu. 

o additional metallographic preparation was performed to not 

lter the state of the GB artificially. Thus, although a slight spatial 

isalignment, we believe to examine the same GB before and 

fter the diffusion process. 

Scanning transmission electron microscopy. The FIB prepared 

amella were investigated as-grown and after thermal treatment 

sing a probe-corrected STEM in a Thermo Fischer Scientific Titan 

hemis 60–300 STEM machine and at an acceleration voltage of 

00 kV. The shown micrographs were acquired in high-angle an- 

ular dark field imaging conditions to benefit from its Z-contrast 

onditions, i.e. the semi-collection angle was set to 76–200 mrad. 

DS maps were acquired using a Super-X windowless EDS detector 

t selected locations to correlate nanofaceting with Ag solute ex- 

ess concentration in zone axis orientation immediately after im- 

ge acquisition to avoid tilting and thus loss of spatial correlation. 

Atom probe tomography. Quantification of Ag excess concen- 

ration at the GB with respect to the matrix was obtained from 

tom probe tomography (APT) reconstructions at specific regions 

f interest. APT tips were prepared by FIB (same instrument used 

or TEM lamellae) [38] , applying a final cleaning at 5 kV and 41 pA,

nsuring a Ga content < 0.1 at.% in the analyzed regions. APT data 

as collected using a local electrode atom probe, LEAP 50 0 0XS by 

ameca Instruments. The measurements were performed at a tem- 

erature of 50 K, in laser mode with an energy of 60 pJ, using 

 pulse repetition rate of 250 kHz and a detection rate of 0.007 

toms per pulse. 

. Results & discussion 

A pure Cu reference boundary of the bicrystal’s top surface be- 

ore Ag deposition was observed at three distinct magnifications 

Fig. 1b). The boundary appears to be entirely flat for at least 13 

m from the top surface into the bulk as determined by STEM, 

ven at higher magnification. Atomic resolution imaging reveals 

he local atomic arrangement and although some sub-nanometer 

oughness can be associated to the asymmetric GB ; we refer to this 

oundary as flat reference boundary. The reference GB was deter- 

ined to be close to an asymmetric 
∑ 

5 [001] (920)/(110) bound- 

ry , which is in close agreement to our previously investigated GB 

howing the Ag induced nanofaceting [34] . 

After Ag diffusion, the overall macroscopic grain boundary (ob- 

erved at low magnification) is no longer straight and a seemingly 

ontinuous curvature from the bulk to the surface was induced. 

 schematic representation of the grain boundary after segrega- 

ion is given in Fig. 1 a) and an experimental HAADF STEM micro- 

raph of a part of the grain boundary close to the surface at low 

agnification in Fig. 2 . Micrographs were then acquired at certain 

ocations and at high magnifications along the segregated GB to 

tudy the overall plane evolution connected with the nanofacet for- 

ation and the associated Ag excess. Representative locations (see 

ig. 2 positions 4 to 1 , Cu(Ag) GB close to the surface) are marked

n the overview image and are presented in more detail below. 

e observe a gradual transition from a flat segregated boundary 

1 in Fig. 2 , compare STEM-EDS results), in close resemblance to 
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Fig. 1. (a) Schematic representation of the diffusion couple’s arrangement and the 

crystallography of the grown bicrystal containing the asymmetric tilt grain bound- 

ary and how the boundary behaves after segregation. (b) HAADF-STEM micrographs 

of the asymmetric, Ag-free, reference boundary at different magnifications. {200} 

planes and planes belonging to the grain boundary are indicated in the bottom mi- 

crograph. All micrographs are acquired in [001] zone axis orientation. 
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he Ag-free reference, to a symmetric 
∑ 

5 (210) GB (4 in Fig. 2 ),

s further indicated by the adoption of the kite motif [4,34] in 

he enlarged area next to the micrograph of position 4. The in- 

ermediate GB adopts a nanofaceted state containing Ag-rich, sym- 

etric 
∑ 

5 (210) segments and newly formed, asymmetric and Ag- 

ean 

∑ 

5 segments with a GB plane close to (320)/(100). Almost 

ll kite tip positions are occupied by Ag (bright columns in HAADF 

TEM). In addition, we occasionally observe image contrast indi- 

ating Ag occupation of non-kite tip positions at the GB, as well. 

herefore, it is reasonable to believe that the symmetric GB close 

o the surface is covered close to a monolayer of Ag. The symmet- 

ic 
∑ 

5 (210) GB plane was measured to be ∼ 20 ° inclined with 

espect to the non-faceted, asymmetric 
∑ 

5 (920)/(110) reference 

oundary plane. It has to be noted, that an overall increase in Ag 

oncentration resulting from the Ag concentration gradient refers 

o the overall concentration at the grain boundary (and the bulk). 

ocally, the Ag-rich and Ag-lean facet segments exhibit relatively 

onstant coverage, i.e. close to monolayer or close to no coverage, 

espectively. 

The precise solute excess concentration and localized elemen- 

al distribution were determined along the boundary by APT and 

TEM-EDS, respectively. An APT specimen extracted close to the 

ample surface (Tip 1, position 4 in Fig. 2 ) was found to have a

eak concentration of ∼3.6 at.% Ag (black line) as determined from 

he integrated line profiles across the GB ( Fig. 3 a, upper graph). A 

pecimen extracted from below the sample surface (Tip 2, at po- 
3 
ition 2-3 in Fig. 2 ) only contained a peak solute excess of ∼2.4

t.% Ag ( Fig. 3 a, lower graph). A depletion zone is visible for the

g concentration next to the enriched GB in both specimen. In the 

ase of the less segregated GB (Tip 2), the Ag concentration recov- 

rs towards the outer APT needle’s surface and reaches saturation 

t a level of about 1.3 at.% at about 25 nm from the GB. For Tip 1,

he depletion extends much further and saturation is not reached 

nside the specimen volume. From the course of the concentration 

rofile we expect a saturation level of around 1.7 at.% at about 45 

m from the GB deduced from a second order polynomial fitting. 

o determine the respective bulk Ag concentration more reliable, 

e created cylinders of the same dimensions (25 nm x 10 nm x 40 

m) inside the two volumes and placed them parallel to the GB at 

 fixed distance of 20 nm (in saturation level of Tip 2). Bulk con- 

entrations of 1.43 ±0.015 at.% and 1.23 ±0.011 at.% were extracted 

or Tip 1 and Tip 2, respectively. The precise location of the ex- 

racted tips within a few μm is hardly possible to be determined 

fter FIB milling preparation. The bulk Ag concentrations appear 

easonable considering the low Ag solubility according to the equi- 

ibrium phase diagram [39] . In addition, Ag density maps of thin 

lices (1 nm thickness) through the reconstructed volumes of these 

wo APT tips - one from a surface-near region (Tip 1) and one ex- 

racted from an approximate location 3 in Fig. 2 (Tip 2) - revealed a 

on-faceted, Ag-rich boundary close to the surface and further to- 

ards the bulk a faceted, Ag-rich boundary. This transition agrees 

ell with our experimental STEM micrographs. Across these two 

oundaries we calculated the solute excess concentration follow- 

ng our previously applied approach [34,40] and revealed for Tip 

 a Ag excess concentration of 4.96 at/nm 

2 , while the faceted GB 

Tip 2) showed an average excess concentration of 3.39 at/nm 

2 . 

ased on the latter, we chose a maximum value for the color bar 

o qualitatively best show the faceted GB state. These results ap- 

ear reasonable, as STEM results revealed preferential segregation 

o symmetric 
∑ 

5 (210) GB portions, which dominate at the sur- 

ace, but contribute less for deeper measurement locations into 

he bulk due to the increasing incorporation of asymmetric Ag- 

ean segments. In addition, the diffusion gradient from the sur- 

ace into the bulk reduces the Ag excess concentration at the GB, 

hich therefore appears to be coupled with the facet lengths. The 

xcess of the non-faceted, symmetric 
∑ 

5 (210) boundary close to 

he surface is just slightly below the monolayer solute excess of 

oughly 6 at/nm 

2 , which is calculated by the number of atoms on 

 (210) plane unit area. However, STEM micrographs at the very 

urface revealed some areas in which two bright atomic columns 

ppear next to each other, which is why we assume to have at 

east monolayer coverage at the very surface of the diffusion cou- 

le, i.e. close to the Ag reservoir. The drawback of such composi- 

ionally sensitive APT measurements is the lack of atomically re- 

olved structural features in the analyzed volume. Consequently, 

TEM-EDS was used in order to correlate the occurrence of the 

hree structural states observed with their solute excess at differ- 

nt locations along the segregated boundary. Integrated intensity 

ine profiles for the Ag-L peak were extracted from EDS maps at 

he investigated locations and three representative profiles (close 

o positions 1, 2 and 4) for the three observed GB states are plotted 

fter applying a moving average algorithm for visibility in Fig. 3 b) 

ormalized to the background intensity. The inset shows EDS spec- 

ra integrated in a region of about 10 x 15 nm 

2 of the expected 

g-L peak for a GB containing area and an area inside one grain 

or comparison. We would like to point out that EDS maps were 

cquired in zone axis orientation immediately after image acqui- 

ition to avoid tilting and loss of spatial correlation. In this case, 

uantification of the EDS data is no longer applicable through the 

liff-Lorimer method and intensive simulation work would have to 

e performed to account for effects like beam spreading and elec- 

ron channelling [41] . Therefore, we do not give absolute concen- 
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Fig. 2. The curved Ag segregated GB as an overview image at lower magnification along with micrographs along a boundary over a distance of about 15 μm indicating the 

changes from an asymmetric GB (bulk) over the nanofaceted state with increasing symmetric facet segments to a solely symmetric GB (surface) and an atomic resolution 

micrograph to capture the symmetric (210) GB’s kite structure. All HAADF-STEM micrographs were acquired in [001] zone axis orientation. Planes belonging to the asym- 

metric (320)/(100) and symmetric (210) facet segments are indicated with blue bars in panel 3 and for all grain boundary types in the upper right corner of this figure ( λ

and μ referring to the upper and lower grain, respectively). The increasing overall GB Ag solute excess towards the surface is to be seen as an average solute excess over 

multiple symmetric and asymmetric facets. The solute excess at individual facet segments remains approximately the same, i.e. almost a monolayer for the symmetric facet 

segment and almost no solute excess at the asymmetric facet segment. 
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ration values from EDS but normalize our results to the concen- 

ration expected for monolayer coverage by integrating the peak 

ntensity and collapsing it to a GB width of 0.12 nm, as this width

rovides a Ag reference concentration of 100% for the data set clos- 

st to the surface. This assumption is based on our experimental 

AADF STEM results. STEM-EDS analyses show a clear increase of 

g from the bulk towards the surface. 

The combination of structural and compositional characteriza- 

ion of the observed faceting evolution enables a comprehensive 

iew on the evolution of individual facet segments. In fact, we 

omposed a segregation-induced GB faceting diagram for the in- 

estigated GB under the chosen diffusion conditions ( Fig. 4 ). Plot- 

ing the facet segment length against the relative Ag monolayer 

overage ( Fig. 4 a) as determined by EDS along the GB ( Fig. 3 b)

eveals a concentration window for faceting to occur. While the 

symmetric facet segment length was found to be independent of 

he Ag excess and remained at a length l of about 1 nm, the sym- 

etric facet segments almost linearly grew with increasing excess 

oncentration starting from 1 nm (R-square of 0.96). Therefore, the 

eason for an increasing global GB inclination lies in growing sym- 

etric facet segments. Thus, there are three clearly distinguishable 

B states as a function of overall Ag excess solute: (i) non-faceted, 

symmetric and Ag-lean ( Figure 2 -1), (ii) preferentially Ag segre- 

ated and nanofaceted ( Figure 2 -2 and Figure 2 -3) as well as (iii)

on-faceted, symmetric and Ag-rich ( Figure 2 -4). 

The present results confirm our previous findings [34] that after 

g segregation induced facet formation there is preferential segre- 
4 
ation occurring to only the symmetric facet segments, while the 

symmetric segments remain Ag-lean. To make a better connec- 

ion between facet segment length, Ag segregation and especially 

verall GB inclination, we plotted the relative Ag excess concen- 

ration as obtained by EDS under the assumption of full mono- 

ayer coverage for the symmetric 
∑ 

5 (210) GB close to the sur- 

ace ( Fig. 4 b). At this point, the boundary was about 20 ° inclined

rom the asymmetric reference GB. To describe the relation be- 

ween Ag concentration and facet length, we normalize the ratio of 

he asymmetric segment length (ASL) and the symmetric facet seg- 

ent length (SSL) using the “facet segment ratio” parameter FSR. 

SR is calculated as F SR = SSL/ (ASL + SSL ) . Consequently, the Ag-

ich, symmetric 
∑ 

5 (210) GB close to the surface does not show 

ny faceting and FSR = 1 (ASL = 0). The purely asymmetric refer- 

nce GB at inclination 0 ° has consequently no symmetric segments 

nd thus FSR = 0. The ASL was determined above to be approxi- 

ately constant with a length of ∼1 nm for the faceted GB. Under 

he assumption of full monolayer coverage for FSR = 1 supported 

y STEM observations, we drew a dashed line (red) to indicate an 

nticipated linear decrease of Ag excess with a linearly decreas- 

ng amount of the symmetric segment fraction. Our experimental 

esults are given as individual data points and are linearly fitted 

white) with a R-square value of 0.93. Indeed, our results follow 

he anticipated, ideal line in reasonable agreement (compare red 

nd white lines), which leads us to the conclusion that for the 

anofaceted boundary portion symmetric facet segments always 

re at least close to monolayer coverage, while it indicates that 
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Fig. 3. (a) APT results of the Ag segregated GB. The extracted concentration profile across the boundary is given, while Ag density maps are shown representative for two 

different samples - one at the surface (corresponding to position 4 in Fig. 2 ), one deeper into the bulk (corresponding to position 2-3 in Fig. 2 ) - highlighting the different GB 

states. (b) STEM-EDS results across the GB at three representative locations. In the nanofaceted case, EDS information is collected across the GB containing multiple facets. 

EDS data was collected in zone axis orientation at the exact location where micrographs were recorded. 
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symmetric segments of the nanofaceted grain boundary section 

re close to being Ag-free. This extends our previous findings de- 

uced from a GB faceted at a single Ag concentration to the entire 

aceting range. No faceting was observed below FSR = 0.5, which 

eans below these equisized nanofacets, faceting disappears and 

 purely asymmetric GB takes up the Ag excess. However, the ex- 

ess uptake does not exceed about 30% of the symmetric 
∑ 

5 (210) 

B’s excess. This does not necessarily imply a generally fixed sat- 

ration level, as it depends on the local chemical potential, which 

s influenced also by the annealing temperature and subsequent 

ooling/quenching conditions. In light of an extrapolation of the 

acet data to FSR = 0 in Fig. 4 b (white dashed line), the asym-

etric 
∑ 

5 GB should have a Ag concentration of around 16% of a 
 

5 (210) boundary. As this is less than the actually observed 30 

, the asymmetric GB seems much more favorable to be preserved 

ompared to inducing a GB dissociation. This agrees well with our 
5 
revious MD simulation results, which indicate Ag solute excess 

eing absorbed at the asymmetric boundary already starting at a 

hemical potential around μ = 0 . 35 eV , while the symmetric 
∑ 

5 

210) boundary starts taking up Ag only above chemical potentials 

f μ = 0 . 5 eV [34] . Thus, Ag uptake of the asymmetric boundary 

efore the threshold concentration seems to be a prerequisite to 

nduce the nanofaceting. Finally, the jump from about 30% relative 

g monolayer coverage (FSR = 0) to about 50% when nanofaceting 

s induced, strongly indicates a first order GB transition occurring. 

Similar GB phase diagrams have been established for different 

ransitions like GB premelting, intergranular film formation or for 

ultilayer segregation patterns as a function of concentration [19] . 

owever, only few such GB phase diagrams could be established, 

et. We present here the first experimental GB nanofaceting dia- 

ram as a function of solute excess concentration, similar to GB 

egregation diagrams as proposed by Lej ̌cek and Hofman for iron 
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Fig. 4. (a) GB faceting diagram presenting the facet segment length evolution along the boundary as a function of Ag solute excess concentration. Three distinct GB states 

appear: (i) asymmetric and not faceted for low Ag excess, (ii) nanofaceted, preferentially segregated boundary within a solute excess window and (iii) symmetric and not 

faceted boundary for high Ag excess. (b) Correlation between faceting, inclination and overall inclination of the GB including a linear fit through recorded data points (white 

line), a straight line to highlight an expected linear dependence of Ag content in facets (red) and the boundary specific Ag excess at the asymmetric GB. 
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Bs [42] or Watanabe et al.’s hardening/segregation GB diagrams 

n iron alloys [43] , but focusing on the atomic grain boundary 

tructure evolution. Establishing such diagrams, analogous to bulk 

hase diagrams, may offer new possibilities for microstructure en- 

ineering in order to tune macroscopic materials properties. Al- 

hough the preferential segregation might appear as an exception 

rom the Langmuir McLean adsorption behavior in terms of homo- 

eneous GB decoration, the individual segments still follow Lang- 

uir McLean. Regarding the asymmetric segregated and the sym- 

etric 
∑ 

5 (210) GB, we were able to use the Langmuir McLean 

elation to deduce the ratio of their respective segregation ener- 

ies and found that the Gibbs segregation energy of the symmetric 

oundary is approximately 1.08 times the energy of the asymmet- 

ic GB. Nevertheless, adjusted segregation models accounting for 

uch faceting transitions are becoming necessary for these cases. 

Our experimental findings enable us to propose a mechanistic 

icture of the observed faceting phenomenon. We showed previ- 

usly experimentally and by simulations that heat treatment at 

00 °C (1073 K) does not induce nanofaceting at the asymmet- 

ic 
∑ 

5 GB studied here, while Ag segregation does. Consequently, 

eating the boundary to 800 °C leaves the boundary intact, possibly 

ith increased disorder. Mishin and co-workers showed in a series 

f studies on Cu-Ag GBs that increasing temperature, but also in- 

reasing Ag solute excess, can significantly influence how ordered 

 GB is referred to the perfect bulk lattice [44–47] . At such high

emperatures, Ag atoms are going almost completely in solid so- 

ution and diffuse from the surface through the bulk and along 

he boundary creating a Ag concentration gradient. The solidus line 

as likely not crossed, as no homogeneous nucleation of Ag pre- 

ipitates was observed inside the grains. Upon cooling, the disor- 

ered grain boundary restores its low temperature structure, while 

till remaining in the solid solubility region according to the equi- 

ibrium phase diagram [39] . Judging from the determined bulk 

g concentration of about 1.5 at. %, the solidus line is crossed at 

round 550 °C (823 K). At this point, Ag starts to segregate towards 

he GB upon further cooling to minimize the energy of the system. 

he amount of Ag segregating to the boundary is depth depen- 

ent due to the created concentration gradient. Eventually, a criti- 

al threshold concentration is reached to initiate nucleation of the 

ymmetric 
∑ 

5 (210) facets, since the observed normal kite struc- 

ure ( Fig. 2 , 2-4) can absorb the highest amount of Ag excess and

eads to the largest reduction in energy compared to segregation 

o the initial asymmetric GB [34] . The nucleation of symmetric Ag- 

ich facets is the initial step dissociating the asymmetric GB into 

 nanofaceted boundary. The local amount of Ag solute excess at 

he boundary, which is dictated by the concentration gradient in 

he bulk, determines the density of nucleation sites and provides 

he driving force for facet growth. This chemical stimulus in ad- 

ition to the grain boundary energy anisotropy provides a suffi- 

iently large driving force for the GB to migrate towards the sym- 

etric 
∑ 

5 (210) inclination although this increases its total length. 

ollowing the trend of having more Ag towards the surface, sym- 

etric facets grow longer towards the surface until a continuous 
 

5 (210) GB is formed close to the surface. Below an estimated 

ritical Ag threshold concentration of around 0.6 at.% for the bulk 

g content faceting will not occur considering a constant segre- 

ation factor (β = 

GBco ncen trat ion 
Bulk conc entr ation 

) . However, as the bulk diffusion 

radient cannot be quantified here accurately, the threshold con- 

entration cannot be determined precisely neither. The nucleation 

f the Ag-rich 

∑ 

5 (210) facet segments at the initially asymmetric 
 

5 GB is accompanied by the nucleation of the asymmetric facet 

egment and the associated GB disconnections or facet junctions, 

hich are also necessary to migrate the boundary to compensate 

or the overall change in inclination towards the surface. The de- 

ects are likely involved in the migration of the GB to compensate 

or the inclination change induced by nucleation of the symmet- 
7 
ic facet segments. For instance, the migration of a flat, symmetric 

B was shown theoretically for an Al 
∑ 

7 GB to function via a nu- 

leation process of islands on the grain boundary plane [48] (also 

egarded as disconnection nucleation for 
∑ 

13 and 

∑ 

17 Cu grain 

oundaries [49,50] ) and to be highly temperature dependent be- 

ween 500 K to 700 K [48] , which is close or even in the tempera-

ure range we expect our facet nucleation to occur. Please note that 

e cannot rule out the presence of secondary GB dislocations and 

heir role during GB migration in this study, which would require 

urther investigation. The question remains, why a nanofaceted GB 

ortion is found instead of coarse facets or even just a curved GB. 

n general, the energy of a faceted GB following Hamilton et al. 

s composed of two parts: (i) the contribution of the GB ener- 

ies of the two facet segments γ1 , 2 along with the contribution 

f facet junctions γ j as well as (ii) the interaction between facet 

unctions γ j− j . The overall GB energy γGB can thus be described as 

GB = γ1 + γ2 + 

2 γ j 

Λ
+ 

γ j− j 

�
, with Λ being the facet period (length). 

or our purposes we neglect the interaction of the junction term 

ere leading to γGB = γ1 + γ2 + 

2 γ j 

Λ
. Hamilton et al. demonstrated 

y simulation work that finite facet lengths of 
∑ 

3 GBs in Al are 

ot a thermodynamic equilibrium state of these boundaries, due 

o the interfacial line tension not being sufficient to stabilize fi- 

ite facet lengths [51] . Thus, these GBs inherently want to create 

oarse facets to increase the spacing of the GB facet junctions and 

hus decrease γGB . This theory was confirmed experimentally by 

edlin et al. for an asymmetric 
∑ 

5 GB in Fe [1] and atomistic 

imulations by Wu et al. for different asymmetric and symmet- 

ic GBs in Al [52] . In the former study by Medlin et al. it was

hown that secondary grain boundary dislocations can stabilize a 

nite facet length if they are pinned to the facet junctions. In con- 

rast, Wu et al. found that migration kinetics during facet coars- 

ning can promote the formation of finite sized facets. Instead of 

 continuous decrease in energy for increasing facet periods, mi- 

ration of facet segments can impose a multitude of energy bar- 

iers depending on the structure of the facet segment resulting in 

he inhibition of further migration and therefore stabilization of fi- 

ite length facets. Both [1] and [52] do not consider segregation 

ffects. In the present study, the energy change due to segregation 

an be expressed generally through �γGB = �γASL + �γSSL + 

2�γ j 

Λ
. 

owever, considering the preferential segregation to the symmet- 

ic portion and no noticeable segregation to facet junctions, the 

nergy reduction is mainly attributed to the reduction in energy 

ue to the formation of symmetric 
∑ 

5 (210) segments, thus fol- 

owing �γGB ≈ �γSSL . Please note that Medlin et al. describe how 

econdary GB dislocations can impose a finite length to the faceted 

oundary [1] , which could not be studied here, but would be in- 

eresting to investigate in the future. Nevertheless, it would be in- 

eresting to study effects of segregation to junctions and how they 

nfluence the energetics of the systems including the interaction 

etween junctions, which was neglected here. Segregation to facet 

unctions was for example recently observed at faceted Si [53] and 

u GBs [54] . 

. Conclusions 

In conclusion, we present the first GB faceting diagram by 

tudying the influence of Ag solute excess concentration on facet 

ormation in an asymmetric 
∑ 

5 tilt grain boundary via aberra- 

ion corrected STEM, STEM-EDS and APT. After having established 

 Ag concentration gradient by a diffusion couple approach, we 

ere able to distinguish different structural arrangements (faceting 

tates) along the boundary as a function of Ag solute excess con- 

entration. The total length of the GB in the 
∑ 

5 misorientation 

ystem (54 °) increases by more than 15% compared to its initial 

Ag-free) position, revealing a lower energy state after Ag segre- 
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ation. In the bulk, at low Ag solute excess relative to the sur- 

ace, the initially asymmetric 
∑ 

5 GB remains structurally unaf- 

ected but takes up Ag. Exceeding a threshold amount of solute ex- 

ess, the boundary undergoes a first order transition and becomes 

anofaceted. One facet segment changes its grain boundary plane, 

ut remains asymmetric, Ag-lean and constant in length, while the 

ther segment was determined to be a symmetric 
∑ 

5 (210) type, 

ith increasing length towards the surface and being enriched in 

g. At the surface, highest amounts of available Ag allow for a pla- 

ar 
∑ 

5 (210) GB containing close to a monolayer of Ag. The exper- 

mental results and established faceting diagram are discussed in 

ight of previous segregation diagrams and the Langmuir McLean 

elation and, additionally, reasons for a finite facet length at the 

anoscale are presented, which are focused on the points that the 

ymmetric facet segment reduces the overall GB energy most upon 

egregation and that the asymmetric segment acts as a kinetic bar- 

ier for facet growth. It has to be noted that a continuously curved 

rain boundary, in contrast to a faceted boundary may be con- 

ected differently to physical properties such as mobility or plas- 

ic deformation. In fact, continuous curvatures at lower magnifi- 

ations might be related to nanofaceting transitions as observed 

n the present study more often for doped material systems. Still, 

uch phenomena would only be resolved with adequate character- 

zation techniques of highest resolution. 
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