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Abstract. Focussed ion beam (FIB) milling can be used to reveal sub-surface fracture 

and deformation below indents in materials. However, evolution of residual stresses 

around the indent impression cause changes to the crack morphology during the FIB 

cross-sectioning procedure. Berkovich nanoindents in single crystal hexagonal (6H) 

silicon carbide cause radial surface cracks, and the residual stresses are mapped using 

Raman piezospectroscopy and high angular resolution EBSD. FIB milling changes the 

stress state, allowing surface cracks to extend, and sub-surface cracks to evolve, 

precluding direct observation of sub-surface crack morphology using this technique. 

Raman spectroscopy after FIB milling reveals that the compressive residual stress has 

been relieved allowing crack extension. Ion irradiation damage subdues cracking in 

6H-SiC, and differences in residual stress maps explain the role of cracking in relieving 

residual tensile hoop stress around indents.  
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Introduction 

 Fracture toughness is an important property to measure in brittle materials to help 

design against sudden catastrophic failure. This can be estimated using indentation techniques 

combined with semi-empirical equations by measuring surface crack lengths and indentation 

load. The empirical equation is based on the indenter geometry and assumed sub-surface crack 

morphology [1–3].  

For certain applications it is desirable to evaluate the properties of very small volumes 

of material, for example to study the effects of radiation damage in ion irradiated materials 

[4,5]. This is typically done using nanoindentation with a Berkovich tip geometry to measure 

radiation-induced changes to hardness and modulus, and it would be desirable to also measure 

changes to fracture toughness. 

Fracture toughness from Berkovich geometry indents has been estimated using the 

modified Laugier equation [6] from Dukino and Swain [7,8]: 
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where Kc is the fracture toughness, a is indent impression radius from the centre of the 

impression to the corner, l is surface crack length, E is Young’s modulus, H is hardness, P is 

maximum indenter load, and c, is the length from the centre of the indent impression to the 

crack tip, ie a+l. xv is a fitting factor with a value 0.016. This equation is valid for the Palmqvist 

radial crack system with the fitting factor for Berkovich geometry derived from fitting to 

fracture toughness from conventional micro-Vickers indents [7].  

 Cuadrado et al. used single edge-notch beam fracture toughness measurements to fit 

the Laugier equation for Berkovich nanoindentation fracture toughness, finding a fitting factor 

of  xv = 0.022 [9]. They also used FIB tomography to observe sub-surface fracture finding semi-

elliptical radial cracks, meeting at the apex of the indent impression. This 38% difference in xv 

will propagate into a 38% difference in estimated fracture toughness from Berkovich 

nanoindentation. This discrepancy highlights the drawbacks of measuring fracture toughness 

using indentation techniques – the result is dependent on empirical constants and assumptions, 

some of which require knowledge of sub-surface fracture to validate.  
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 Dual beam focussed ion beam scanning electron microscopes (FIB/SEM) allow 

nanoscale milling to reveal sub-surface features of materials for imaging with the SEM column 

[10,11]. This technique has been used to investigate sub-surface indentation fracture in alumina 

[12], silicate glass [13], SiAlON [14], and silicon nitride [15]. Local residual stresses were 

observed to cause bulging of FIB cross-sections, and the direction of FIB milling through the 

indent changed the observed crack density as residual stresses were relieved [12,13].  

  Silicon carbide (SiC) is a structural ceramic material useful in extreme environments, 

primarily aerospace and nuclear applications, because of its excellent high-temperature 

properties, including creep resistance, high strength at elevated temperatures, corrosion 

resistance and general chemical inertness, high thermal conductivity, and low thermal 

expansion coefficient  [16–18]. SiC is desirable for applications as fission fuel cladding, or as 

a component of the blanket of fusion reactors due to its low neutron absorption cross-section, 

low level of long-lived radioisotopes, and stability under high temperature-high dose neutron 

irradiation [16,19–24].  

For nuclear applications, a thorough understanding of radiation defects and their effects 

on material properties including fracture toughness is required to evaluate the suitability of a 

material for its application, and to predict the evolution of its properties over time. To accelerate 

radiation damage processes and material investigations, ion implantation is commonly used as 

a surrogate for neutron irradiation [25,26]. It allows displacement damage to be introduced to 

a material in controlled conditions in a matter of hours as compared to many days for 

comparable damage in a nuclear fission reactor. Additionally, it does not introduce radiological 

hazards due to sample activation, avoiding the requirements for specialist “active” laboratories, 

sample cooling, and remote handling.  

Jiang et al. reported on indentation fracture toughness after xenon ion implantation into 

4H-SiC at room temperature, finding fracture toughness apparently increases with dose and in 

proportion to out of plane elastic strain caused by radiation swelling, up to ~75% apparent 

toughening [27]. They attribute the crack shortening to lateral compressive strain in the 

irradiated layer. Nogami et al. report on indentation fracture toughness of nanocrystalline 3C 

CVD SiC after neutron irradiation, finding a decrease of ~10% below 400 °C and an increase 

above ~800 °C, although with large scatter, possibly due to microstructure effects [28]. Jiang 

et al. [27] do not give their equation for fracture toughness calculations, while Nogami et al. 
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[28] use a mix of values from Vickers and Berkovich indentation which puts their calculations 

in doubt.  

  We aim to investigate the residual stresses around nanoindents in unirradiated and 

irradiated silicon carbide, exploring how fracture influences residual stress. Sub-surface 

fracture is investigated using FIB cross-sectioning, and the effect of this on residual stress 

around indents. 

Methods 

 A pre-polished sample of 6H-SiC single crystal, with surfaces parallel to the (0001) 

basal plane was purchased from Pi-Kem Ltd (Tamworth, UK). Ion implantation was carried 

out at the Surrey Ion Beam Centre, UK using the 2 MV Van de Graaf accelerator. Samples 

were clamped to a heated stage using washers to blank part of the specimen from the ion beam, 

leaving an unirradiated region for investigation. The stage was held at 300 °C (±5 °C) in a 

vacuum of ~1×10-6 mbar. The sample was implanted with neon ions at three energies (1450 

keV, 720 keV, and 350 keV) to create a flattened damage profile within the plastic zone of 

nanoindentations (Figure 1). Neon ions were chosen to avoid any chemical effects from the 

implanted ions, while producing a similar damage profile to our other work using silicon ions. 

Self-ions are typically chosen for metals to avoid chemical effects; however literature and our 

own work suggests implanting SiC with silicon or carbon ions affects defect types compared 

to neutron irradiations [29]. Chemical defects are important in SiC, so influencing defect 

chemistry with ion implantation should be avoided [30]. Displacements per atom (dpa) was 

calculated using the Stopping and Range of Ions in Matter (SRIM) Monte Carlo code with the 

quick Kinchin-Pease model [31,32]. Displacement energies for silicon and carbon were 35 eV 

and 21 eV respectively, with binding energies set to 0 eV [33]. Target density was set to 3.21 

g/cm3. The peak nominal damage is ~2.5 dpa. 
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Figure 1: Damage profile of neon ion implantation into 6H-SiC, as calculated from SRIM [31] 

 Nanoindentation was carried out using an MTS Nanoindenter XP with a diamond 

Berkovich tip. The continuous stiffness method (CSM) was used to calculate mechanical 

properties. The CSM harmonic displacement was 2 nm with a frequency of 45 Hz and a strain 

rate of 0.05 s-1. The tip and frame were calibrated based on the modulus of fused silica (72 

GPa) before each batch of indents in a sample. Nanoindentation consisted of batches of 500 

nm and 1000 nm indents into irradiated and blanked (unirradiated) regions of the same sample 

at the same crystallographic orientation. This was to ensure the indentations were carried out 

with the same tip calibration and condition, sample mounting, and environmental conditions 

for comparing the effects of ion implantation and to avoid systematic errors. Orientation with 

respect to the Berkovich tip of the sample was kept constant for unirradiated and irradiated 

indentation. Details of changes to hardness and elastic modulus are presented in more detail in 

[reference nanoindentation stress paper]. 

 To investigate sub-surface fracture, indents were cross-sectioned using a Zeiss Auriga 

dual beam FIB-SEM. An initial coarse trench was milled away from the indent at 30 kV 4 nA 

Ga+ ions to reveal a sub-surface cross-section to the SEM field of view, then fine slices ~30 

nm thick were milled at 30 kV 240 pA with automated image acquisition after every three 

slices. 

EBSD experiments were conducted using a Zeiss Merlin FEG-SEM with a Bruker 

Quantax e-flash detector controlled using Bruker Esprit 2.1 software. Typical SEM conditions 

were 20 kV 20 nA with an acquisition time of 50 ms per pixel, although these were varied 

depending on experimental time constraints and pattern quality. Patterns were acquired with 

800x600 pixel resolution and were all saved so that they could be analysed offline using the 
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high angular resolution EBSD code, XEBSD developed at the Department of Materials, 

University of Oxford, and Imperial College, London [34–36].  

The procedure for analysing EBSD patterns using high angular resolution is explained 

fully in refs. [37,38], but will be summarised here. The simple concept is to compare EBSPs 

acquired from pixels in the map to a nominally unstrained reference pattern of the same crystal 

orientation. An applied strain will change interplanar angles which moves Kikuchi bands in the 

diffraction pattern. Additionally, crystal orientation rotations will cause Kikuchi bands to move 

cooperatively across the screen. The diffraction pattern is segmented into 40 partially 

overlapping regions of interest (ROI), each of which undergoes a fast Fourier transform which 

is used for cross-correlation image analysis. From this, a translation vector for each region of 

interest is calculated relative to the corresponding ROI in the reference pattern. With four or 

more translation vectors, a self-consistent deformation tensor for the diffraction pattern can be 

built up with components for elastic strain and lattice rotations [39]. The anisotropic Hooke’s 

law can be used to determine elastic stresses from strains with elastic constants from the 

Materials Project database [40,41]. Assuming surface traction free plane stress, the final ε33 

strain component can be calculated [39]. 

The HR-EBSD analysis described above only accounts for elastic strain and stress. 

Plastic deformation by dislocations is more difficult to directly measure and calculate, but an 

indirect assessment based on deformation around dislocations can be conducted. As 

dislocations accumulate, they contribute to a net lattice curvature due to the extra half-planes 

of atoms. Lattice rotations are measured from the diffraction pattern by HR-EBSD as described 

above. The spatial gradient of the lattice rotations can be related to the density of geometrically 

necessary dislocations (GND) required to cause the measured lattice curvature [42]. The 

measured lattice curvature is a net effect of stored dislocations in the structure, not necessarily 

dislocations which have contributed to plastic deformation, and is a lower bound as dislocations 

of opposite sign will cancel out their effect on lattice curvature within a diffracting interaction 

volume [37]. Nye extended his derivation of curvature caused by a net density of dislocations 

into three dimensions as a tensor which can be solved based on lattice rotations and elastic 

strains measured using HR-EBSD [39,42]. With the angular and strain sensitivity of cross-

correlation HR-EBSD, noise in GND density maps is ~1012 m-2 [39].  

 Raman piezospectroscopic mapping was carried out on a Witec Alpha 300R confocal 

Raman microscope in the Materials Research Facility at UKAEA. A green 532 nm laser set to 

10 mW was used to acquire spectra through a 100x objective lens with 0.5s integration time. 
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The confocal aperture was the 50 µm diameter optical fibre connecting the microscope to the 

spectrometer, which achieves depth resolution ~ 1 µm. The indent impression was scanned on 

a piezo-electric positioning stage to produce a map with step size of 200 nm. Spectra were 

acquired for each pixel in the map with curves fitted using a Lorentz function in Witec Project 

5 software. The position of the SiC transverse optic peak (~789 cm-1) was extracted to form 

maps of Raman peak position shift, Δω relative to a nominally unstressed position in the same 

sample. An indented sample of single crystal silicon (001) was similarly investigated using the 

longitudinal optic peak at ~520 cm-1.  

 Stress is linearly related to the change in Raman peak position by σ = Δω × R where R 

is a piezospectroscopic coefficient. This relationship depends on stress state where for 

hydrostatic stress, 𝜎 =  
∆𝜔 × 𝑅

3
, and for balanced biaxial stress 𝜎 =  

∆𝜔 × 𝑅

2
. For 6H-SiC, the 

coefficient of R=-849.9 MPa.cm from DiGregorio and Furtak is used [43]. This coefficient was 

calibrated using hydrostatic pressure but is considered by the authors to be a coefficient for 

average stress across all directions so could be applied to other stress states including biaxial. 

Raman stress mapping in silicon has been extensively studied, and the coefficients have been 

well characterised theoretically and experimentally [44–46]. The sign of the coefficient 

indicates that a shift to higher wavenumbers corresponds to a compressive residual stress, while 

a tensile stress state causes a shift to lower wavenumbers.  

Table 1: Summary of Raman piezospectroscopic coefficients 

Stress state Coefficient, R (MPa.cm) Ref. 

Hydrostatic -849.9 (6H-SiC TO peak ~789 cm-1) [43] 

Hydrostatic -531.9±0.02 (Si LO peak ~520 cm-1) [44] 

Uniaxial -434 (Si LO peak ~520 cm-1) [45,46] 

Biaxial -434 (Si LO peak ~520 cm-1) [45,46] 

 

Results 

The unirradiated indent impression shows radial surface cracks emanating from the 

corners of the indent impression (Figure 2 (a)). These radial surface cracks were 4.24 µm long, 

corresponding to an indentation fracture toughness of 2.71 MPa√m using the modified Laugier 

equation [7] with the fitting coefficient of 0.022 from Cuadrado et al. [9].  
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(a) 

 

(b) 

 

Figure 2: (a) SEM micrograph of a 1000 nm Berkovich indent in 6H-SiC with the crystallographic unit cell orientation 

shown. (b) 1000 nm Berkovich indent in irradiated 6H-SiC at the same crystallographic orientation as (a). No radial cracks. 

 HR-EBSD maps of the components of the plane stress tensor are shown in Figure 3. 

This displays the residual elastic deformation around the indent impression, showing large 

compressive stresses below the face of the indenter (σ22 component), and tensile stresses ahead 

of the crack tip reaching 600 MPa in the σ11 component.   

 

Figure 3: HR-EBSD plane stress tensor of a 1000 nm Berkovich indent in 6H-SiC. Scale bar is 5 µm. Axes and crystal unit 

cell orientation are shown in the lower left. 

 The total elastic deformation around this indent impression can more clearly be seen in 

the planar von Mises stress and biaxial stress maps in Figure 4. There is clear stress relief along 
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the cracks, and a lower residual elastic stress near the indent impression where there is a region 

of high GND density, shown in Figure 5. The presence of geometrically necessary dislocations 

(GNDs) can be indicative of residual plastic deformation. Without irradiation, residual plastic 

deformation is localised near the indent impression, approximately in the region of lower 

residual elastic deformation observed in the elastic stress maps in Figure 3 and Figure 4. Cracks 

can clearly be seen as discontinuities in lattice curvature. The area of high GND density is in 

an approximate circle connecting the corners of the indent impression.  

 

Figure 4: Planar von Mises and biaxial stress maps of a 1000 nm Berkovich indent in 6H-SiC. Scale bar is 5 µm. 

 

Figure 5: GND density map around a 1000 nm Berkovich indent in 6H-SiC. 

Raman piezospectroscopic mapping (Figure 6) shows a qualitatively similar spatial 

variation of residual elastic stress as the HR-EBSD biaxial stress maps shown above. Stress 

relief is seen along the cracks, and a lower compressive elastic stress is seen close to the indent 

impression possibly caused by plastic deformation, pile-up, or sub-surface fracture which do 

not contribute to Raman peak shifts. Tensile stress is seen at the crack tips. The peak shift at 
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the crack tips is -1.3 cm-1 corresponding to a uniaxial tensile stress of 368 MPa. The maximum 

peak shift in the compressive regions is +1.8 cm-1. Assuming a hydrostatic stress state, σ = -

510 MPa. If DiGregorio and Furtak are correct in claiming their piezospectroscopic coefficient 

is valid in non-hydrostatic conditions, an assumed biaxial stress would be -765 MPa and a 

uniaxial (σ22) stress of -1.53 GPa [43]. The stresses measured by Raman spectroscopy are 

considerably lower than measured by HR-EBSD. This is probably due to the larger interaction 

volume in this optically transparent single crystal incorporating some less strained material 

beneath the surface, despite the confocal aperture. Guo & Todd showed the effect of depth 

resolution on observed residual stress around indents in alumina [47]. Errors of greater than 

40% could arise when non-confocal (~14 µm depth resolution) fluorescence mapping was used 

compared to confocal (~3 µm depth resolution in their experiments). The discrepancy in 

residual stress measured by HR-EBSD and Raman spectroscopy is related to the depth 

resolution (~40 nm in EBSD, ~1 µm in Raman), and the fact that residual stress around indents 

falls steeply below the specimen surface.  

 

 

Figure 6: Raman piezospectroscopic map of a 1000 nm Berkovich indent in 6H-SiC. The colour scale is centred on 789.5 

cm-1, the position of the 6H-SiC TO peak away from the indent in nominally unstressed material. 

FIB cross-sections of indents reveal sub-surface fracture. Videos of these experiments 

are provided in supplementary material. Figure 7 shows two sequential frames taken during 

FIB milling of an indent in unirradiated 6H-SiC. At a critical point, the radial surface cracks 

elongate by ~2.1 µm, indicating a change to the crack morphology. A bulge to the lower portion 

of the FIB cross-section face also appears at this point.  
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(a)

 

(b)

 
Figure 7: SEM images of FIB slicing of a 1000 nm Berkovich indent in 6H-SiC. Surface radial cracks in (a) are the same 

length as before milling. (b) shows the frame immediately after cracks have extended. 

In the irradiated region of the same sample, indentation impressions showed no radial 

surface fracture (Figure 2 (b)). As the material remains crystalline, EBSD patterns were 

acquired to map the residual elastic deformation and calculate the residual GND density. 

Pattern quality was reduced due to radiation defects, which are discussed in [reference Raman 

paper and nanoindentation paper]. After irradiation, elastic deformation is localised near the 

indent (Figure 8 and Figure 9) , and reaches a higher relative magnitude of ~-6.5 GPa biaxial 

elastic stress. Residual shear stresses (σ12) are higher after irradiation, as seen in the difference 

between the von Mises map, and the biaxial map.  
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Figure 8: HR-EBSD plane stress tensor of a 1000 nm Berkovich indent in irradiated 6H-SiC. Scale bar is 5 µm. Axes and 

crystal unit cell orientation are shown in the lower left. Stresses are relative to stress far from the indent, which is shown to 

be compressive [reference nanoindentation/swelling paper] 

 Elastic deformation is represented more clearly in plane stress von Mises and biaxial 

stress maps in Figure 9. Plastic deformation is represented by GND density in Figure 10. These 

maps again show no surface fracture. The GND density map shows plastic deformation extends 

further from the indent impression after irradiation, and reaches a higher dislocation density. 

The increase in background GND density is a physical effect of radiation damage and is 

discussed in [reference indentation deformation paper]. 
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Figure 9: Planar von Mises and biaxial stress maps of a 1000 nm Berkovich indent in irradiated 6H-SiC. Scale bar is 5 µm. 

 

Figure 10: GND density map around a 1000 nm Berkovich indent in irradiated 6H-SiC. 

 Radiation defects in SiC preclude the mapping of residual stresses by piezo-Raman 

spectroscopy, however Raman spectra do provide information on radiation defects which we 

discuss in [reference Raman paper].  

Cross-sectioning was again carried out on an indent in irradiated 6H-SiC (Figure 11). 

Before slicing there are no cracks. As material is removed, cracks grow stably from the lower 

corners of the indent impression (Figure 11 (a) to (b)). At a critical length, these cracks elongate 

in a similar manner to the unirradiated indent (Figure 11 (b) to (c)). With further slicing through 

the indent, two cracks appear from the upper indent corner (Figure 11 (d)). At the slice before 

cracks suddenly extend, the radial crack length is ~4 µm, similar to the unirradiated crack 

length before extension, and the extended crack length is also similar. The distance of the cross-
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section away from the indent face is also similar. Of course, the stress state around the indent 

is very different, and the crack morphology is different, but the similarity in length is 

interesting.  

(a)

 

(b)

 
(c)

 

(d)

 
Figure 11: FIB slicing of an indent in irradiated 6H-SiC. (a) shows radial cracks growing from the lower corners of the 

indent impression as material is FIBed away. (b) is the slice immediately before cracks jump forward (c) is the slice 

immediately after. (d) shows two cracks growing from the top corner of the indent impression 

To investigate the changes to stress state due to crack growth, FIB slicing was stopped 

immediately after the crack jumped. Unfortunately, the process of imaging using the FIB 

amorphises SiC preventing EBSD pattern collection and significantly altering Raman spectra 

so residual stress could not be measured directly in SiC after FIB slicing. Silicon shows similar 

features of crack extension during FIB slicing of indents, but its structure is more resistant to 

FIB damage than SiC, so Raman spectra could be collected for mapping after the experiment. 

Figure 12 shows the crack growth in silicon, and the Raman residual stress map. Typical 

features of tensile stress ahead of the crack tip and compressive stresses from the faces of the 

indent can be seen. The face of the indent where slicing was taking place and where cracks 

grew has had its compressive stress relieved, and no tensile stress is seen at the crack tips. 
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Figure 12: Crack growth during FIB cross-sectioning of a 1000 nm Berkovich indent in silicon (001) surface. Slicing was 

stopped immediately after crack growth and residual stress was mapped using Raman spectroscopy. The edge of the trench 

is indicated, along with the region of relieved stress. 

The above experiments were conducted with FIB milling from an indent face towards 

the indent centre and opposite corner. This has relieved compressive stresses from the face 

allowing tensile hoop stress to grow the cracks, changing the crack morphology. To try to avoid 

this, a similar indent in unirradiated 6H-SiC was sliced from a corner towards the opposite face 

with a tapered milling shape to minimise material removal while still observing the radial 

corner crack. Figure 13 shows the radial crack which was initially 4.25 µm long has jumped 

forward to the edge of the milled trench 5.66 µm away.  
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Figure 13: FIB slicing of unirradiated 6H-SiC from a corner. (a) and (b) use the SE detector, (c) and (d) use an in-lens 

detector which is oriented towards the cross-section face. Red arrows in (a) and (c) show the crack tip position, while (b) 

and (d) are the images immediately after crack growth where the crack has grown to the edge of the trench. 

Further slicing though this indent shows a lateral crack branching from this radial crack 

connecting to the upper right radial crack (Figure 14). There is no left-hand crack at this point. 

The slight misalignment of the FIB trench may have favoured growth of this right-hand crack 

over the left-hand lateral crack.  

 

Figure 14: Lateral crack appearing during further slicing. 

Slicing through the indent impression itself, the right-hand lateral crack initially is the 

only one. After a critical point, a left-hand lateral crack appears, coinciding with the upper left 

radial crack growing slightly (Figure 15). These cracks are appearing during FIB slicing – they 

are not there before slicing.  
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Figure 15: Corner milling through the indent impression of 6H-SiC. (a) and (b) are from the secondary electron detector. (c) 

and (d) from the in-lens detector. Initially only the right-hand crack which grew first can be seen. (b) and (d) show a left-

hand lateral crack appearing, coinciding with the upper left radial crack growing, indicated with red arrows.  

Discussion 

 6H-SiC fractures radially on the surface during nanoindentation – as one would expect. 

The residual stresses around the indent impression are significant and take the expected form; 

biaxial compressive stresses from the indent faces are large and counteract tensile hoop stresses 

at the crack tips, leaving crack growth in equilibrium. FIB slicing to reveal the sub-surface 

crack morphology removes constraining material from around the indent impression, leading 

to relief of the compressive stress in the direction of this new free surface. The now unopposed 

tensile hoop stress at the crack tips allows the radial cracks to grow. 

 The observation of radial cracks growing on the surface would suggest that sub-surface 

crack morphology is changing. It appears that under Berkovich nanoindents in silicon carbide, 

there are no lateral cracks until FIB cross-sectioning takes place, as shown in Figure 15. The 

process of revealing the sub-surface fracture morphology is causing sub-surface fracture. 

Depending on which direction FIB slicing takes place, residual stresses are relieved differently, 

thus cracks grow differently. This may explain the observation of different crack densities 

depending on which direction an indent was sliced [12,13].  

Other researchers observed a bulging of the FIB slice face which they attributed to 

residual stresses around the indent impression [12,13]. Something similar is observed here, 
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most clearly in Figure 7 (b) and Figure 12. In these cases, the lower portion of the FIB slice 

face appears to be protruding further than the upper portion. The change in the FIB slice face 

coincides with crack growth. When the compressive stress is relieved by removing surrounding 

material, the compressed material expands outwards. This shields the lower part of the FIB 

slice face from the ion beam, thus it is left protruding as the beam moves further into the 

material.  

The indent in irradiated 6H-SiC is particularly interesting and prompted further 

investigation of residual stresses in this material which is discussed in [reference 

nanoindentation and residual stress paper]. The residual elastic and plastic deformation 

around this indent is significantly altered due to the presence of a compressive biaxial stress 

caused by the undamaged substrate of the specimen. It is also the reason surface radial cracking 

is prevented. The biaxial compressive stress is on the order of 6 GPa. FIB slicing relieves this 

radiation-induced compressive stress approximately linearly, allowing the stable crack growth 

seen in Figure 11 (a) – (b), and more clearly in the video online. At the end of this stable crack 

growth the crack length is approximately the same as in the unirradiated material – however 

the stress state is different so this may be a coincidence. The crack jumping from this point in 

FIB slicing is similar to what is seen in the unirradiated material. This may imply that the 

fracture properties of irradiated SiC are not significantly different to unirradiated SiC – the 

observed difference may only be due to biaxial residual stress from the substrate rather than 

fundamental differences in properties. 

These results reinforce the evidence that the empirical equations for calculating fracture 

toughness of brittle materials using radial surface crack lengths and assumed sub-surface crack 

morphology are only useful for qualitative comparisons. This may fall apart if sub-surface 

fracture between two samples is different, and the assumption of crack morphology in the 

empirical equations is invalid. Destructive tomography, such as FIB slice and view, appears 

inappropriate for determining the sub-surface crack morphology for improving the empirical 

equations of fracture toughness. Residual stresses around indents are large and cause crack 

growth during FIB slicing. This is likely to be true for all brittle materials. Annealing samples 

may relieve residual stresses; however, this relief is likely to cause crack growth in a similar 

way to residual stress relief shown here, thus no improvement in observing sub-surface fracture 

caused by indentation.  

FIB slice and view has been combined with HR-EBSD for 3D examination of 

deformation under nanoindents and within deformed micropillars in metals [48,49]. The 

observed stress release and evolution of deformation during FIB slicing in this work would 
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also be expected to alter the results of 3D HR-EBSD. The evolution of deformation during FIB 

slicing is probably less obvious in metals; indentation stress is typically accommodated by 

plasticity rather than fracture. Nevertheless, FIB slicing alters the stress state, thus what is 

observed and calculated by cross-section HR-EBSD is unlikely to be the stress state under the 

indent had the FIB slicing not been carried out. This may explain the differences in dislocation 

density calculated by destructive HR-EBSD and non-destructive XRD in reference [49]. 

Removing material and altering the stress state also extends to analysis using TEM or other 

lift-out or thin film techniques where constraints are removed. Convergent beam electron 

diffraction can make use of this effect to calculate residual stress in the original material based 

on stress relaxation during preparation of TEM lamellae [50]. What is observed in a lift-out 

specimen is different to what is in the bulk of a specimen.  

Conclusions  

 It appears to be impossible to observe the true sub-surface fracture morphology of 

indents by FIB cross-sectioning due to the relief of residual stresses during milling. This is the 

case for any destructive technique where the stress state is altered. Altering residual stresses 

allows cracks to grow. This makes fracture toughness calculations based on crack morphology 

impossible to confirm, remaining reliant on assumptions.  

 The residual stresses and deformation around indents in unirradiated and ion irradiated 

6H-SiC is considerably different due to biaxial compressive stresses in the sample. As the 

deformation mechanism is significantly altered, mechanical properties extracted from 

nanoindentation of ion implanted materials susceptible to swelling is likely to be incorrect. 

This includes, and is probably most apparent in measurements of fracture toughness where 

fracture is subdued.  
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