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Abstract 

 

 

Ultramicrotomy is widely regarded as a thin section preparation method for transmission electron 

microscopy (TEM) investigations. Here, we show that ultramicrotomy can also provide a simple 

path for microstructure analysis and assessment of mechanical properties for the sectioned block-

face. Furthermore, electron backscatter diffraction (EBSD) analysis can be applied directly on 

ultramicrotomed surfaces without any additional polishing or etching. EBSD analysis relates the 

inherent cutting artifacts to the crystallographic orientations of the grains, hence delivering a rough 

assessment of their deformation resistance. TEM investigations revealed that crystallographic-

related cutting artifacts, which exhibit a wave-like pattern, are the result of the dislocation pile-ups 

close to the knife-specimen interface. We consider that this technique is suitable to be coupled 

with EBSD for three-dimensional microstructure reconstructions when used for serial sectioning of 

large volumes.  

 

 
Keywords 

 

ultramicrotomy, electron backscattering diffraction, transmission electron microscopy, dislocations 

 

 

1. Introduction 

Microstructure is analyzed using classic techniques such as imaging a mechanically polished 

surface or a thin section in an optical (OM), scanning (SEM) and/or transmission electron 

microscope (TEM). However, many parameters of the complex microstructural features, such 

as connectivity, spatial distribution and true size and shape, cannot always be determined 

accurately from two-dimensional (2D) images [1] and require a three-dimensional (3D) 

approach. 

Many of 3D visualization methods were initially developed by life sciences 

community, whereby they combined the ex-situ serial sectioning by ultramicrotomy with 

successive TEM imaging [2,3]. This laborious 3D technique was simplified when the serial 

ultramicrotomed block-face was directly imaged with an optical microscope. Surface imaging 

microscopy (SIM) [4] facilitated 3D sample reconstruction for larger volumes than those 

obtained by TEM. An increase in the resolution for both for biological and non-metallic 

materials, was achieved with the use of serial block-face scanning electron microscopy 

(SBFSEM) [5,6] which couples conventional SEM with in-situ ultramicrotome. 
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The primary tools for serial sectioning of metallic specimens are mechanical polishing 

[7,8] and recently, the focused ion beam (FIB) [9,10].  The latter was recently employed and 

can be coupled with electron backscattering diffraction (EBSD) analysis which, however, 

requires a high-quality finish for the specimen surface since topographical features and/or 

preparation induced deformation may alter the Kikuchi pattern quality [11]. FIB sectioning 

delivers high surface finish for EBSD [9,10,12] but the procedure itself is time consuming 

when compared to the high data acquisition speed of the new [13-16] EBSD cameras. 

Ultramicrotomy performs
 
accurate serial sectioning over larger areas, while not 

subjecting the sectioned block-face to ion beam influences [17]. Here, we introduce 

ultramicrotomy sectioning as a fast sample preparation method that exposes the block-face 

microstructure of metallic specimens in just a few seconds and directly facilitates EBSD 

investigation. In particular what was investigated was whether the cutting artefacts hamper the 

EBSD analysis or lead to an undesired surface roughness. Also, we analyzed whether the 

cutting process produces microstructural surface features that can further speed up the 3D 

analysis process. For instance if grain boundaries can be displayed in SEM imaging then only 

a fraction of the sample surface needs to be analysed by EBSD because the shape of the grains 

can be determined from the grain boundary locations.  We show, based on TEM and EBSD 

results, that most of the knife-induced strain is limited to the uppermost region of the block-

face. Furthermore, we show that grain boundaries are well displayed in SEM and optical 

microscopy and that some cutting effects can be used to quickly assess their deformation 

resistance in respect to the cutting direction. We theorize that all these can speed up the 3D 

grain analysis by a factor of 10
3
, allowing for 3D analysis of large volumes (e.g. 200

3
 µm

3
) 

instead of the ~30
3
 µm

3 
that can be obtained using a FIB for sectioning.   
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2. Experimental procedure 

A laboratory elaborated 6016 aluminium alloy containing 0.25-0.6 wt.% Mg, 1-1.5 wt.% Si 

was subjected to ultramicrotomy sectioning. The sample sectioning employed a Leica EM 

UC6 ultramicrotome using a Diatome ultra 35º diamond knife with a cutting speed of 30 

mm/s. Rectangular specimens with the base parameter of 1 mm were polished to form a fine 

tip. 50 serial sections with 500 nm depth of cut were performed until a surface of the desired 

size was obtained at an undisturbed depth from the previous polishing. Afterwards, each 

specimen was sectioned with depths of cut of 30, 100, 500, 1000 and 5000 nm, respectively. 

The average roughness (Ra) of the ultramicrotomed block-faces was measured with a Veeco 

WYKO 3300 interferometer. The SEM investigations were performed using a FEI Strata 235 

DB operated at 10 kV. The EBSD analysis was carried out at an accelerating voltage of 25 kV 

with a scan step size of 250 nm on a sample tilted 70º. Electron transparent lamellas for TEM 

observations were prepared via the focused ion beam method and investigated with a Philips 

CM30T microscope operated at 300 kV.  

 

3. Results and discussion 

 

3.1 Scanning electron microscopy / electron backscattered diffraction investigations 

Figure 1(a) shows a SEM micrograph for the block-face specimen after ultramicrotomy 

sectioning at a feed (depth of cut) of 30 nm. The EBSD scanned area (40 x 10 µm
2
) is marked 

with a white rectangle which includes a knife-induced groove and a few fine scratches (the 

white arrows). Figure 1(b) exhibits the EBSD orientation map from three grains marked as 

“A”, “B”, “C” revealing the existence of sharp grain boundaries. The groove position is 

indicated by the high number of randomly indexed points. Figure 1(c) shows the image 

quality (IQ) map which describes the sharpness of the Kikuchi bands. The patterns may 

become diffuse due to distortions of the crystal lattice induced by dislocations or precipitates 
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[18]. In this experiment the analyzed grains exhibit light grey to white IQ values indicating 

high quality of the Kikuchi patterns, with the grain boundaries showing up as dark grey to 

black since they exhibit lower IQs. This is related to the diffraction volume at the grain 

boundary which contains the crystal lattices of the neighbouring grains and hence a mix of the 

two patterns. 

Figure 2(a) shows the SEM micrograph for the block-face specimen after 

ultramicrotomy sectioning at a feed of 1 µm. The EBSD scanned area (48 x 18 µm
2
) is 

marked with a white rectangle and includes a wave-like feature as indicated by the white 

arrow. In the orientation map (Fig. 2(b)), five grains were identified: “D”, “E” - area marked 

by white arrow in Fig. 2(a), “F”, “G” and “H” respectively. The IQ map (Fig. 2(c)) also 

exhibits easily identifiable grain boundaries since, as mentioned before, they have lower IQs 

than the grains. The IQs for grains “E” and “F” exhibit a cyclic variation from lighter to 

darker grey with a wavelength of 1 µm. These “waves” are oriented perpendicular to the 

cutting direction and their arrangement resembles the wave-like feature indicated in Fig. 2(a). 

They may be associated to the local internal strains found within 40 nm below the sample 

surface which constitutes the diffraction volume [19]. The diffraction volume is a function of 

the electron beam diameter, the applied accelerating voltage, the specimen atomic number and 

its tilt angle during EBSD analysis. Typically, the specimen surface makes a 20° angle in 

respect to the incident beam. For this high tilt, the depth reached by the electron probe is 

between 10 to 40 nm [19]. Therefore, the backscattered electrons that generate the Kikuchi 

patterns, escape the specimen surface relatively undeviated after few inelastic scattering 

events [19]. In the case of grain “H”, the relatively high IQ values suggest a rather limited 

knife-induced strain at the cutting interface and hence also in the sampled diffraction volume. 
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3.2 Light interference microscopy investigations 

The topography of the block-face specimen after ultramicrotomy sectioning at a feed of 30 

nm is investigated in Fig. 3(a) by light interference analysis. The average roughness (Ra) is 11 

±13 nm which is comparable to lapping [20] ~10 nm, electrolytic abrasion (~25 nm) or super 

finishing [21]. Some grains (“B” and “C”) exhibit different heights with respect to each other, 

therefore a surface profile measurement was performed (black line in Fig. 3(a)). In Fig 3(b), 

the left side of the plot represents the surface profile of grain “B” which exhibits most of its 

values above the reference line (Ph = 0). The right side of the plot originates from grain “C” 

and most of its values are under the reference line. The average difference in height between 

these grains is 13 nm. A bulge-dimple feature is marked at the grain boundary by the black 

triangle in Fig. 3(b). The height difference between the top of the bulge (grain “B” side) and 

the bottom of the dimple (grain “C” side) is 30 nm. The width of the dimple is ~2 µm. 

The topography of the block-face specimen after ultramicrotomy sectioning at a feed 

of 1 µm is exhibited in Fig. 3(c). The Ra is 8 ± 14 nm and is comparable with the one obtained 

after sectioning at a feed of 30 nm. The grains boundaries can be identified along with some 

wave-like features marked with white arrows. Figure 3(d) presents the line profile of a wave-

like feature (indicated by the black line in Fig. 3(c)) while the positions of the grain 

boundaries are indicated by black triangles. Between the grain boundaries there appears a 

pronounced rippling of the grain surface which corresponds to the wave-like pattern. The 

wave has a wavelength of ~1 µm and the peak-valley difference varies from ~ 5 nm to ~ 20 

nm. Similar fluctuations [22] were reported in thin TEM sections of aluminium prepared by 

ultramicrotomy. A periodic change of the section’s thickness with a wavelength of 

approximately 1 µm was observed.  
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3.3 Analysis of the knife-induced cutting artefacts 

Studies on the microcutting of aluminium single crystals [23-26] have shown that a change in 

cutting direction with respect to crystal orientation leads to a change in the values of the 

cutting forces that dictate the surface finish. For instance, the cutting force was lower when 

cutting was performed parallel to {001} planes along [010] direction, compared to cutting 

along the [110] direction [22]. One may interpret these results as a change in the deformation 

resistance of the single crystal with respect to the cutting direction.  Hence, given that our 

specimens are polycrystalline materials, one may expect each grain to have different cutting 

behaviour. We can analyze this process through a simple shear deformation, whereby each 

grain is considered as a single crystal with respect to cutting direction. The orientation of a 

given crystal, in regards to the cutting direction, can be described by an orientation factor [27] 

m whose higher absolute values show for what specific slip system the grain deforms easier: 

 

αα sin2cossincoscoscos ∗Θ∗+∗Θ∗= kkm       (1) 

 

where: k is the angle between the slip direction of the considered crystallographic system in 

the grain and the direction of the applied stress, Θ is the angle between the normal to the shear 

plane and the axis perpendicular to the sample surface (or grain surface in this case) and α is 

the angle between the applied stress direction and one of the axes of the sample coordinate 

system. Now, considering that α is zero i.e. the applied stress direction is parallel to sample 

surface, the formula becomes: 

 

Θ∗−= coscoskm           (2) 

 

 The analysis of the m values (see Supplementary information – Table 1) after 

sectioning at a feed of 30 nm revealed that grain “C” deformed the easiest, followed by grain 

“A” and grain “B”. This analysis shows that the larger height of the grain “B” is related to an 
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elastic recovery following the knife passing its position, as seen in other investigations 

regarding nanometric cutting [28]. Moreover, the dimple is on the “softer” grain “C” side, 

while the bulge is on the “harder” grain “B” side (Fig 3(a)). This effect is also observed in 

steels, at the interface between the harder pearlite and the softer ferrite [29]. The analysis of m 

after sectioning at a feed of 1 µm indicated that grain “E” opposed more to the deformation 

than grain “F”. Therefore, the wave-like features occurred predominantly in the grains with a 

higher deformation resistance (white arrows in Fig. 3(c)). 

 

3.4 Transmission electron microscopy observations on cross sections of microtomed 

surfaces 

Figure 4(a) exhibits a bright field TEM micrograph of the top region of the sample after 

ultramicrotomy sectioning at a feed of 500 nm revealing a relatively low dislocation density 

in its bulk. Some dislocations that exceed 1.5 µm in length (white single-headed arrows) 

originate close to the knife-specimen interface and are oriented parallel to <2 -2 0>Al 

directions. Figure 4(b) presents the knife-specimen interface of an area containing some 

wave-like features. This interface exhibits a high density of dislocation pile-ups aligned 

parallel to the cutting direction. They are discontinuous along the cutting interface at depths 

ranging between 75 to 150 nm. Other pile-up dislocations run parallel to the cutting interface 

at depths between 200 and 300 nm (double-headed arrows in Fig. 4(a-d)) on the entire length 

of the TEM specimen.  

Figure 4(d) exhibits a relatively “flat” top-region of the specimen with a lower density 

of dislocations close to the cutting interface when compared to the wave-like feature region. 

Dislocation pile-ups aligned parallel to the top surface are found at a depth of ~ 200 nm with 

no dislocations running along <2 -2 0>Al directions are present. Thus, it may be inferred that 

the line dislocations are associated to the presence of the wave-like features presence. The 

overall assessment of the knife-induced strain in the sample’s bulk is given by the selected 
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area diffraction pattern (the inset in Fig. 4(d)) which exhibits sharp and undistorted reflections. 

This is an indication that the high dislocation density at the cutting interface does not change 

significantly the overall lattice orientation of the bulk grain which is sampled by the electron 

probe during EBSD analysis. 

TEM observations revealed that for a “smooth” area, the knife-induced strain (such as 

dislocation pile-ups) is located beneath the depth of the diffracting volume for EBSD and 

does not affect the quality of the Kikuchi patterns. Therefore, the EBSD image quality map 

does not exhibit any variation of the grey levels, as it was also seen after 30 nm sectioning in 

Fig. 1. In the case of the “wave-like feature” the dislocations pile-ups accommodate part of 

the induced strain close to the cutting interface. They do not form a continuous damaged 

region and their depth also varies, in some cases being within the diffracting volume for 

EBSD. Thus, the strain sensitive IQ map exhibits periodic features, as shown in Fig. 2(c) for 

the grains “E”, “F” and “G”. 

 

4. Conclusions 

We have shown that EBSD maps can be obtained directly from the aluminium block-face 

specimens sectioned on an ultramicrotome for depths of cut up to 1 µm and were not 

hampered by inherent cutting artefacts. They are related to the relative orientation of the 

grains with respect to the cutting direction. The grain boundaries are clearly visible and this 

facilitates a precise control of the depth of the subsequent serial sectioning when removing 

grain/grains with certain orientations, in the particular case of aluminium alloys. TEM 

observations showed the “smooth” surfaces exhibit pile-up dislocations at a depth of 200 - 

300 nm whereas the wave-like features consist of pile-up dislocations within 150 nm from the 

cutting interface, influencing the IQ maps. The mechanical properties of the grains can be 

readily assessed for low depth of cut based on the height difference with respect to each other.  
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For higher depth of cut the mechanical properties of the grains can be assessed based on the 

wave-like patterns. Ultramicrotomy sectioning is a technique with high potential for 

microstructure analysis of the metallic materials, in particular for aluminium specimens which 

require relatively large volumes to be serial sectioned in a short time. The enhanced grain 

boundary visibility makes easier the control of serial sectioning in order to expose a certain 

grain. This technique can be potentially devised in a computer-controlled automated set-up 

which combines an in-situ ultramicrotome, a SEM and/or EBSD for imaging and a FIB for 

eventual removal of the strained region of the block-face after cutting, since other metallic 

materials may exhibit different deformation behaviours.  
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Figure captions 

 

Figure 1 SEM/EBSD investigations for the block-face specimen after ultramicrotomy 

sectioning at a feed of 30 nm: (a) SEM micrograph tilted 70º indicating the scanned area by 

EBSD (white rectangle) and marking some knife induced scratches (white arrows); the 

difference in image contrast is given by electron beam contamination of the sample surface 

such as the circular features; (b) tilt corrected orientation map [001]; (c) tilt corrected IQ map. 

The black line indicates the cutting direction. 

 

Figure 2 SEM/EBSD investigations for the block-face specimen after ultramicrotomy 

sectioning at a feed of 1 µm: (a) Series of three consecutive (the white triangles mark the 

stitching lines) SEM micrographs tilted 70º indicating the scanned area by EBSD (white 

rectangle); some regions with different contrasts are given by electron beam contamination of 

the sample surface; (b) tilt corrected orientation map [001]; (c) tilt corrected IQ map. The 

black line indicates the cutting direction. 

 

Figure 3 Light interference micrograph and the line profile analysis for the block-face 

specimens after ultramicrotomy cutting: (a) 3D reconstruction of the sample surface after 

ultramicrotomy sectioning at a feed of 30 nm; (b) line profile of an area crossing a grain 

boundary (black bar in (a)); (c) 3D reconstruction of the sample surface after specimen after 

ultramicrotomy sectioning at a feed of 1 µm; (d) line profile of an area containing a wave-like 
feature (black bar in (c)). The black lines indicate the cutting direction. 

 

Figure 4  TEM investigations for the block-face specimen after ultramicrotomy sectioning at a 

feed of 500 nm: (a) bright field micrograph of the cross-sectioned area; (b) high magnification 

TEM micrograph of a “wave-like feature”; (c) simplified sketch of dislocations distribution in 

(b) where light grey is Pt layer, black is 6016 Al alloy and white are the dislocations; (d) high 

magnification TEM micrograph of a “flat” area and selected area diffraction pattern as inset 

(e- // [001]Al) of the areas in (a), (b) and (d). 
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Figure 1 SEM/EBSD investigations for the block-face specimen after ultramicrotomy sectioning at a 
feed of 30 nm: (a) SEM micrograph tilted 70º indicating the scanned area by EBSD (white 

rectangle) and marking some knife induced scratches (white arrows); the difference in image 
contrast is given by electron beam contamination of the sample surface such as the circular 

features; (b) tilt corrected orientation map [001]; (c) tilt corrected IQ map. The black line indicates 
the cutting direction.  

75x51mm (300 x 300 DPI)  
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Figure 2 SEM/EBSD investigations for the block-face specimen after ultramicrotomy sectioning at a 
feed of 1 µm: (a) Series of three consecutive (the white triangles mark the stitching lines) SEM 
micrographs tilted 70º indicating the scanned area by EBSD (white rectangle); some regions with 

different contrasts are given by electron beam contamination of the sample surface; (b) tilt 

corrected orientation map [001]; (c) tilt corrected IQ map. The black line indicates the cutting 
direction.  
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Figure 3 Light interference micrograph and the line profile analysis for the block-face specimens 
after ultramicrotomy cutting: (a) 3D reconstruction of the sample surface after ultramicrotomy 
sectioning at a feed of 30 nm; (b) line profile of an area crossing a grain boundary (black bar in 

(a)); (c) 3D reconstruction of the sample surface after specimen after ultramicrotomy sectioning at 
a feed of 1 µm; (d) line profile of an area containing a wave-like feature (black bar in (c)). The 

black lines indicate the cutting direction.  
150x87mm (300 x 300 DPI)  
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Figure 4  TEM investigations for the block-face specimen after ultramicrotomy sectioning at a feed of 
500 nm: (a) bright field micrograph of the cross-sectioned area; (b) high magnification TEM 

micrograph of a “wave-like feature”; (c) simplified sketch of dislocations distribution in (b) where 
light grey is Pt layer, black is 6016 Al alloy and white are the dislocations; (d) high magnification 
TEM micrograph of a “flat” area and selected area diffraction pattern as inset (e- // [001]Al) of the 

areas in (a), (b) and (d).  
149x69mm (600 x 600 DPI)  
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Table 1 Orientation factor (m) for grains "A", "B" and "C" after 30 nm sectioning and for grains, "D", 
"E", "F", "G" and "H" after 1 µm sectioning  
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