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Synthesis and mechanical testing of grain 

boundaries at the micro and sub-micro scale  

The important role of grain boundaries for the mechanical properties of polycrystalline 

materials has been recognized since many decades. Up to now, the underlying 

deformation mechanisms at the nano- and micro scale are not understood quantitatively. 

An overview on the synthesis and subsequent mechanical testing of specific grain 

boundaries at the micro and sub-micro scale are discussed in the present contribution, 

including various methods to produce one or multiple specific, crystallographically well-

defined grain boundaries. Furthermore, established micromachining methods to isolate 

and measure local dislocation-grain boundary interactions are portrayed. Examples of 

the described techniques are shown with respect to copper grain boundaries.  

 

The important role of grain boundaries (GBs) for the plastic deformation of metals has 

been recognized ever since the concept of dislocations as carrier of plastic deformation 

was established. The first model describing the impact of GBs on the mechanical 

response of materials was developed by Hall [1] and Petch [2], interlinking the strength 𝜎 

of a material with its grain size d as σ~d−1
2⁄ . It is assumed for Hall-Petch strengthening 

that GBs act as obstacles for dislocation motion, thereby, decreasing the dislocation free 

path. Although this model is used to estimate the strength of polycrystalline materials 

with macroscopic grains (d > 100nm), the underlying mechanisms are still not entirely 

understood. This is due to the fact that the GBs act not only as a barrier for dislocation 

motion, but also allow dislocation absorption [3, 4], emission [5] and transmission 

through them [6 - 8]. Certainly, all kinds of the aforementioned dislocation interactions 

take simultaneously place in polycrystalline materials. Yet, the central question is which 

interaction mode is a limiting parameter for the final mechanical response and how these 

interactions interplay. 

The plastic deformation of grains in polycrystalline materials is confined and at the same 
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time influenced by the surrounding grains. In case of materials with coarse grain sizes 

the deformation occurs via dislocation multiplication, motion and dislocation-dislocation 

interaction. The contribution of GBs is localized and manifested for instance by 

compatibility requirements, which require the simultaneous activation of five independent 

slip systems [9]. In such materials the formation of dislocation pile-ups at the GBs can 

be often observed. The backstresses originating from the dislocation pile-up might 

become the limiting factor for the deformation. 

In contrast, nanostructured materials with grain sizes below 100 nm (d < 100nm) lack 

the volume for extensive dislocation interaction as this would require extremely large 

dislocation densities much larger than 1014m−2. As a consequence, the dislocation 

multiplication in the grain interior becomes scarce, which promotes dislocation 

nucleation at GBs. Moreover, due to the extreme decrease of grain volume, dislocations 

cannot build large pile-ups at the GB. Thus, the mode of dislocation interaction with the 

GB is less influenced by the dislocation network, but more by the type of GBs. For 

instance, dislocation absorption and emission events are experimentally proven to occur 

in such materials [10, 11]. Therefore, the crystallographic type of individual GB becomes 

more important as compared to polycrystals with coarse grain sizes. 

 

Even though being such a fundamental question in material science, the thorough, 

quantitative characterization of various GBs-dislocation interactions remains challenging. 

One reason here is that the collective deformation of a large number of differently 

oriented grains, with numerous, largely different GBs blurs the individual interaction 

modes observed at one GB. This prevents quantitative mechanism-based 

characterization which is manifested in the lack of corresponding models, where 

dislocation-GB interactions are implemented. 

 

Progress in mechanically characterizing small sample volumes were achieved during the 

last decade [12]. The established techniques were used to understand the single 

crystalline size scaling behavior (“smaller is stronger” effect) [13 - 16]. Micron scale 

compression testing on samples containing only one specific GB allows isolating 

individual dislocation-GB interaction mechanisms. Therefore, today we possess unique 

tools to measure and quantify dislocation-GB interactions at the micron scale 
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quantitatively [17]. 

 

The purpose of the present contribution is to evaluate established approaches to 

synthetize materials containing a single specific GB. In the first chapter the paper 

discusses advantageous and disadvantageous as well as the feasibility of synthesising 

bi-crystalline macro samples with specific GBs. The methods described in this paper 

also allow for a sound number of micro samples, which is a prerequisite for 

understanding the stochastic nature of plasticity at these length scales [18]. The second 

chapter is focussing on the micromachining of small scale, bi-crystalline samples. 

Finally, in the last section of the manuscript several experimental examples of 

microfabrication and microtesting are elucidated. 

 

Synthesis of defined grain boundaries 

 

To unravel the dislocation-GB interaction modes for one specific GB two general 

approaches for material synthesis can be applied: 

 

 Fabrication of bi-crystals possessing a specific GB and 

 Fabrication of polycrystalline materials possessing multiple a priori undefined 

GBs. 

 

These general synthesis routes can be subdivided in various branches as introduced in 

this chapter and summarized in Table 1. Depending on the required crystallography of 

the GB, the GB density, the required sample number and on time constrains for the 

fabrication process one or the other synthesis technique will be favored with respect to 

the other. For instance, established routes to produce macroscopic bi-crystals are based 

on the Bridgman technique as well as on diffusion bonding. Both methods potentially 

result in a very large GB area, which is beneficial for the numerous testing of micro 

samples resulting in the statistically solid result. On the other side, specific GB types can 

be formed based on epitaxial growth, particularly in thin film systems. In such cases the 

GB type cannot freely be chosen. Nevertheless, such epitaxially grown films often 

possess numerous identical GBs, which can be beneficial for investigating the role of 
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constraints and compatibility.  

 

An overview of techniques to synthesize materials with the desired GB type is presented 

in Table 1 with an in-depth discussion in the chapters below. 

 

Bridgman technique. The Bridgman technique was firstly introduced in 1925 by Percy 

Williams Bridgman [19] and is ever since widely used for crystal growth [21]. The 

concept of this method is based on the solidification of molten material by moving a heat 

source along the sample either horizontally [22] or vertically [23]. Although this technique 

is mostly used to fabricate single crystals, the crystals containing only one defined grain 

boundary – bi-crystals – can also be produced by applying two well oriented seed 

crystals. 

 

The schematic set-up of the Bridgman technique is shown in Figure 1a, where the 

polycrystalline raw material (upper part) and specifically oriented seed crystals (lower 

part) are clamped in a crucible. Depending on the relative orientation of the seed 

crystals to each other either symmetric or asymmetric GBs can be produced. The initial 

location of the melting zone is placed in such way that one third of the seed crystal and a 

part of raw polycrystalline material are molten. During gradual movement of the 

inducting device towards the raw material, the crystallization to either of the two seed 

crystals occur, which results in GB being formed in-between. The reader is referred to 

the sections below for further experimental details on seed crystal alignment and on 

parameters for crystal growth on the example of copper bi-crystals. 

 

The most prominent advantage of the Bridgman technique for the fabrication of bi-

crystals is that all five GB parameters can be precisely defined (three for crystal 

misorientation and two for GB plane orientation). While the misorientation of the grains is 

defined via the orientation of the seed crystals, the control of the GB plane might be a 

challenging task. The reason for this is the different crystallization rates of distinct grains, 

which differ due to orientation differences and affect an orientation and position of GB 

plane. To fix the spatial position of the GB, raw polycrystalline material can be marked 

with side notches along the whole crystal height. 
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Also the size of such prepared samples can reach centimeter range, creating an 

extremely large GB, which enables multiple experiments on one desired GB. Applying 

this approach hundreds and thousands of samples for nano- and microtesting can be 

produced, which is often required to assure statistical sound results. 

 

However, it should be noted that the fabrication of a small angle grain boundary (SAGB) 

in Bridgman oven might be complicating, as the orientation of the GB plane can divert 

easily. Also, SAGB can randomly be created during fast growth rates. While the 

formation of random SAGBs might be partially solved by controlling the rate of induction 

movement, an alternative better suited method is proposed in the next section. 

 

Diffusion bonding. Diffusion couples obtained by diffusion bonding is a well-

established metallurgical tool to study both binary and ternary phase diagramms and to 

calculate diffusion coefficients of metallic materials [24, 25]. In case of two chemically 

different metals a concentration gradient is driving the interdiffusion of elements and, 

therfore, bonding them to each other [26]. For two identical compositions no chemical 

gradients exist, thus, only self diffusion mechanisms promote the welding of two pieces. 

When welding two crystallographically differently oriented single crystals, a GB will form 

in the welding area (Figure 2b). This technique is versatile in terms of producing any 

intended GB in a geometrically controlled manner, including a single low angle GB. 

To reach a certain GB character (twist or tilt character) the single crystalline parts are cut 

along a specific lateral direction into two pieces. Each of the cut surfaces is polished to a 

misorientation angle 
φ

2⁄  (Figure 2a) aiming for symmetric GB. As this method is 

basically a “building” of the GB, the accuracy during cutting and polishing are the key to 

reach the desired GB character. 

 

The advantage of this technique is the ability to produce any GB or phase boundary in a 

fast and controlled way. Moreover, SAGB can be built by diffusion welding more 

precisely as in Bridgman oven since the GB does not extensively deviate from the 

intendend plane. However, the welding area can be much smaller than for Bridgman 
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method, as the sample surfaces have to the perfectly flat and without deformation layer. 

More experimental details can be found in section 4.2 of this manusctips on an example 

of copper GBs. 

 

Epitaxial growth. The word “epitaxy” along with the perspective of lattice match 

between the substrate and deposited film was introduced by Royer already in 1928 [27 - 

29]. Two phases exhibiting a natural orientation relation upon crystal growth are called 

“epitactic”. This can comprise several different, co-existing orientation relationships 

(OR), which are still denoted as “epitaxial” growth in literature. Within this manuscript 

only systems with one OR are considered. Even then, due to crystal symmetry (e.g. in 

cubic metals) several grain orientations can be found further denoted as “mazed” 

crystals. If no crystal symmetry exists or alternative ORs are not favoured, the material 

does not have any GBs and, therewith, is single crystalline (Figure 3a). 

 

Whether the epitaxy appears and which OR is formed depends on numerous 

parameters, such as the lattice mismatch of substrate and film material, the coordination 

number, charge neutrality and surface reconstructions [30 - 32]. The easiest parameter 

to change the epitaxial growth conditions is by applying different substrates. Examples 

are various metals, silicon, germanium, alkali halides and mica. Also the surface 

orientation, the substrate and film purity and the deposition parameters (growth rate and 

vacuum level) allow for optimization. For a further details on this topic the reader is 

referred to Damen and Westmacott [30]. 

 

The simplest way to build a defined GB is by using two single crystalline substrates 

which are subsequently bond together (Figure 3b) in a similar way introduced in 

previous chapter. Subsequently, controlling the growth parameters of the thin film to get 

single crystalline epitaxy, the GB is naturally created according to the previously 

introduced misorientation in the substrate [33, 34]. A prominent example frequently used 

for such substrates is sodium chloride (NaCl). The technique is hereby not restricted to 

bi-crystals: By varying the surface preparation of the NaCl substrate the number of 

crystals in the films can be changed. The annealing procedures are also frequently used 

for this purposes. Furthermore, NaCl turns out to be extremely advantageous because it 
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can easily be dissolved in deionized water resulting in a freestanding thin film [38]. Such 

GBs are restricted to systems where a single crystalline, epitaxial thin film can be grown 

[39 - 43]. But also far from this single crystalline epitaxy thin films form defined GBs. This 

comprises: 

 

a) A large number of coherent and incoherent twin boundaries [39, 44]; 

b) grain boundaries with same misorientation but varying inclination (referred as 

“mazed bicrystals”) [44] 

 

Nanotwinned thin films have recently gained significant attention [45]. The interest of 

community in these films is caused by their promising mechanical properties combining 

high strength at exceptional ductility [40]. The formation of epitaxy with twins is favoured 

by low stacking fault energy, high deposition rate and low deposition temperature 

(Figure 3c). The advantage of the technique is the formation of a large number of 

specific identical TBs in the same film and variation of their spacing and size [30, 45]. 

However, the types of GBs formed are limited by the finite types of symmetries [30].  

 

Also, the intended coherent GBs are often accompanied by incoherent GB segments. 

So called “mazed” bi-crystal can be formed in thin films made of symmetric crystals 

which possess one OR (see Figure 3d). Often they are separated by twin boundaries 

along the columns [44]. Such mazed bi-crystals are characterized by numerous grains 

with identical crystallographic growth direction, but at least two in-plane directions. 

Systems forming mazed bi-crystals are copper on sapphire [39, 41 - 44], aluminium on 

silicon with (100)𝐴𝑙 (111)𝑆𝑖 or [110]𝐴𝑙[110]𝑆𝑖, gold on germanium [41] or other FCC 

metals on oxide free silicon and germanium substrates [46]. 

 

Irrespective of the actual growth mechanism and formed epitaxy, the main advantage of 

fabricating GB by epitaxial growth is the formation of identical GBs with controllable 

grain- or domain size. Hence, epitaxial thin films offer the unique possibility to study the 

transition from dislocation interaction with a single GB to embedded grains requiring 

compatibility, i.e. the transition from a bi-crystal to a well-ordered polycrystal. The 

disadvantage of this technique, however, is the limitation to some specific GBs and 
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relatively thin films. Furthermore, the optimization of the process for a given 

microstructure often can be cumbersome. 

 

Long term annealing of polycrystal. Thermomechanical processing of polycrystals 

comprising annealing treatments is a well-established and daily applied technique to 

control the grain size and, hence, the strength and ductility of materials. Annealing 

consists of three stages: recovery, recrystallization and grain growth. To synthesize 

straight extended GB segments well suited for micromechanical testing annealing 

treatments have already been successfully applied [20, 47]. For that extended grain 

growth as the third stage of annealing is typically applied. However, during grain growth 

in bulk-polycrystalline materials the orientation of the GB plane can be hardly controlled. 

The vast majority of GBs in a bulk polycrystalline material would be not perpendicular to 

the sample surface (Figure 4a) and, therefore, prevent meaningful small scale testing 

[48, 49]. To increase the number of vertical GBs the thickness of the bulk sample has to 

be decreased significantly and should be less than the final grain size. As a result, a 

“two-dimensional” microstructure with columnar grains and vertical GBs is formed upon 

very long annealing times (up to three days at 0.85 of melting temperature of a material 

[20]). Another prerequisite for getting extended, straight GB segments is a mirror surface 

finish and an absence of oxide layers before annealing. 

 

If successfully applied, this method allows testing differently oriented, hundreds of 

microns long vertical GBs. However, the GBs structure and chemistry can hardly be 

controlled requiring an extensive search for the desired GB by e.g. EBSD-SEM. 

 

 

Fabrication of micro sized samples 

 

Within this chapter we focus on the isolation of individual dislocation-GB interactions by 

producing micron and submicron sized samples well-suited for mechanical testing. We 

focus our discussion on micro compression because it is currently the only testing 

protocol allowing for statistical sound sample numbers, required to understand the 

stochastic nature of dislocation GB interactions. Further testing geometries are 
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described elsewhere [50]. 

 

The geometry and type of microsized samples depends on the actual scientific question, 

time constraints and availability of techniques in-house. In general, the fabrication of 

micron-sized compression samples is possible via different techniques, two of which are 

reviewed in the present paper: chemical etching and focused ion beam (FIB) milling. 

While chemical etching is known to be applied in semi-conductor industries since 

decades [51], shaping of microsamples with a focussed ion beam was developed only 

recently by Uchic in 2005 [12]. Both techniques are aimed to be used for uniaxial 

microcompression tests in a conventional nanoindentation device, equipped with a flat-

punch tip [14] to measure the mechanical response of materials at micro- and 

nanoscales under uniaxial loading. An overview of possible techniques is presented and 

discussed in the subsequent chapters and summarized in Table 2. 

 

Lath milling by FIB. Lath milling being developed by Uchic in 2005 [12] was the first 

FIB based technique to produce micron sized samples suited for uniaxial compression. 

Their seminal work opened the research field exploring single crystalline size effects 

(“smaller is stronger era”) [18, 55] and, today, sets the stage for understanding 

dislocation-GB interactions [56, 57]. 

 

A schematic of lath milling technique is shown in Figure 5a. The ion beam hits the 

ground and polished sample surface at an angle of less than 90° [14, 58, 59].  

 

Subsequently, the sample is rotated around the pillar axis using the microscope stage to 

finally shape it to a cylindrical form. Such samples exhibit an uniform diameter across 

the entire sample height, which is further denoted as “taper free”. As a result, lath milled 

micropillars exhibit a homogeneous stress distribution across the sample height – at 

least at the onset of plasticity in perfect compression experiments. However, lath milling 

is very time consuming and requires a precise rotation stage, stable operation of the FIB 

for many hours and extensive drift corrections. Since the imaging for dirft corretions is 

partly accomplished by FIB imaging a FIB damage layer can be formed, which might 

influence the mechanical response of materials significantly [52]. 
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Annular milling by FIB. In contrast to lath milling, annular milling (Figures 5c and 5d) 

does not require any sample rotation or motion during the milling process. During 

annular milling the scan unit deflects the ion beam and – in locations where material 

should not be removed –  blanks the FIB beam (shaded areas in Figure 5c). In other 

words, the FIB rasters across a rectangular field while beam-blanking is used to scribe 

the projected sample shape onto the material. Thereby, the ion beam hits the sample 

surface perpendicular. In case of pillars with a circular cross-section a truncated cone 

(“tapered pillar”) with an taper angle of 2-5° is formed. The taper angle strongly depends 

on the material, the microscope and the milling conditions, as shown below. As the taper 

formation leads to an inhomogeneous stress distribution, the comparison of the 

mechanical data – particularly the apparent strain hardening – of differently sized 

samples has to be performed with caution [49]. The main advantage of this method is 

the short fabrication time, which is partly due to the fixed sample orientation (no rotation 

required). This allows the production of multiple identical micropillars, which are a 

prerequisite for understanding the stochastic nature of dislocation GB interactions. 

An improved variant of the annular technique is the so-called Nano Patterning and 

Visualization Engine (NPVE) implemented in a Zeiss Auriga® [53]. Hereby, the FIB 

beam is not scanned in a rectangular manner but follows the prescribed path within the 

shape of the milling object. A continuous blanking of the FIB beam is, therefore, not 

required. The system allows for multiple degrees of optimizing the milling parameters: 

the dwell time, representing the duration of beam staying at one pixel, the spacing 

specifying the distance of two subsequent pixels (Figures 6a and 6b) and the beam 

motion (inside/out, outside/in, alternate) (Figures 6c to 6e) can be adjusted for a toroidal 

ring. Using this approach, the taper angle, milling time and re-deposition layer can 

largely be influenced and adopted to different materials. While a thorough study of the 

individual parameters is, to the best of our knowledge, not published, we found the 

optimum for copper micropillars to be a dwell time of 100 ms, alternate beam motion 

(Figure 6e) for high currents (> 2nA) and dwell time of 1000 ms, out/in motion (Figure 

6d) for low currents (< 2nA). The ability to mill several objects in an automatized mode 

[53] renders this technique very efficient, i.e. up to 40 samples with d ≅ 3µm in cross-

section had successfully been milled overnight (Figure 8e). 
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Milling on a wedge. A fundamentally different FIB based technique to produce 

micropillars was introduced by Kirchlechner et al. [60] and Moser et al. [50]. The main 

difference from the previously described procedures is that the final microsamples are 

freestanding and are not surrounded by the bulk. While the aforementioned techniques 

started from a grounded and polished sample surface, this geometry requires fabrication 

of a sharp wedge. This wedge is typically formed by cyclic tipping of a bulk rod or disk 

into a electrolyte while applying an electric potential. The wedge or tip formation is 

related to conventional atom probe tomography sample preparation [61, 62], however, 

should result in a more blunt tip or wedge. A wedge top radius of 3-5µm has become an 

optimal compromise of reducing FIB milling time and assuring sufficient space for 

placing a pillar with 5µm side length. Moreover, the opening angle of the wedge shoud 

be well below 20° to reduce the FIB milling time. 

 

In this geometry, the ion beam approaches parallel to the final sample top surface (i.e. 

perpendicular to the compression axis (Figures 7e and 7f). This way, two milling objects 

at each side are placed for both, subsequent high and low currents. In order to achieve 

an rectangular sample cross-section the sample has to be rotated to two different stage 

positions (R and R + 180°). Detailed information on this technique is comprehensively 

described by Moser et al [50] with key information on the sample alignment provided in 

the supporting online material of Kirchlechner et al. [60]. 

 

As the microsamples are freestanding, this technique guarantees the illumination of the 

sample without additional information of the remaining bulk. This is particularly beneficial 

for in situ diffraction experiments with a high energy X-ray beams [63]. Another 

advantage is that this geometry provides a constant cross-section (Figure 5c). However, 

this geometry allows for only one GB containing pillar per wedge in case of microscalled 

bi-crystals and therefore requires extensive metallographic work for producing a sound 

number of samples. 

 

 

Chemical etching. While the aforementioned FIB prepared samples contain thin 
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damaged layer (< 50nm) [64], which might influence deformation [64, 65], chemical 

etching does not decisively influence the atomic structure of the sample surface in a 

certain parameter range. Thus, it is possible to produce micro samples with absence of 

oxide or damage layers via chemical etching [66]. 

 

The simplest approach of producing micron sized samples via etching techniques is 

based on selective etching of a two-phase composite. A prominent example can be 

found in directionally grown eutectic microfibers (Figure 8a). For example, Bei et al. [66] 

introduced this method to fabricate Mo micropillars out of Ni-Al-Mo alloy. Adjusting the 

growth rate of the bulk material, they managed to control the pillar spacing and the pillar 

size, which is the most challenging part of this technique. Once the matrix is removed by 

chemical etching (in their work with Hydrochloric acid (HCl), Hydrogen peroxide (H2O2) 

and water (H2O)), the square shaped pillars are left on the surface. Depending on the 

interfacial energy between pillar and matrix different shapes of cross-section can be 

achieved. The pillar height can be defined by the properties of the etchant and its 

exposure time. The advantage of this method is the extraordinary high number of 

samples being produced on one macro specimen (several hundreds). However, the 

technique is limited to a specific materials, which tend to form an eutectic and the 

specific shape of fibers (e.g. Mn-Sb pillars in Sb matrix [67, 68] or Al-Fe-Mn pillars in Al 

matrix [69]. So far, no reports on bi-crystalline micropillars produced via this route are 

published. 

 

An alternative route being suited for producing bi-crystalline pillars is based on chemical 

etching, lithography (Figure 8b) [70], and is daily applied in semiconductor industries 

[71]. The technique requires fabrication of a mask which transfers the final pillar shape 

onto the sample surface by a spin-coated photoresist. For this purpose, firstly, a 

photoresist layer, being a light-sensitive organic material, is deposited on the sample 

surface. Afterwards, a mask which resembles the final structure is applied with a 

consecutive exposure of the unmasked photoresist to ultraviolet light (UV). The 

subsequent chemical etching acts only through the photoresist mask and finally forms 

desired pillars in the bulk material (frequently silicon or silicon oxide). Alternatively, the 

photoresist layer can be replaced by polymethylmethacrylate (PMMA) resist, being 
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exposed with electron beam as proposed for fabrication of Au nanopillars [73].  

 

Moreover, X-ray beam can also be applied to expose the mask. This technique of X-ray 

lithography was reported to be advantageous over e-beam exposure due to reduced 

amount of unattended carbon layer deposition during the exposure process [74]. 

 

An alternative route working particularly on silicon is metal assisted chemical etching 

(MacEtch). Initially, a layer of noble metal catalyst (e.g. gold) is deposited on base 

material (e.g. silicon) and further exposed either by lithographic methods or by FIB to 

form the desired structure. Further chemical reaction takes place locally at the interface 

between Au and Si via either transferring electrons (e-) from Si to Au or via holes (h+) 

injection from Au to Si [75]. This process obeys reaction in Equation (1). 

 

1

2
H2O2 + H+ → H2O + h+ 

Si + 6HF + h+ → H2SiF6 + H+ +
3

2
H2 

  ___________________________________ 

Si + 6HF +
1

2
H2O2 → H2SiF6 + H2O +

3

2
H2  (1) 

 

Thus, the gold is gradually lowered and leaves a silicon pillar at positions where no gold 

was placed (Figure 8c). The underlying mechanisms of the mass transfer are not 

thoroughly understood yet. However, it is agreed that the final pillar geometries mostly 

depend on gold surface morphology [76]. Moreover, multiple studies discuss the 

influence of concentration of etchant, etching time and temperature, the size of etched 

structures and the distances between them [77, 78]. Usually single crystalline B-doped 

(P-type) silicon is used with deposited Au layer of about 20-100nm and 3-20 nm Ti as an 

adhesion layer [78]. Despite the suitability of this method for producing micron sized bi-

crystal successful sample synthesis routes had not been reported yet. 
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Practical examples 

 

High angle grain boundary applying Bridgman technique. The Bridgman method 

was applied in multiple studies to produce bi-crystals up to now. For example, the first 

study on the GB impact on the mechanical response was performed by Aust and Chen 

in 1954, reporting on the importance of orientation differences between the two grains at 

thee onset of plastic deformation [8]. Until now, the Bridgman method is well recognized 

in the community documented by numerous studies on GB shear coupled motion (e.g. 

[79, 80]) or local phenomena during fatigue testing [81]. 

 

The main objective of our first example was to resolve the transmission properties of 

different GBs [48, 56, 57, 82], demonstrate the applicability of macroscopic transmission 

models at the micron scale [57], measure the transmission stress through the GB [82] 

and investigate the impact of strain rate on dislocation transmission [83]. Thus, we 

fabricated specific GBs allowing for multiple dislocation transmission according to the 

macroscopic models of Livingston [6], Clark [3] and Shen [7]. 

 

Based on the aforementioned criteria we have defined penetrable and impenetrable 

boundaries and subsequently optimized Mathematica® script to define the 

crystallography of growing and lateral directions of both grains, as well as the orientation 

of the GB plane normal. Subsequently, single crystalline seed crystals were aligned in 

the desired orientations following the subsequent procedure: 

 

1. The single crystalline seed sample is mounted to a goniometer head and marked 

with two long but thin side marks along the crystal length (Figure 6a). 

2. A thin slice is cut by spark erosion, which turns out to result in a thinner damage 

layer compared to other cutting techniques. 

3. The crystallographic orientation of the seed crystals is analyzed by electron back 

scattered diffraction (EBSD). The side notches are required to accurately align the 

crystal in a laboratory coordinate system. Orientations are provided relatively with 

respect to this coordinate system. 

4. The miscut of the seed crystal is determined based on the EBSD data. 
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5. Finally, the single crystal is rotated to the desired orientation, cut and measured 

again with EBSD to confirm the desired orientation. 

 

40 mm long seed crystals were produced using 99.88 at. −% pure copper applying the 

Bridgman procedure (Figure 9b). Thereafter, both seed crystals were aligned with 

respect to each other according to the desired orientation and subsequently glued with a 

2K glue to a polycrystalline block, which is placed in graphite crucibles. The production 

of bi-crystals in the oven is conducted under the protective atmosphere of 99.999 𝑎𝑡. −%  

pure argon and pressure reaching 500 mbar up to 700 mbar in the initial and heated 

state, respectively. The temperature of the heating device is set for the 30 − 50℃  above 

the melting temperature of the material. The initial melting zone is placed at the center of 

the seed crystals and unchanged for 30 minutes. This ensures the formation of a bi-

crystal and avoids nucleation of additional grains.  Subsequently, the induction device 

stats moving at the rate of 10 mm·h-1, so that the fabrication of the bi-crystals takes 

about 24 hours for the above mentioned material length. The last 12-15 hours are spent 

for the cooling in the oven until the temperature of 50 to 70 °C is reached 

Figure 9c represents fabricated copper bi-crystal with misorientation angle of 30° around 

[1 2 10] and growing direction close to ⟨225⟩ and ⟨479⟩, which was thoroughly studied for 

its transmission properties [57, 83]. 

 

Small angle grain boundaries applying diffusion couples. Our second example 

focusses on the synthesis of a small angle GB (SAGB) by diffusion bonding. The 

misorientation angle 𝜑 was variated from 4° to 12°. Aim of the study was to investigate 

the interaction of lattice dislocations with the dislocations array forming the SAGB. To 

produce the SAGBs with defined GB structure (tilt, twist or mixed) following sample 

preparation steps were applied: 

 

1. A bulk single crystal is ground and electro-polished. Subsequently, an arbitrary 

straight line acting as a marker was scratched onto the polished surface. 

2. The orientation of the crystal is measured via EBSD. The marker again is used to 

align the crystal with the laboratory coordinate system. 

3. Based on the EBSD orientations the cutting direction is chosen. Please note that 
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the cutting direction and the previous mark are generally not the same. 

4. The single crystalline bulk is cut along the desired direction, which defines the GB 

plane of the SAGB. 

5. At this point the manufacture of a pure tilt, twist or mixed SAGB diverts. We focus 

on the simplest case of a symmetric pure tilt GB: To reach a desired misorientation φ, 

the cutting plane of both half parts need to be chamfered by φ/2. In our case this was 

accomplished by spark erosion, however, also grinding is well-suited for this step (see 

Figure 10). 

6. Both freshly cut surfaces will form the GB plane. They need to be polished to 50 

nm with silica suspension. Afterwards, a short electrochemical polishing of 5 seconds in 

phosphoric acid (H3PO4) using a voltage of 20 V is conducted to remove the deformation 

layer introduced during the polishing steps. 

7. The two single crystalline parts are clamped in molybdenum tongs (Figure 10b). 

8. Finally, the entire setup of Figure 10b was bonded in a GLA 3 Bühler oven with 

the 99,999 𝑎𝑡. % pure argon protective atmosphere and a vacuum of 2 ∙ 10−5 mbar. The 

temperature is gradually increased up to 950 °C with a heating rate of 15 K·min-1, 

subsequently held at temperature for 4 hours and, then, progressively cooled with a 

cooling rate of 1 K·min-1 to room temperature. 

 

It is of outmost importance that the ground and polished surfaces are perfectly flat and 

free of a deformation layer before diffusion bonding. This is particularly challenging for 

soft materials as for copper. We have chosen electrochemical etching because it does 

not cause any deformation layer. However, the drawback of electro-polishing is the 

limited flat area. Hence, the obtained GB area in this study was roughly 1𝑐𝑚2 in size. To 

reach larger welded areas is generally challenging, however, can be accomplished by 

improving polishing parameters accordingly. 

 

Nanotwinned silver applying epitaxial film growth. In our third example we exploit 

epitaxial thin film growth to produce a nanotwinned silver film consisting of numerous 

coherent twin boundaries (TBs). These films are particularly interesting as nano-twinned 

materials combine high strength and ductility simultaneously [40], which is associated 

with the presence of TBs. 
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We follow previous studies on the formation of single crystalline silver films on silicon 

and germanium substrates temperatures of 150 to 200 °C [5]. Following the subsequent 

procedure we obtained nano-twinned silver films on silicon 〈111〉: 

 

1. The silicon 〈111〉 substrate is chemically etched with 30 𝑣𝑜𝑙. % aqueous HF 

solution to remove the native oxide. 

2. Physical vapour deposition is carried out by electron-beam evaporation in high 

vacuum conditions (typically in the range of 10−6 mBar) at room temperature. Deposition 

is started with a rate of  1 Å ∙ 𝑠−1 for the first 20nm and then gradually increased to  5 Å ∙

𝑠−1 up to 100nm. Finally, the growth rate is kept constant at 5 –  6 Å ∙ 𝑠−1 up to the 

desired film thickness of 2µm. This procedure results in a twin spacing of 20nm (see 

Figure 11). 

3. Furthermore, the twin spacing can easily be adjusted by subsequent heat 

treatments at temperatures of 250-400°C. In our case we successfully managed to 

produce a bi-crystalline film containing only one TB after annealing at 400°C. Hence, the 

twin spacing can be set from several nm to 1µm. 

4.  

Please note that not only the desired coherent TBs, but also incoherent TB and other 

GB are formed during this process. Nevertheless, the vast majority of boundaries are the 

desired TBs. 

 

A tremendous advantage of such films on silicon substrate is the ease of producing 

micro samples. Therefore, the wafer including the film is broken apart. The edge is then 

selectively etched in 30 𝑣𝑜𝑙. % Potassium hydroxide aqueous solution (KOH) at 80°C for 

30 minutes leading to a freestanding foil. The freestanding part of the foil should be less 

than 10µm, but typically spreads across the millimetres across the fracture surface. 

Finally, the freestanding films are FIB milled into micro samples with square cross- 

section [84 - 86]. 

 

Micromechanical testing of bi-crystals. Our final example focusses on the mechanical 

testing of the obtained bi-crystals following the seminal work on single crystals of Uchic 
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et al [12]. Such test on single crystals are nowadays routinely applied ex situ in 

standalone indenter systems [87], in scanning electron microscopes (SEMs) [88, 89], 

transmission electron microscopes (TEMs) [90] and a synchrotron Laue endstations [59, 

63]. We will focus on in situ SEM experiments only on NPVE milled annular pillars and 

on rectangular pillars. 

 

Besides the sample manufacture reviewed in section 3.1, 3.2 and 3.3 of this manuscript, 

also the indenter tip needs to be cut to a flat punch – typically by FIB milling. The 

alignment of the sample and tip top surfaces is crucial for valid mechanical testing. For 

challenges and drastic consequences of misalignment the reader is referred to recent 

literature [17, 49, 60]. The subsequent procedure has been followed to assure perfect 

alignment of sample and tip: 

 

1. The philosophy assumes that perfect alignment is hardly possible at the micron 

scale. Why? While electron microscopes are well-suited for imaging in plane, they are 

unable to image edges and features parallel to the imaging direction. Hence, in situ SEM 

could only align one of two vectors in the contact plane, which is insufficient to 

guarantee the precise experiments. Therefore, our indentation axis as well as the axis of 

the sample length is aligned macroscopically without the help of SEM imaging. 

2. A user-built sample holder assures that the macroscopic sample axis is 

maintained during micro sample milling (Figures 12d and 12f). 

3. It is key to align the FIB-milled micro sample on top of the sample holder. The 

alignment procedure primarily involves two parts:  

a) Alignment of the FIB axes with the sample length axis as thoroughly described in 

the supporting online material of [60] 

b) A compensation for taper angle at the top surfaces of rectangular shape by over 

tilting. Both steps require recursive milling and imaging procedures and are 

described elsewhere [47, 57, 83]. However, as soon as they are accomplished 

successfully the angular alignment of better 0.1° between the flat punch and 

sample top surface can routinely be reached. 

4. Finally, the sample and the tip need to be brought close to contact. SEMs offer 

two different imaging features which support the operator to bring the two counterparts 
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close. The first option is to use the depth of field. This is generally not recommended 

because – depending on the imaging options (EHT, aperture, current) – the depth of 

field can exceed several tens of micrometers. The second option is to use shadows in 

the image (see Figure 13).The shadow cannot be seen in all different detectors. 

Depending on the SEM model and brand either the chamber secondary electron (SE) 

detector or the InLense-SE exhibit pronounced shadowing. Nevertheless, based on this 

technique experienced operators can bring the two counterparts to a distance of less 

than 100nm. 

5. As soon as the two counterparts are aligned the experiment is rather simple and 

does – from an operators view – not differ from macroscopic experiments. The indenter 

applied in this study is in displacement open loop mode, i.e. it tries to maintain a certain 

displacement-rate throughout the experiment. However, as soon as plastic events 

occurs the displacement rate can significantly differ. For a detailed overview on machine 

related testing challenges the reader is referred to [17]. 

 

The force versus displacement curve is subsequently used to calculate an engineering 

stress engineering strain curve. An extraction of other stress versus strain diagrams, e.g. 

of the true stress versus true strain diagram, is due to the inability to measure sample 

cross-sections, to account for stress concentrations and lateral forces [17] is currently 

impossible. Nevertheless, the engineering stress strain curves can be used to 

quantitatively compare samples of different size and different materials, such as shown 

in Figure 14. Furthermore, the occurrence of slip lines is correlated with changes in the 

stress-strain curve, such as load drops or strain bursts. 

 

Conclusions 

 

The thorough, quantitative understanding of strengthening mechanisms in materials 

requires dedicated in situ experiments. In case of grain size hardening and its 

dependence e.g. on grain boundary type and / or a possible segregation, it is essential 

to conduct several state-of-the-art experiments (e.g. microstructural investigations via 

TEM, complementary in situ micromechanical testing in the SEM, in Laue 

microdifffraction and in the TEM) on one and the same grain boundary. In this 
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manuscript different pathways for reliably producing grain boundaries are shown. 

Subsequently, current approaches for shaping and testing numerous micromechanical 

samples containing a single grain boundary are presented. Finally, some recent 

examples of GB synthesis and testing are showing practical aspects of testing bi-

crystalline microsamples. 
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Table 1: Overview on techniques for fabrication of materials containing defined grain 

boundaries 

 

 

  

 Macrosample fabrication 

 Method Basic principle Preparation necessities Type of GB 
possible to 

produce 

Advantages Challenges 

B
i-

cr
ys

ta
ls

 

a) 

Bridgman 
technique [19] 

Growth of bi-crystal 
from melt using two 
seed crystals. 

Fabrication of seeds is 
time consuming; 
Challenging parameter 
tuning. 

Unlimited. Full control of the 
GB orientation; 
Large bi-crystals 

Alignment of seed 
crystals must be done 
precisely; 

The intended GB 
plane normal might 
be changed; 

Challenging for SAGB. 

b) 

Diffusion 
bonding 

Welding by self-
diffusion of two single 
crystalline parts. 

Flat surface mandatory; 

Prone to contamination. 

Unlimited. 

 

SAGB fabrication is 
possible  

Welded area might be 
small. 

M
az

ed
 b

i-
cr

ys
ta

l 

c) 

Epitaxial growth 

Thin film deposition 
on easily removable 
substrate (e.g. NaCl) 

Or 

Fabrication of mazed 
bi-crystals 

Needs optimization of 
deposition parameters. 

Several 
types of 
specific GBs. 

Free stranding 
films can be 
obtained; 
Large number of 
e.g. mazed bi-
crystals in the same 
film are possible 

Not purely bi-crystal 
is formed, but 
“mazed” bi-crystals 
with one orientation 
relation, but forming 
more than one 
physical GB.  

P
o

ly
cr

ys
ta

l 

Fabrication of thin 
films under specific 
deposition conditions 
and suitable 
substrates. 

Possible to obtain 
single and multiple 
identical GBs 
within a certain 
volume. 

Very specific 
material-substrate 
conditions 

d) 

Long term 
annealing of 

polycrystal [20] 

Material annealing to 
obtain large grains. 

Grain sizes have to be 
comparable to the 
materials thickness, 
thus, ensuring vertical 
GBs. 

Random. Fast sample 
preparation 

No control of the GB 
type and its 
geometry. 



Table 2: Summarized techniques of microsample fabrication to probe the local influence 

of the grain boundary 

 

 

  



 

Figure 1: Schematic of different techniques for the fabrication of specific grain 

boundaries, a) Bridgman technique, b) Diffusion bonding, c) Long term annealing of a 

polycrystal, d) Epitaxial growth 

 

 

 

Figure 2: Schematic of synthesis of a symmetric GB prepared by diffusion bonding, a) 

Cutting a single crystal along a specific lateral direction into two parts and polishing both 

parts to a desired misorientation angle, b) Two single crystalline parts clamped together 

are ready for diffusion bonding 

  



 

 

 

Figure 3: Epitaxial film growth as tool to produce GBs, a) Single crystalline film on a 

single crystalline substrate, b) Bi-crystalline film on a bi-crystalline substrate, c) Growth 

of a nano-twinned thin film, d) Growth of a mazed crystal due to two concomitant 

orientation relations (ORs) 

 

Figure 4: Sketch of long term annealing, a) In bulk polycrystalline materials, b) In thin 

metal sheets (while in the bulk GBs often show a random orientation they are 

preferentially vertical in thin metal sheets due to columnar grains) 

 

 



 

Figure 5: Schematic illustration of different FIB based techniques for microsample 

fabrication applying, a), b) Lath milling technique, c), d) Annular milling technique, e), f) 

Rectangular shaped pillars on a wedge. The top row (a), c), e)) represents the top-view 

of the pillars while the bottom row (b), d), f)) represents the side-view.  

 

 

 

 



 

Figure 6: Annular builder implemented in NPVE software with the dwell spacing, a) 

100% of the assumed Ga beam width at the sample surface, b) 50% of the Ga beam 

width at the sample surface, c) Beam motion mode “in-out” when the diameter of 

consecutive rings is increasing from the inner to outer diameter, d) Beam motion mode 

“out-in” when the spiral-like motion of the beam moves from the outer to inner circle, e) 

Beam motion mode “alternating” when the beam commutes from one side to another of 

the ring [53] 

 

 



 

Figure 7: Schematic showing the sample preparation steps for annular a),b) and 

rectangular c),d) shaped pillars. Horizontal a) and vertical c) slices are cut out of a bulk 

macro bi-crystal. b) Annular micro samples are immersed in the bulk whereas d) the 

rectangular ones are free-standing. Redrawn after Malyar et al. [57]. 

 

 



Figure 8: Schematic illustration of different techniques for microsample fabrication based 

on chemical etching, a) Chemical etching of a directionally solidified eutectic, b) 

Lithography as a combination of photoresist mask and chemical etching of material, c) 

Metal based chemical etching 

 

 

 

Figure 9: Optical images taken from the bi-crystalline fabrication route using the  

Bridgman technique, a) Single crystal mounted to the goniometer head for seed crystal 

alignment, the goniometer is subsequently used to bring the single crystal in the desired 

growth direction, b) Single crystal produced in a Bridgman oven, the size of the melting 

zone is indicated by red lines, c) Macroscopic bi-crystal including two remaining seed 

crystals for grain A and grain B,  d) EBSD scan of the fabricated bi-crystal in Bridgman 

oven 

 

 



 

Figure 10: Optical photographs of the preparation of a macroscopic bi-crystal by 

diffusion bonding, a) The single crystal is cut along the desired direction and 

subsequently chamfered and polished to an SAGB angle 𝜑, b) The SAGB in the 

molybdenum tongs after bonding 

 

 



 

Figure 11: Microstructure of molecular beam epitaxy (MBE) deposited thin silver film on 

silicon substrate, a) SEM micrograph with energy selective backscatter (ESB) contrast 

from the top surface, b) SEM micrograph with secondary electron contrast (In-Lens 

Zeiss®) of cross-section in the bulk, c) FIB milled micropillar containing multiple identical 

twin boundaries imaged with secondary electron contrast (In-Lens Zeiss®), courtesy of 

M. K. Kini. 

 

 

 



 

Figure 12: Scanning electron images of microsamples prepared, a) Application of lath 

milling, b) Application of annular milling, c) Application of rectangular milling on edge, 

being placed on d) Polished sliced wedge, f) Thinned wedge of bulk materials and 

mounted on micromechanical holders for further compression tests, e) Multiple annular 

milled pillars with several of them being bi-crystalline 

 

 



 

Figure 13: Snapshots of a micro compression alignment experiment, a) The indenter 

and sample are too far to cause any shadowing, b) Blurred shadow visible as soon as 

the indenter and the sample approach, c) Distinct shadow is visible and can be used to 

position the counterparts with respect to each other, d) During the micropillar approach 

only a part of micropillar top surface will be covered with the shadow of the indenter first, 

e) The entire top surface must be under indenter during a close approach in order to 

reach, f) A perfectly aligned sample, g) When moving the sample even further it 

becomes complicated to estimate the distance between microsample and indenter. Note 

that shadowing effects appear in all SEMs, however, the shape of the shadow and the 

contrast strongly depends on the used microscope, the type, settings and location of the 

used detectors, the working distance and the acceleration voltage 

 



 

Figure 14: Postmortem SEM images, a) Single crystal, b) High angle GB containing bi-

crystalline microsamples in rectangular geometry, c) Engineering stress-engineering 

strain curves of two differently oriented single crystals and a bi-crystal containing high 

angle GB 
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