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a b s t r a c t 

The structure and chemistry of grain boundaries (GBs) are crucial in determining polycrystalline mate- 

rials’ properties. Faceting and solute segregation to minimize the GB energy is a commonly observed 

phenomenon. In this paper, a deposition process to obtain pure tilt GBs in titanium (Ti) thin films is 

presented. By increasing the power density, a transition from polycrystalline film growth to a maze 

bicrystalline Ti film on SrTiO 3 (001) substrate is triggered. All the GBs in the bicrystalline thin film are 

characterized to be �13 [0 0 01] coincident site lattice (CSL) boundaries. The GB planes are seen to dis- 

tinctly facet into symmetric { ̄7 520 } and { 13 ̄4 0 } and asymmetric { 10 ̄1 0 } // { 11 ̄2 0 } segments of 20–50 nm 

length. Additionally, EDS reveals preferential segregation of iron (Fe) in every symmetric { ̄7 520 } segment. 

Both the faceting and the segregation are explained by a difference in the CSL density between the facet 

planes. Furthermore, in the GB plane containing Fe segregation, atom probe tomography is used to exper- 

imentally determine the GB excess solute to be 1.25 atoms/nm 

2 . In summary, the study reveals for the 

first time a methodology to obtain bicrystalline Ti thin films with strong faceting and an anisotropy in Fe 

segregation behaviour within the neighbouring GB facets. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Titanium (Ti) and its alloys have a high strength-to-weight ra- 

io, excellent corrosion resistance and biocompatibility [1] . These 

roperties make it an attractive structural material, mainly in 

he aerospace and biomedical industries [2] . Despite possessing 

he majority of the desired properties for automotive industries, 

he most significant impediment to Ti alloys’ widespread use has 

een their high cost. Many alloying additions have been investi- 

ated in recent decades to not only improve mechanical and high- 

emperature properties but also to make them affordable [3,4] . 

Ti exhibits an allotropic transition from the low-temperature 

exagonal close-packed (hcp) α-phase to the high-temperature 

ody-centered cubic (bcc) β-phase at 882 °C. The alloying elements 
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dded to Ti are classified as α-stabilizers (Al, Sn, Ga, Zr, C, O, and

), β-stabilizers (Fe, V, Mo, Nb, Ta, and Cr), or neutral elements 

Zr, Sn, and Si), based on the phase they stabilize. Iron (Fe) is one 

f the most cost-effective β stabilizing alloying elements and has 

herefore attracted plentiful attention [5–8] . The addition of Fe can 

esult in its segregation at grain boundaries (GBs), β-phase forma- 

ion, or precipitation of intermetallic compounds. Ti-Fe alloys are 

ither β-phase or a mixture of α- and β-phase, where the phase- 

raction depends on the alloy composition [9] . When added in ex- 

ess of 2.5 at.%, Fe is known to form β-flakes at the GBs which

re deleterious to the material properties [10] . Additionally, two 

etastable phases, α′ -Ti (hcp), and ω-Ti(Fe), have been observed 

uring martensitic transformation of Ti-Fe alloys [11–15] . The ω- 

i(Fe) is a high-pressure Ti phase which is retained at low pressure 

n Ti-Fe alloys. However, the role of Fe in the α → β and in β → ω
hase transition is not clear yet [16] . 

A change in the chemical composition of the interfacial region 

hanges the thermodynamic driving force for solid-state phase 

ransition [17] . Fe segregation at GBs in Ti alloys can also lead 

o the formation of TiFe or Ti Fe intermetallic compounds [18] . 
2 
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hese binary intermetallics have been considered as a potential 

hoice for solid-state hydrogen storage applications [19] . Likewise, 

i-Fe alloys have also been extensively used to fabricate near- 

et shape parts using the blended elemental powder metallurgy 

BEPM) route to achieve cost reduction [20,21] . Overall, a multi- 

ude of phase transitions have been realized in Ti-Fe alloys, but 

umerous questions on how Fe influences these phase transforma- 

ions remain unanswered. Some of the answers are likely to lie in 

he GB segregation of Fe that leads to precipitation or other phase 

ransitions. 

In the case of α-Ti, the maximum solubility of Fe is less than 

.05 at.% [22,23] . Consequently, when added in excess of solubil- 

ty limit, Fe must either form secondary phases or segregate at 

he GBs. Although extensive studies have been performed on GB 

egregation in many fcc and bcc metals and alloys, limited reports 

ave discussed GB segregation in Ti or other hcp metals. Oxygen 

nd Carbon have been shown to weakly segregate at the Ti GBs al- 

hough oxygen has a high solubility in α-Ti [24,25] . In β-Ti, Fe and

r have been shown to segregate at the GBs and act as grain refin-

rs when cooling [26] . The segregation of Fe at Ti GBs has repeat-

dly been suggested to be responsible for pinning the GBs, leading 

o remarkably stable nanocrystalline Ti [25,27] . Recently, density 

unctional theory (DFT) calculations also confirmed the presence of 

 high driving force for Fe to segregate at α-Ti GB [25] . However,

t is unclear how Fe pins the GBs and whether or not secondary 

hases contribute to this. In many cubic materials, segregation is 

bserved to strongly vary based on the nature of the GB [28] . Nev-

rtheless, no anisotropy in segregation with respect to the GB type 

n Ti or other hcp metals has ever been reported either experimen- 

ally or theoretically. 

Such a systematic study of the influence of GB character on ma- 

erial properties requires a template-based approach to obtain de- 

ired GBs. For many metals, bicrystalline samples with predefined 

B parameters have been grown using the vertical Bridgman tech- 

ique for specific GB property studies [29] . However, in Ti, the hcp- 

cc allotropic transition makes it impossible to fabricate bicrystals 

o form a specific GB. Therefore, a novel thin film deposition route 

o obtain bicrystalline Ti has been established here. A bicrystalline 

hin film here is referred to as a film that only contains a cer- 

ain misorientation of the crystals, although multiple grains can 

e present in the same film. Such thin films with multiple grains 

ut only two orientations of them being present have been con- 

istently classified as bicrystalline in literature, mostly reported in 

ubic metals like Al on Si(100) substrate and Au on Ge(001) sub- 

trate [30–37] . To deposit such films, a thorough understanding of 

he impact of various deposition parameters on the microstructure 

f the film is required. In physical vapour deposition, the degree 

f ionisation of the plasma particles determines the ion flux to- 

ards the growing film [38,39] . A high ion fraction in a discharge 

s achieved by promoting the electron impact ionization which is 

chieved by using plasma of high electron density and higher tem- 

erature. Such a plasma is formed by using a pulsing unit at the 

arget. Textured Ti films with (0 0 02) out-of-plane orientation were 

ecently reported using a similar deposition route [40] . 

In the following sections, firstly a template-based approach to 

btain �13 GBs in thin films of Ti on SrTiO 3 substrate is estab- 

ished. Pulsed magnetron sputtering using a commercially pure Ti 

arget with trace Fe impurities is used to obtain a bicrystalline 

hin film with columnar grains. Subsequently, electron backscatter 

iffraction (EBSD) in a scanning electron microscope (SEM) is used 

o characterize the thin film microstructure. The GBs contained in 

he thin film are analyzed in detail using a scanning transmission 

lectron microscope (STEM) and are observed to be faceted into 

ymmetric and asymmetric segments. Using high resolution en- 

rgy dispersive spectroscopy (EDS) analysis, the segregation of Fe 

o these topographically complex GBs is explored. 
2 
. Experiment details 

.1. Thin film deposition 

Thin films of Ti were deposited onto 10 × 10 mm 

2 SrTiO 3 (001) 

ubstrates (Crystal GmbH, Germany) using pulsed magnetron sput- 

ering in a commercial deposition system (Ceme Con AG CC 800- 

). A rectangular 500 × 88 × 10 mm 

3 Ti target of above 99 wt.% 

ominal purity (grade 2) with 0.2 wt.% Fe (0.17 at.%), 0.18 wt.% O 

0.54 at.%) and 0.1 wt.% C (0.54 at.%) as a major impurity was po- 

itioned at a distance of 10 cm to the substrate holder. The base 

ressure was 2.2 × 10 −6 mbar and increased to 3 × 10 −6 mbar 

fter heating the substrate to 600 ◦C using radiation heaters. Dur- 

ng deposition, an Ar flow rate was set to 200 sccm leading to 

 working pressure of approximately 3.8 × 10 −4 mbar . A Melec 

IPP20 0 0USB-16-50 0-5 power supply was used and the substrates 

ere at floating potential. Four different deposition conditions are 

iscussed in the following article. The first film was deposited us- 

ng direct current magnetron sputtering (dcMS) with 250 W power 

or 2.5 h where a deposition rate of 1.33 Å/s was obtained. The 

ulsing unit was not used in this deposition. For the subsequent 

hree films, pulsed magnetron sputtering was used. In pulsed mag- 

etron sputtering, the conventional sputtering source is used in a 

ulsing mode with a predetermined pulse duration ranging from 

 μs to 1 s to increase the current density. This additional de- 

ree of freedom to adjust the pulse duration can be used to tai- 

or desired microstructures [41,42] . The target voltage and current 

ariation during a single pulse is shown in Fig. 1 . The time aver-

ge power was set to 1500 W with a pulse duration of t on /t of f of

0 0/180 0 μs. This led to the peak current (I ion ) of 40 A resulting in

 dense film and a peak target power density of 46 W cm 

−2 . The

hree films were grown under identical conditions by keeping all 

he film deposition parameters unchanged but changing the post- 

eposition annealing duration between 2 h, 4 h and 8 h at 600 °C

o investigate its influence on the film microstructure, texture and 

rain size. The substrate holder temperature was constantly mon- 

tored using thermocouple to measure any local changes in sub- 

trate temperature. The annealing was performed immediately post 

urning off the plasma without breaking the vacuum because Ti is 

nown to be highly prone to oxidation. With a deposition rate of 

bout 8.3 Å/s, a film thickness of 1.5 μm was obtained in ∼30 min.

he venting temperature was always < 70 ° to reduce surface oxida- 

ion [43] . 

.2. Microstructural characterization 

The preliminary investigation was carried out using a light op- 

ical microscope (LOM) to check for any cracks/ defects on the 

urface. Subsequently, orientation of all grains was mapped using 

BSD in an SEM. An in-plane lift-out technique in a dual-beam fo- 

used ion beam (FIB) instrument (Thermo Fisher Scientific Scios 

 HiVac) with Ga + -ion source was used to extract a transmission 

lectron microscopy (TEM) lamella. The beam current was gradu- 

lly reduced in several steps starting from 1 nA at 30 kV for coarse 

illing to eventually 27 pA at 2 kV for final polishing to obtain a 

hickness of < 100 nm. A retractable FEI STEM 3+ detector was used 

n the Scios 2 HiVac dual-beam FIB/SEM at 30 kV for STEM imag- 

ng requiring lower resolution. For high-resolution STEM, a probe 

orrected STEM, Titan Themis 80–300 (Thermo Fischer Scientific), 

as used at an acceleration voltage of 300 kV. A semi-convergence 

ngle of 23.8 mrad was used for imaging. With a camera length 

f 100 mm, collection angles of 78–200 mrad and 38–77 mrad 

ere obtained for the high-angle annular dark field (HAADF) and 

he annular dark field (ADF) detectors, respectively. Thermo Scien- 

ific ChemiSTEM Technology using four in-column Super-X detec- 

ors was used with a beam current of ∼50 pA for the EDS anal-
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Fig. 1. Evolution of the target voltage and current during a single cycle of pulsed magnetron sputtering. A strong voltage overshoot is observed during ignition followed by 

a steady state of voltage for 200 μs resulting in a peak target power of 20 kW and peak target power density of 46 W cm 

−2 . The pulse period was 2 ms. 
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sis. Laser-pulsed atom probe tomography (APT) was performed 

n a LEAP T M 5108XR (CAMECA) at a repetition rate of 200 kHz, 

 specimen temperature of about 50 K, a pressure lower than 

 × 10 −10 Torr ( 1 . 33 × 10 −8 Pa) and a laser pulse energy of 20 pJ.

he evaporation rate of the specimen was 5 atoms per 10 0 0 pulses.

atasets were reconstructed and analyzed with the AP Suite 6.1 

oftware based on the voltage curves. 

Using the results from APT, the interfacial excess was experi- 

entally determined by selecting a region of interest (ROI) across 

he interface where the solute is segregated and plotting the so- 

alled, ladder diagram . A ladder diagram is established by taking the 

otal number of atoms in the ordinate and the integral of solute 

toms in the abscissa. A linear fit within the concentration profile 

f the two grains can be extrapolated to the Gibbs dividing surface 

GB surface) to find the solute content in both the grains, N a and 

 b . Using this, the Gibbsian interfacial excess is calculated as: 

excess = 

N b − N a 

(Detection e f f iciency × Area of ROI) 
(1) 

dditional details are described in [44] . The detection efficiency 

as 0.52. 

. Results and Interpretation 

.1. Evolution of thin film microstructure and grain boundaries 

The Ti film deposited on SrTiO 3 (001) at 600 ◦C using dcMS is 

haracterized by SEM and EBSD as shown in Fig. 2 . Following the 

eposition, the film was post-annealed at 600 ◦C for 2 h in the de-

osition chamber. The secondary electron (SE) image in Fig. 2 a) 

eveals a rough surface and small grains. Figure 2 b) shows the 

rystallographic orientation map based on the [0 0 01] inverse pole 

gure (IPF) obtained using EBSD. The grain size is measured to be 

500 nm using the line intercept method [45] . To visualize the 

hange in misorientations, a black line is highlighted inside the ori- 

ntation map in Fig. 2 b). The misorientation between every point 

n the line and the first point (origin) on the line is displayed 

s a misorientation profile chart. In the profile, a range of vary- 

ng orientations is observed in Fig. 2 c). Using the [10 ̄1 0] pole fig-

re in Fig. 2 d), two dominant textures are observed. First, a strong 

10 ̄1 1) fiber texture is seen revealing the presence of all possible 

n-plane rotations. These grains are highlighted in purple in both 

he orientation map and the pole figure. Second, a (0 0 02) texture 

s observed with only two in-plane grain rotations, with each ori- 

ntation highlighted in red and blue in the pole figure. The pole 
3 
gure comprises a single point per grain that is weighted by grain 

ize; thus, the distribution of both orientations can be seen to be 

pproximately equal. It is known that the (0 0 02) plane has the 

owest surface energy in Ti due to the highest atomic density and 

10 ̄1 1) has the least strain energy due to the lowest elastic mod- 

lus [46] . Hence, the two orientations seem to compete and both 

re observed by EBSD in the film deposited by dcMS. 

To understand the influence of higher ionization of the plasma 

nd increased adatom mobility on the film microstructure, pulsed 

agnetron sputtering was subsequently used to deposit three ad- 

itional films of Ti. The depositions were performed at 600 ◦C and 

ost-annealed at the same temperature for 2 h, 4 h and 8 h. Ow- 

ng to the unique microstructure of the films, the grain sizes in 

hese films are discussed separately in the next section. For the 

lm annealed for 4 h, a much smoother surface is obtained, as 

een in Fig. 3 . In Fig. 3 b), the orientation map obtained from EBSD

onfirms that almost all of the grains have a [0 0 01] surface plane 

ormal. The pole figure shown in the inset is obtained from the 

ame data set. It confirms the 30 ◦ misorientation corresponding to 

13 [0 0 01] GBs. The misorientation of the grains is determined 

rom electron backscatter diffraction patterns. The position of the 

ikuchi bands and hence the crystal orientation is determined by 

 2D Hough transformation. It has been demonstrated that the an- 

ular resolution is < 1 ◦ [47] and hence the measured grain misori- 

ntation is expected to be within this range. The exact �13 mis- 

rientation around the [0 0 01] tilt axis is 28.8 ◦. The Brandon cri- 

erion determines the amount of deviation ( δθ ) from a misorien- 

ation that may be tolerated by addition of secondary dislocations/ 

efects at the GB while maintaining a particular CSL value [48] : δθ
 15 ° × �−1 / 2 . For a �13 GB one obtains δθ = 4.16. Therefore, it 

an be concluded that the GBs in the present film fall within the 

ccepted deviation of a �13 CSL GB. For better statistics, we show 

 large scan area of 40 ×50 μm with a step size of 70 nm in Fig. S1

hich illustrates that the majority of GBs are of �13 type all over 

he film. 

Furthermore, as previously observed, all of the grains with 

0 0 02) surface plane normal have either of the two orientations 

hown in the pole figure, which are denoted by red and blue. A 

urple dashed-circle is drawn in the inset of Fig. 3 b) that marks 

he additional reflections at ∼ 25 ◦ away from the center. As every 

eflection in the pole figure is weighted by the grain size, these 

dditional reflections correspond to small grains of other orienta- 

ions. They account for less than 2 area % of the total scan area. 

s a result, we follow the definition used in the literature to term 
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Fig. 2. Ti film deposited using dcMS with 250 W power on SrTiO 3 at 600 ◦C and post-annealed at 600 ◦C for 2 h. a) SE image showing rough surface and small grain 

size. b) Inverse pole figure (IPF) map obtained from electron backscatter diffraction (EBSD) revealing the two dominant surface plane orientations to be { 10 ̄1 1 } and (0 0 02). 

The arrow highlights the points along which a point-to-origin misorientation profile chart is plotted in (c). d) Pole figure confirming the dominance of two surface plane 

orientations with a fiber texture of { 10 ̄1 1 } planes and only two in-plane rotations of (0 0 02) planes. 

Fig. 3. a) SE image of Ti film deposited on SrTiO 3 at 600 ◦C using pulsed magnetron sputtering with a pulse duration of 200 μs and 1500 W power followed by post-annealed 

at 600 ◦C for 4 h showing smoother surface and relatively larger grain size. b) Inverse pole figure (IPF) map obtained from EBSD with �13 grain boundaries highlighted in 

yellow. The arrow highlights the points along which a point-to-origin misorientation profile chart is plotted in (c). The inset shows the 10 ̄1 0 pole figure highlighting the two 

major orientations in blue and red, respectively. The dashed purple circle in the pole figure indicates the presence of trace 10 ̄1 0 orientated grains. d) A dark field SEM-STEM 

image of the cross-section of the film reveals columnar grain growth. (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 

4 
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Fig. 4. Ti deposited on SrTiO 3 at 600 ◦C and post-annealed at 600 ◦C for 8 h a) SE image showing traces of grain boundaries. b) Inverse pole figure (IPF) map in the normal 

direction (ND) showing all grains in (0 0 02) out of plane orientation. The inset shows the pole figure obtained from IPF confirming the ∼ 30 ◦ misorientation. c) IPF map in 

the transverse direction (TD) with �13 grain boundaries highlighted in yellow. The two arrow marks in OR I and OR II grains indicate the the crystal directions parallel to 

[100] of the substrate. d) Unique grain map confirms that OR I is a single grain that is spread all over the substrate. All the other grains belong to OR II. All subfigures share 

the same scale bar as (a). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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hese films as bicrystalline. This is supported by the presence of 

nly two alternating orientations in a representative misorienta- 

ion profile chart in Fig. 3 c). The high peak current of 40 A during

ulsed magnetron sputtering in contrast to 5 A during dcMS is re- 

ponsible for the shift of surface plane orientation from (10 ̄1 1) and 

0 0 02) in the dcMS film to all the grains being only (0 0 02) ori-

nted in the pulsed magnetron sputtered film. A cross-section FIB 

amella was prepared to resolve the microstructure of the film 

n growth direction. The majority of the grains were found to be 

olumnar as seen in Fig. 3 d). Additionally, many nanocrystalline 

rains are observed at the film-substrate interface. Further de- 

ails of this interfacial layer are discussed in the following sec- 

ion where a similar distribution of fine columnar grains at the 

nterface is observed for the film annealed for 8 h at 600 ◦C. 

When the post annealing time is extended to 8 h, the film sur- 

ace remains smooth, as seen in Fig. 4 . 

EBSD measurements also show the same mazed bicrystalline 

icrostructure as observed previously. When comparing the films 

nnealed for 4 h and 8 h, the isolated grains of other orientations 

re seemingly overgrown by the larger grains having (0 0 02) ori- 

ntation in the 8 h sample. The pole figure in Fig. 4 b) shows the

resence of only (0 0 02) out-of-plane orientations. The full width 

t half maximum (FWHM) for the poles of both the grains in the 

ole figure is less than 1 ◦. After 8 h of annealing, no other trace

rientations are observed and all the GBs are identified to be of 

13 type, following the Brandon criterion. Additionally, SADPs ac- 

uired from three different TEM-lamellae prepared from the same 

lm revealed bicrystalline diffraction patterns as seen in Fig. S2. 

Furthermore, by keeping the substrate’s [100] direction paral- 

el to the scan direction, we were able to determine the orienta- 

ion relationship between the film and the substrate. All the grains 

an be primarily attributed to only two orientations. One grain is 
5 
ontinuous and extends all over the substrate. This orientation is 

rom here onwards referred to as ‘OR I’. The other orientation, ‘OR 

I’, is present as small islands surrounded by the large OR I grain. 

s seen in Fig. 4 b), the out-of-plane direction in the entire film is 

0 0 02). To establish the complete orientation relationship of both 

rains, the direction of each of the grains that is parallel to [100] 

f the substrate is obtained from the EBSD data shown in Fig. 4 c).

sing this we can determine the following orientation relationship: 

OR I: (0 0 02) T i ‖ (001) SrT iO 3 
, [5 ̄7 20] T i ‖ [100] SrT iO 3 

OR II: (0 0 02) T i ‖ (001) SrT iO 3 
, [5 ̄4 ̄1 0] T i ‖ [100] SrT iO 3 

The unique grain map shown in Fig. 4 d) also confirms the pres- 

nce of only two orientations. The novelty of the pulsed magnetron 

puttered films is that they are not only bicrystalline, but the ma- 

ority of the grains are columnar leading to a strongly textured film 

icrostructure. We examined a cross-section TEM lamella to ob- 

erve the microstructure of the film in the growth direction. As 

hown in Fig. 5 , BF/DF TEM imaging was used to further investi- 

ate the evolution of the grain structure in growth direction. From 

he BF TEM image shown in Fig. 5 a) it becomes apparent that 

anoscale columnar grains are present near the film-substrate in- 

erface, which then transition into large near micron-sized grains 

t a distance of ∼300 nm from the substrate. We acquired SADPs 

rom two columnar grains with schematic locations of the aper- 

ures as indicated by green and blue circle in Fig. 5 a). The SADP 

n Fig. 5 e) is in [10 ̄1 0] zone axis and the SADP in Fig. 5 f) is in

11 ̄2 0] zone axis. Both of these SADPs were acquired without stage 

ilt between them and the two zone axes are 30 ◦ apart which is in

greement with the orientation relationship observed using EBSD. 

ubsequently, dark field images shown in Fig. 5 b) and c) were ac- 

uired from the two OR using the highlighted diffraction spots in 

ig. 5 e) and f). The SADP acquired from the columnar nanograins 

d 

∗ in Fig. 5 a)) shows that it is mostly a sum of the diffraction pat-
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Fig. 5. Ti thin film deposited on SrTiO 3 at 600 ◦C and annealed at 600 ◦C for 8 h. a) Bright field (BF) TEM micrograph of the cross-section showing columnar grains and 

vertical GBs. The red, green and blue coloured circles schematically indicate the aperture locations used to acquire the selected area diffraction patterns (SADPs) seen in d), 

e) and f), respectively. b) Dark field (DF) TEM micrograph acquired using the 1 ̄1 00 reflection in e). c) Dark field TEM micrographs acquired using the 1 ̄2 10 reflection in f). d) 

SADP acquired from the smaller columnar grains next to the film-substrate interface in the film. The blue dotted circles highlight the additional reflections seen only in the 

interface region. e), f) SADPs acquired from the two grains corresponding to OR I and OR II, respectively. The cyan and brown circle represent the diffraction spots used to 

acquire the dark field micrographs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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erns shown in Fig. 5 b) and c). This indicates that most of the small

olumnar grains also adopt either OR I or OR II orientation. The ad- 

itional reflections marked in blue in Fig. 5 d) are stemming from 

 few in-plane rotated grains which exist only close to the film- 

ubstrate interface. To the best of our knowledge, this is the first 

eport of a bicrystalline Ti thin film which is particularly interest- 

ng due to the challenges involved in producing a bulk Ti bicrystal. 

.2. Grain size and grain growth measurement 

A larger in-plane grain size is seen for the films deposited by 

ulsed magnetron sputtering compared to the film deposited using 

cMS. However, due to the maze-like microstructure of the pulsed 

agnetron sputtered films, the grain size distribution data has to 

e generated separately for OR I and OR II grains. The OR I grain

s essentially one large continuous grain extending over the entire 

ubstrate, therefore, the line interception method (in the TSL OIM 

oftware) was used to measure the average width of the grain. In 

his method, several horizontal lines were drawn across the EBSD 

can area to measure the mean intercept length (width) of the OR 

 grain. For the OR II grains, the equivalent circle diameter was cal- 

ulated using the grain area. 

The increase in width of the OR I grain as a function of an-

ealing duration is given in Table 1 . The width remains almost the 

ame within the error limit between the 2 h and 4 h annealed 

lms, however, it largely increases for the 8 h annealed film. Sim- 

larly, a decrease in the grain size of OR II from 2 h to 8 h is ob-

erved, due to the shrinkage of the island grains. A net increase in 

he grain size as a function of annealing duration can be noted by 

easuring the length of GB for a given area of the film. As seen
6 
n Table 1 , for an area of 25 μm × 20 μm, the length of �13 GB

educes from 1.38 mm to 895 μm to 525 μm for 2 h, 4 h and 8 h

lm, respectively. It is generally considered that grain growth in 

hin films is arrested when the grain size is about one to two times 

he film thickness [49] . The driving force for grains to grow 2- 

imensionally is much smaller than 3-dimensional growth. As seen 

rom the EBSD results in Fig. 4 , the GBs are meandering through 

he film, resulting in a low mean radius of curvature. This exerts 

 capillary force on the GBs to straighten them which promotes 

heir migration towards their centre of curvature. This causes both 

rain growth and shrinkage in different sections of the grain. Sim- 

lar phenomena have been observed in bicrystalline Au films [50] . 

Additionally, using the TSL-OIM software, a partition of OR I and 

R II orientation is created from the acquired EBSD data for all 

hree films deposited using pulsed magnetron sputtering. The OR II 

riented grains are highlighted in blue in Fig. 6 a), b) and c) for 2 h,

 h and 8 h of annealing, respectively. As a function of annealing 

ime, the OR I orientation grows at the expense of OR II orientation 

esulting in an increase in the single crystallinity percentage, as 

hown in Fig. 6 d). 

.3. Grain boundary faceting 

The �13 GBs in Figs. 3 b) and 4 c) are observed to be contin-

ously curved and to form a mazed bicrystalline microstructure. 

uch GB curvature is often accommodated by faceting if the incli- 

ational dependence of the grain boundary energies is anisotropic 

11,30] . Upon investigation at a higher magnification, the GBs are 

bserved to be faceted, as seen in Fig. 7 a). The plane normal of 

ach facet plane is 30 ◦ apart from each other. A fast Fourier trans- 
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Table 1 

Deposition conditions, OR I/ OR II grain size and �13 GB length of the pulsed magnetron sputtered films. 

Annealing temperature & time OR I grain (intercept length-μm) OR II grain (diameter-μm) GB length 

600 ◦C & 2 h 0.68 ± 0.55 5.10 ± 2.74 1.38 mm 

600 ◦C & 4 h 0.60 ± 0.68 1.96 ± 1.18 895 μm 

600 ◦C & 8 h 2.81 ± 2.53 1.75 ± 0.84 525 μm 

Fig. 6. a), b) and c) show EBSD images of pulse magnetron sputtered films deposited at 600 ◦C and annealed at 600 ◦C for 2 h, 4 h and 8 h, respectively, partitioned into 

OR I (yellow) and OR II (blue) grains. d) The increasing area fraction of OR I grain and the decreasing length of GB per unit area are plotted with respect to annealing 

duration demonstrating grain growth and increasing % of single crystallinity. (For interpretation of the references to color in this figure legend, the reader is referred to the 

web version of this article.) 
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orm (FFT) of the HAADF-STEM image in Fig. 7 a) can be used to in-

ex the GB planes. Because the GBs are all edge-on, as previously 

emonstrated in Fig. 4 b), the GB planes can be indexed by sim- 

ly locating the intersection of the GB plane normals to the great- 

ircle in the (0 0 01) stereographic projection of Ti. However, a more 

recise method of GB plane indexing is demonstrated in detail in 

he supplementary information (Fig S5). Using this method, the GB 

acets are indexed to be { ̄7 520 } and { ̄4 310 } symmetric planes. From

he FFT it is also apparent that { ̄7 520 } and { ̄4 310 } are the only con-

eivable symmetric GB plane families in �13 [0 0 01] hcp GBs. GB 

lanes with any other Miller indices would be asymmetric. A pref- 

rence for the symmetric GB planes is readily apparent. 

In another instance, as seen in Fig. 7 c), although the GB facet 

ormals are still 30 ◦ apart, the planes were indexed to be low- 

ndex asymmetric { 10 ̄1 0 } // { 2 ̄1 ̄1 0 } planes. The FFT shown in

ig. 7 d) confirms the asymmetricity of the facets. According to 

he authors’ observations, out of over ∼200 μm of GB less than 

30 μm of the GB is asymmetric, which corresponds to less than 

15% of the GB being asymmetric. 

.4. Anisotropic Fe segregation in symmetric GB facets 

Fe was present as an impurity in the sputtering target there- 

ore it is of interest to examine where it is present in the de- 
7 
osited films. In the film deposited using pulse magnetron sput- 

ering and post-annealing for 8 h at 600 ◦, the �13 [0001] Ti GB is

een to be composed of { ̄7 520 } symmetric GB facets, as shown in 

ig. 8 a). The facets are similar to the GB faceting discussed in Fig. 7 .

he elemental distribution map of Fe, acquired using STEM-EDS at 

00 kV, reveals a preferential segregation of Fe to every alternate 

ymmetric facet. However, we do not see a change in the con- 

rast between neighbouring GB facets in the HAADF-STEM images 

n Fig. 7 . This is because the contrast from GBs observed at lower 

esolution represents a superposition of various effects stemming 

rom strain contrast due to the presence of GB defects, local sam- 

le thickness and compositional variations. The Fe present in the 

B facets is not high enough to produce a clear HAADF signal un- 

er these observation conditions. For completeness, the change in 

B contrast with decreasing collection angles of the annular STEM 

etectors is shown in Fig S3. In Fig. 8 , Fe segregation is observed at

 ̄5 7 ̄2 0) , ( ̄7 250) , and ( ̄2 ̄5 70) facets, but Fe is not detected at ( ̄4 310)

nd ( ̄3 ̄1 40) facets. The counts of the Fe signal in the EDS spec- 

rum are integrated along the highlighted arrow over the marked 

egion as seen in Fig. 8 b). Fig. 8 d) and e) show line profiles across

he corresponding facets to clearly illustrate the segregation of Fe 

t the ( ̄2 570) GB plane and the absence of Fe-segregation in the 

 ̄3 ̄1 40) facet. The FWHM of the spacial distribution of Fe in Fig. 8 e)

s ∼0.15 nm confirming the segregation of Fe is limited to the GB. 
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Fig. 7. a) HAADF-STEM image of �13 [0 0 01] Ti GB in the pulsed magnetron sputtered film deposited at 600 ◦C and post-annealed at 600 ◦C for 8 h showing a faceted GB 

with symmetric GB facets. Each GB plane is represented by a different colour. b) Fast Fourier transform (FFT) of the HAADF-STEM image in a). c) HAADF-STEM image of from 

a different region showing asymmetric GB facets. d) FFT from the HAADF-STEM image shown in c). The dashed brown line is a symmetric facet present between the two 

asymmetric facets. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

G

v

i

a

F

t  

d

a  

s  

a

(

A  

c  

F

i  

o

o

l

e

t

h

G

t

o

F

b

m

i

±
i

t

c

s

m

b

m

g

b

F

To quantify the amount of segregation APT was used. Firstly, the 

B facet containing Fe was targeted to be lifted-out using the con- 

entional FIB sample preparation technique and field evaporated 

n laser-mode. After the reconstruction of data using AP Suite, the 

tom distribution maps of Ti and O are obtained, as shown in 

ig. 9 a). Both of them are seen to be distributed uniformly in both 

he grains and the GB region. Fe is seen in Fig. 9 b), c) and d) to

istinctly segregate to the GB. To delineate the Fe GB segregation, 

 0.5 at.% Fe isoconcentration surface is plotted in Fig. 9 b) and as

een in Fig. 9 d), the GB is edge-on. A cylinder of 30 nm diameter

nd 50 nm length is highlighted as the selected region of interest 

ROI). Although the GB extends over the entire cross-section of the 

PT tip, Fe is seen enriched at only a fraction of the GB area. The

omposition along the ROI in both Fig. 9 b) and c) are plotted in

ig. 9 e) and f), respectively. Negligible Fe segregation is observed 

n Fig. 9 e) whereas significant Fe segregation of up to ∼0.5 at.% is

bserved in Fig. 9 f). The Fe segregation is distributed to a width 

f ∼8 nm (FWHM < 4 nm). The segregation width is significantly 

arger than the expected GB width due to the artefacts from field 

vaporation and aberrations in the trajectory of ions [51] . Never- 
8 
heless, this apparent increase of GB width is inconsequential for a 

omo-phase boundary as the concentration on both sides of the 

ibbsian dividing surface can be considered to be identical. Al- 

hough not highlighted in Fig. 9 b), c) and d) for clarity, three ROIs 

f the same dimensions were taken for better statistics. As seen in 

ig. 9 g), plotting the number of Fe atoms against the total num- 

er of atoms of all elements in the region of interest allows us to 

easure the number of GB excess Fe atoms per unit area of the 

nterface, N F e . Using the equation Eq. (1) , �F e is found to be 1.25 

0.1 atoms/nm 

2 . Since the { ̄7 250 } GB has ∼8–10 at/nm 

2 (ambigu- 

ty arises because of the dependence of planar-atomic-density on 

he width of a high-index GB plane), the amount of segregation 

an also be described as ∼0.2 monolayers, assuming that the Fe 

egregation is limited to the GB plane. The relationship between 

isorientation and GB excess property measured using APT has 

een discussed in cubic metals [28,52] , however no report for hcp 

etals was found in the literature. To emphasize that the segre- 

ation of Fe is limited to the GB plane, and to show its distri- 

ution, an areal density plot of Fe in the GB plane is shown in 

ig. 9 h). 
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Fig. 8. a) STEM annular-BF image showing GB facets with symmetric { ̄7 520 } and { ̄4 310 } GB planes. EDS reveals segregation of b) Fe in alternate GB facet, c) depletion of Ti 

in the Fe rich region. d), e) Net-intensity line profile across the two symmetric facets revealing a strong segregation of Fe in only the { ̄2 ̄5 70 } facets. 
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. Discussion 

.1. Thin film deposition and texture evolution 

In a plasma with a large degree of ionization, the ion flux to 

he substrate is larger than for discharges with a low degree of 

onization [42] . The magnitude of ion current affects the morphol- 

gy evolution which is evident when comparing the SE image of 

he film deposited by dcMS in Fig. 2 a) and the SE image of the

lm deposited by pulsed magnetron sputtering in Fig. 3 a). The in- 

oming sputtered atoms from the target when adsorbed on the 

ubstrate surface are called adatoms. Due to the dense plasma 

n pulsed magnetron sputtering, adatom mobility to low surface 

nergy sites with high coordination is promoted. Enhanced sur- 

ace diffusion eliminates the voids and surface mounds and con- 

equently reduces the surface roughness of the grown films. It also 

eads to a smoother surface finish [53] . Increase in surface smooth- 

ess and density of films on using higher duty cycles have been 

eported earlier in TiO x [38] . 

Additionally, the lowest surface energy plane, (0 0 02), domi- 

ated over the lowest strain energy plane, { 10 ̄1 1 } . The high flux

f ions due to pulsing leads to the increased momentum trans- 

er between the plasma and the condensed metal atoms. Such a 

igh flux increases the mobility of surface adatoms and accom- 

odates them on planes of the lowest surface energy. This de- 

ermined the out-of-plane surface orientation. A similar change in 

exture evolution in changing the deposition method from dcMS 

o pulsed magnetron sputtering favouring the high atomic density 

urface planes has also been reported in other materials [54–56] . 

Z

9 
he two in-plane orientation relationships were found using the 

BSD data in Fig. 4 . As seen in Fig. 5 , the majority of nanocrys-

alline grains seems to follow an OR and hence the consideration 

f misfit strain becomes important. The misfit ( δ) can be calculated 

sing δ = (1 − d f 
d s 

) , where d f and d s are the film and substrate 

attice spacing. The lattice parameter for cubic SrTiO 3 is a = 3.9 Å. 

 5 ̄7 20 and d 5̄ 410 are 0.409 Å and 0.577 Å, respectively. Using the 

omain matching epitaxy (DME) paradigm [57,58] , we can calcu- 

ate the misfit strain for OR I in the two in-plane directions to 

e 4.8% and 3.5%. Because the film has hexagonal symmetry and 

he substrate cubic, there are two misfit values. The misfit strain 

or OR II is swapped with 3.5% and 4.8%, respectively, due to the 

0 ◦ in-plane rotation between the two orientations. Besides lattice 

isfit, the residual stresses, the distribution of misfit dislocations 

n the interface, the surface plane termination of SrTiO 3 and sur- 

ace irregularities are possible other factors that can influence the 

volving OR. Fig. S6 shows STEM-EDS measurements performed 

t the film-substrate interface. Since there are no other elements 

etected within the substrate-film interface within the detection 

imit of STEM-EDS, it is concluded that the contrast modulations 

n Fig. 3 d) stem mainly from diffraction contrast of the nanocrys- 

alline layer. 

All pulsed magnetron sputtered films were observed to have 

olumnar grains. This can be explained using the structure zone 

odel (SZM). The SZM is commonly used to determine the depen- 

ence of film microstructure on the discharge pressure and the ho- 

ologous temperature [59] . The film microstructure according to 

his model is categorized into four zones, namely Zone 1, Zone T, 

one 2, and Zone 3 based on the substrate temperature during de- 
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Fig. 9. a) Reconstruction point cloud from APT showing Ti and O atoms marked in red and green, respectively. b) Isoconcentration surface of 0.5 at.% Fe delineates the GB 

and demonstrates the segregation limited to a fraction of the GB area present in the tip. The region of interest (ROI) used for composition analysis through the GB segment 

having no Fe segregation is highlighted (in yellow). c), d) ROI passing through the Fe-enriched GB region is depicted in both front and side view, respectively (in teal). 

e), f) show composition profiles from ROI exhibiting ∼no Fe segregation (b) and Fe-segregation (c), respectively. g) Ladder diagram of Fe and obtained Gibbsian GB excess 

following [44] . h) The in-plane atomic density distribution of Fe in the GB plane. (For interpretation of the references to color in this figure legend, the reader is referred to 

the web version of this article.) 
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osition. Zone T has limited surface diffusion and grain boundary 

obility. This leads to ‘V’ shaped columnar grains where the grains 

ith lower surface energy compete with other orientations during 

rain growth. In the Zone II, due to increased surface diffusion, the 

referred orientations nucleate at the substrate surface and grow 

s columnar grains. This leads to near vertical GBs [60] . A detailed 

iscussion on the model can be found in [60,61] . In the present 

lm, the deposition temperature of 600 ◦C lies in the early Zone 

I (T s / T m 

∼ 0.45; T s : deposition T, T m 

: melting point of target).

s expected from the SZM, the cross-section observations of the 

lms indicate that the films belong to Zone II and Zone T in Fig. 5 .

he BF/DF micrographs reveal that most of the GBs are vertical. In 

olumnar grain growth the favourably oriented grains quickly elim- 

nate the less favourably oriented grains [62] . Therefore, only OR I 

nd OR II grains remain at ∼300 nm above the film-substrate in- 

erface. The most important consequence of this is that almost all 

he GBs can be identified as �13 . 

Due to the mazed bicrystalline microstructure, the GB plane 

hanges continuously but the GB is characterized by the same dis- 

rientation. High-resolution STEM imaging was used to identify the 

B planes because even a detailed EBSD scan with a step size of 

 10 nm is not sufficient to index such finely faceted/rounded GBs. 

.2. Grain boundary faceting 

Faceting is the dissociation of a GB into segments with different 

B plane inclination but the same overall misorientation. It princi- 

ally occurs to reduce the overall GB energy. The total energy of a 
10 
aceted GB is the sum of the energy of individual GB segments and 

heir interaction energy at the facet junctions. As faceting leads to 

n increase in GB plane area, the facets must have lower energy 

han the parent GB for faceting to occur. Although GB faceting has 

een widely reported in many cubic metals [63–65] , to the best of 

he authors’ knowledge, no experimental evidence of GB faceting 

as been reported for Ti. Here, we show that the GB plane which 

ould otherwise be asymmetric due to its continuous curvature, 

issociates into distinct facets. 

Since all grains are columnar, it is evident that all the GBs in a 

asal-plane textured film are prismatic in nature. Moreover, there 

s a competition between the low index asymmetric prismatic 

 10 ̄1 0 } // { 2 ̄1 ̄1 0 } GB planes and the symmetric prismatic { ̄7 520 }

nd { ̄4 310 } GB planes. The prismatic planes have been shown to 

e the preferred GB facet plane in other hcp materials [66,67] . A 

D-EBSD study on bulk-Ti reported a large fraction of grains with 

isorientation ≤ 30 ◦ having prismatic GB planes with a preference 

or { ̄7 520 } [67] . Therefore, not only are the { ̄7 520 } GBs preponder-

nt in thin films, but they are also frequently observed in the bulk 

ommercially pure Ti. Also, prismatic planes are preferred in the β
 α martensitic phase transformation in Ti [68] . The { ̄7 520 } pris- 

atic planes are also predominant in �13 [0 0 01] GBs in Mg [69] .

sing atomistic calculations, Ostapovets et al. were able to show 

hat the minima of [0 0 01] tilt GB energy corresponds to { ̄7 520 }

69] . Although, similar GB energy calculations via MD simulation 

or Ti [0 0 01] tilt-GBs are missing, it is expected that Ti could fol-

ow a similar trend as in Mg. Therefore, the observed GB faceting 

n Figs. 7 a) and 8 into { ̄7 520 } and { ̄4 310 } symmetric segments can



V. Devulapalli, M. Hans, P.T. Sukumar et al. Acta Materialia 238 (2022) 118180 

Fig. 10. Schematic dichromatic pattern of the �13 GB with a) { ̄7 520 } and { 4 310 } planes consisting of the highest and the second highest planar coincident site density 

(PCSD), respectively, and b) { 2 ̄1 ̄1 0 } and { 10 ̄1 0 } planes with lower PCSD but higher effective d-spacing (d e f f ). The arrows point that any coincident site is 13 lattice sites away 

from another coincident site along the [10 ̄1 0 ] direction. 

b

m

l

i  

e

i

t

m

m

t

t

t

p

n

o  

t

T

p  

p

i  

l

s  

m

c

d

a

d

m

[  

G

d

w  

T

a

a

t

C

a

b

l

i

r

s

b

{
d  

w

f  

l

m

{  

t

c

t

t

G

t

i

[

c

r

t

e

e

u

t  

t

t

4

c

t

g

a

m

M

d

F

u

h

r

a

e considered to be a result of the GB energy-minimization in hcp 

aterials. 

To develop a thermodynamic understanding of the GB plane se- 

ection during faceting and anisotropic segregation of Fe observed 

n Fig. 8 , it is necessary to reveal the atomic structure and the local

nergetics of the particular GB. The atomic structure investigation 

s beyond the scope of the present study but a simple approach 

o rationalize the observations can be used. The CSL model is the 

ost widely applied tool for classifying GBs. It distinguishes grain 

isorientations that place a large fraction of the lattice sites of the 

wo grains in coincidence from the remaining ‘general’ misorien- 

ations. The sigma value represents the inverse of the number of 

he coinciding sites. If the GB plane passes through the coinciding 

oints, then such a GB plane can have low energy. The term, ‘pla- 

ar coincident site density’ (PCSD) is used to quantify the density 

f CSL sites on the GB plane. In a SrTiO 3 �3 (111) twist boundary,

he high PCSD was held responsible for the observed GB plane [70] . 

o illustrate the role of PCSD in GB plane selection, a dichromatic 

attern of hcp (0 0 01) is drawn in Fig. 10 . The ( ̄7 520) symmetric

lane that is highlighted in ‘gold’ has the highest PCSD, � = 0.42, 

n �13 [0 0 01] hcp GBs. This is followed by the ( ̄3 4 ̄1 0) plane high-

ighted in ‘dark-blue’ which has a � = 0.32. 

Additionally, when considering the prismatic plane with the 

mallest Miller indices, { 2 ̄1 ̄1 0 } and { 10 ̄1 0 } can be seen to have a

uch lower PCSD in Fig. 10 b). However, the selection of GB planes 

annot be entirely described by PCSD. In several cubic materials, no 

ependence of GB plane selection on PCSD is seen [70] . In brass 

nd nickel, a systematic GB plane analysis demonstrated that the 

ependence of interplanar spacing of the GB planes, d e f f , is the 

ore critical criterion than PCSD in the selection of the GB planes 

71] . For a symmetric GB, the d e f f is same as the d-spacing of the

B plane, while for an asymmetric GB, the d e f f is given by: 

 e f f = 

(d 1 + d 2 ) 

2 

(2) 

here d 1 and d 2 are the d-spacing of the GB planes for each grain.

he d e f f is a means to generalize the d-spacing criterion for the 

symmetric boundaries [72] . The energy of an unrelaxed bound- 

ry increases as the d-spacing decreases, because the atoms with 

he shortest d-spacing contribute the most to the boundary energy. 

onsequently, low-index GB planes due to their larger d-spacing 

re preferred [73] . In terms of probability, there are many possi- 

le asymmetric GBs and limited symmetric GBs. However, once the 

ow-index plane for one grain is fixed, the index of the other plane 

s constrained by the misorientation. As a result, most asymmet- 

ic GBs have a low d e f f and are hence unfavorable. This is why 
11 
ymmetric GB planes appear more frequently than random distri- 

ution. 

For the �13 GB, the two symmetric GB planes { ̄4 310 } and 

 ̄7 520 } have a d-spacing of 0.709 Åand 0.409 Å, respectively. The 

-spacing of GBs with { 10 ̄1 0 } and { 2 ̄1 ̄1 0 } habit planes is larger

ith 2.55 Å and 1.475 Å, respectively. However, they typically 

orm asymmetric GB variants with { 10 ̄1 0 } // { 15 ̄7 ̄8 0 } habit planes

eading to a smaller d e f f of 1.421 Å. Despite the fact that the asym- 

etric GBs exhibit a larger d e f f than the symmetric GBs, GBs with 

 ̄7 520 } and { ̄4 310 } habit planes are observed more frequently in

he present study, but also in Mg and Ti-64 alloys [67,69] . This 

onfirms that other than the PCSD and d-spacing, the atomic struc- 

ure of the GBs and their related excess thermodynamic proper- 

ies influence the GB plane selection. It is well established that 

Bs act as a ‘phase’ in themselves and have an atomic structure 

hat is distinct from the two abutting grains [74,75] . In all of ex- 

sting literature that discusses the rules for selection of the GB 

70,71,73] , the atomic structure of GB has never been taken into 

onsideration. However, the structure of the GB can play a major 

ole in determining its thermodynamic properties. The structure of 

he GB would also determine its ability to accommodate defects, 

quilibrium solute segregation and their influence on the GB en- 

rgy. Therefore, although a combination of PCSD and d e f f can be 

sed to argue the stability of certain GB planes, further investiga- 

ion of the atomic structure of the { ̄7 520 } is needed to establish

he reason for stability of the high-index symmetric GB plane over 

he low-index asymmetric plane, which is an ongoing work. 

.3. Grain boundary segregation 

Solute segregation at GBs is known to largely influence the me- 

hanical behaviour of metals either negatively, such as by embrit- 

lement, or positively, by pinning the GBs and thus restricting grain 

rowth, thereby strengthening it [76–78] . Solute segregation can 

lso lead to faceting of the GB [79,80] . 

Grain boundary segregation in dilute binary alloys following 

onolayer-type segregation is typically described by the Langmuir- 

cLean isotherm under equilibrium conditions [81,82] . This model 

oes not consider solute interactions, which was introduced by 

owler and Guggenheim by treating the grain boundary as a reg- 

lar solution [83] . Other statistical thermodynamics based models 

ave been proposed to calculate the enthalpy and entropy of seg- 

egation explicitly [84–86] . 

The segregation of Fe in Ti has been studied in random high 

ngle GBs by Aksyonov et al. Using density functional theory (DFT) 
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alculations they showed that the difference between solution en- 

halpy for Fe to segregate in a substitutional site and an octahe- 

ral site is minimal. Fe segregation was noted to stabilize the GBs 

y reducing their energy by more than 200 mJ/m 

2 [25] . Fe seg- 

egation has also been reported in commercial Ti alloys with no 

nalysis of the influence of GB type on the segregation behaviour 

26,87,88] . In the present study, Fe was observed to segregate pref- 

rentially to selected symmetric facets in �13 (0 0 01) Ti GB, as 

een in Fig. 8 . The observed anisotropic segregation behavior of Fe 

s to a first approximation rationalized using the d-spacing. The GB 

lanes ( ̄4 310) and ( ̄3 ̄1 40) have a higher d-spacing and are seen 

o have lean or no segregation whereas, the GB planes ( ̄5 7 ̄2 0) ,

 ̄7 250) , and ( ̄2 ̄5 70) have a lower d-spacing and have much higher

e segregation. Clearly, a lower d-spacing seems to favour Fe solute 

egregation in Ti. 

Beyond characterizing the GB plane, it is of great interest to 

uantify the amount of segregation. Such studies began in the 

arly 1980s using surface analysis techniques like Auger electron 

pectroscopy (AES) and secondary ion mass spectroscopy (SIMS) 

f fracture surfaces [83,89–91] . With the manifold advancement of 

he analytical power of STEM, EDS and electron energy loss spec- 

roscopy (EELS) are now regularly used to quantify the lean seg- 

egation of even less than 0.01 monolayer at the GB [92,93,93,94] . 

ore recently, state-of-the-art STEM techniques and atom probe 

omography have been utilized in a correlative fashion to obtain 

patial and chemical information from the same region down to 

lmost atomic scale [28,52,95–98] . A similar approach was used 

ere to site specifically lift-out a symmetric GB and quantify the 

e segregation as seen in Fig. 9 . Although, the EDS clearly shows 

e segregation and partitioning to different GB segments, it needs 

owever long counting times and thus may cause redistribution of 

e like seen in other metallic systems [99] . Therefore, APT is used 

or the quantification of solute concentration. Additionally, the dis- 

ribution of concentration in the third-dimension cannot be ob- 

ained in the STEM-EDS. It also helps to find any additional scarce 

mpurity present in the material. From the atom distribution in 

ig. 9 , a uniform distribution of Ti and O is confirmed. Although 

he concentration of O is high, ∼28 at.%, it is measured to be uni-

ormly distributed over the entire tip volume. The high O content 

n the film is due to the high solubility limit (32 at.%) of O in Ti

100,101] . Because the deposition chamber had a vacuum of only 

.2 × 10 −6 mbar, and Ti is widely used as a getter for O, the film

s expected to have a high dissolved O content. However, no ox- 

des or other secondary phases are detected. Most importantly, the 

istribution of O is not altered at the GB and can therefore be as- 

umed to not have an influence on the Fe segregation. Although 

he GB plane cannot be found from the APT data, we know that 

he film has mostly �13 GBs, with only two possible GB planes. As 

iscussed earlier, the symmetric { ̄7 250 } and { ̄4 310 } GBs are present 

20 times more often than the (10 ̄1 0) / (11 ̄2 0) asymmetric vari- 

nt, therefore we assume the captured GB to be a symmetric GB. 

urthermore, the Fe distribution is restricted to ∼40–50 nm, which 

s about the same as the length of symmetric facet. Combining the 

esults of STEM and APT, it is likely that two of the symmetric GB 

acets, for example { ̄2 ̄5 70 } and { ̄3 ̄1 40 }, were captured within our

tom probe tip. While the former has a rich and uniform Fe distri- 

ution, the latter is lean in Fe. The area density distribution map 

n Fig. 9 h) distinctly shows that Fe is uniformly distributed in an 

rea corresponding to one GB segment. The decrease in the den- 

ity of the Fe in the right part of the GB can be attributed to the

ommencement of the adjacent facet that is lean in Fe. A striking 

imilarity suggesting that Fe-segregation is restricted to symmetric 

B segments can be seen in both Fig. 8 d), e) and 9 e), f). 

The subsequent measurement of interfacial excess using a ‘lad- 

er diagram’ gave a �F e of 1.25 at/nm 

2 or 0.2 monolayer. The 

B measurement has been used as a method to scrutinize 
excess 

12 
hase formation in the GBs [102] . 0.2 monolayer corresponds to 

ne in every five atoms at the GB plane being Fe. With the spa- 

ial resolution of APT, there is no way to ascertain if the present 

bservation is GB segregation (either by strain or chemically in- 

uced by bonding/charge transfer) or a GB phase transformation. 

ased on the local arrangement and bonding of Fe, its influence 

n the material properties could largely vary. This necessitates the 

equirement of additional experiments using STEM to discern the 

tomic structure of the GB with and without Fe, which is an ongo- 

ng work. 

. Conclusion 

Following the deposition of bicrystalline Ti thin films, the 

aceting and Fe-segregation in �13 [0 0 01] GBs of Ti thin films are

xplored here for the first time. Following are the important find- 

ngs from this work: 

1. A novel template based thin film deposition pathway for ob- 

taining columnar grains containing tilt GBs of Ti is established 

using pulsed magnetron sputtering on SrTiO 3 (001) substrates 

at 600 ◦C followed by post-annealing at the same temperature 

for 2 h, 4 h and 8 h. 

2. The ion current density during magnetron sputtering is seen to 

modify the texture from a mixture of (10 ̄1 1) and (0 0 02) to only

(0 0 02). 

3. EBSD and TEM analysis reveals a bicrystalline film with contin- 

uously curved GBs having a very high fraction of �13 [0 0 01] 

CSL GBs. Such a textured film with well defined CSL GBs is 

demonstrated for the first time. 

4. Two orientation relationships (ORs) are identified, where OR I 

is one continuous grain spread over the entire substrate. The 

OR II grains are distributed across the film and are observed to 

shrink upon annealing of the films. The two ORs are given as: 

OR I: (0 0 02) T i ‖ (001) SrT iO 3 
, [5 ̄7 20] T i ‖ [100] SrT iO 3 

OR II: (0 0 02) T i ‖ (001) SrT iO 3 
, [5 ̄4 ̄1 0] T i ‖ [100] SrT iO 3 

5. (S)TEM imaging revealed GBs faceted frequently into symmet- 

ric { ̄7 520 } and { ̄4 310 }, and sporadically asymmetric { 10 ̄1 0 } //

{ 2 ̄1 ̄1 0 } facets. The selection of GB planes during faceting is con- 

sidered to be a combination of high planar coincidence site 

density and high effective interplanar spacing (d e f f ). 

6. EDS analysis reveals a distinct preferential Fe segregation in ev- 

ery { ̄7 520 } GB facet while every { ̄4 310 } GB remains Fe-lean. A

similar behavior was verified by atom probe tomography and 

the Fe solute excess at the Fe-rich facets was determined to be 

1.25 at/nm 

2 . 
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