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Abstract 

Background: The internal strain distribution developing during plastic deformation is important for 

understanding the mechanical properties of polycrystalline materials. Such distributions may be 

determined by the microstructural feature tracking method. However, the strain accuracy and the 

sources of uncertainty of this method are not well quantified yet. Objective: Evaluate the accuracy of 

local strain determination based on laboratory-based multimodal X-ray tomography measurements. 

Methods: The plastic deformation behavior of a particle-contained fully recrystallized Al-4mass%Cu 

alloy was characterized during in-situ tensile testing using absorption contrast tomography to reveal 

marker particles and diffraction contrast tomography to reveal the grain structure. Results: It was found 

that the accuracy in strain measurement is inversely proportional to the particle distance, whereas it is 

independent of the particle size, and the accuracy is not biased by grain boundaries. As an illustrative 

example, the preliminary analysis of the microstructure-strain relationships reveals significant strain 

differences both between and within individual grains. Conclusions: The results document the validity 

and limitations of the microstructural feature tracking method for local strain measurements using a 

laboratory X-ray source, are of importance for local strain analysis in general and may be considered 

as an alternative to other methods, e.g. digital image correlation. The measurements allow evaluation 

of effects of the grain microstructure on the local strain development during plastic deformation. By a 

preliminary analysis of the strain difference between two selected grains, it is suggested that the grain 

shape and crystallographic relationships between neighboring grains are of importance for the 

development of local strains. 

 

Keywords Local strain, Plastic deformation, Tomography, Three-dimensional grain structure, 

Aluminum alloy, Microstructural feature tracking method 
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Introduction 

According to earlier investigations of deformed microstructures and the theory of crystal-plasticity, 

discontinuities in the microstructure like grain boundaries can cause strain concentrations due to 

incompatibilities of absorbing the different deformation of the individual grains (e.g. [1]). Such 

inhomogeneous strain concentrations will affect the mechanical properties and the microstructural 

development in any following thermo-mechanical treatment. So far, it has, however, not been 

established exactly where and how in three-dimension (3D) the inhomogeneous strain develops during 

deformation. 

Recently, 3D inspection methods have been developed and applied to the materials science 

field. Among them, X-ray methods are popular and powerful to visualize the microstructure, as they 

are non-destructive [2-10]. For example, X-ray computed micro-tomography can visualize the 

microstructure by means of X-ray attenuation differences [2]. Also, X-ray diffraction-based methods 

like the three-dimensional X-ray diffraction (3DXRD) [3], high energy diffraction microscopy 

(HEDM) [4] and diffraction contrast tomography (DCT) [5] have become available for 3D 

characterizations of the grain morphologies and crystallographic orientations. The DCT analysis 

method, originally developed for synchrotron X-rays, has been extended to X-rays from laboratory 

sources [6-9]. Actually, this technique enables laboratory-based multimodal X-ray tomography [10], 

by combining absorption contrast tomography (ACT) with diffraction contrast tomography (LabDCT).  

To visualize the local strain distributions in material microstructures, internal strain 

measurement methods have been developed based on non-destructive X-ray inspection. Bay et al. 

developed digital volume correlation (DVC) [11] for ACT images by extending the 2D digital image 

correlation to 3D. This method has frequently been applied to strain measurements in the 

biomechanical engineering field [12, 13], and has gradually been extended also to metals [14-17], 

metal matrix composites [18] and ceramics [19]. For large plastic deformation of solid materials, 

useful methods utilizing microstructural features like particles and pores were developed by Haldrup 

et al. [20] and Kobayashi et al. [21] based on synchrotron microtomography. Compared to DVC, these 

microstructural features tracking (MFT) methods are less computationally demanding, allowing the 

analysis of both large samples and many small serial straining steps [22]. Since the physical movement 

of markers is reliable even for very local deformations like shear band formation, MFT is suited for 

local deformation analysis at the grain size level. Thus, the MFT method was utilized for analysis of 

plastic deformation in metallic material based on synchrotron micro-tomography data, combined with 

imaging of grain structures [23].  

Meanwhile, access shortage to synchrotron facilities severely limits their usage on a broad 

range of materials studies. So now, when both grain microstructures and marker particles can be easily 

and confidently imaged by laboratory-based multimodal X-ray tomography, correlative studies of 
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internal strain measurements at the (sub-)grain scale are expected to become significantly more 

prevalent. However, before engaging in such correlative studies based on laboratory X-ray data, the 

strain accuracy should be quantified. Li et al. have already assessed and reported the strain accuracy 

by an optimized particles tracking method in volumetric images by using impartial simulations [24]. 

They pointed out how marker size and gauge length affect the strain accuracy. However, the strain 

accuracy and the uncertainty sources of the microstructural feature tracking method have not yet been 

quantified experimentally. This is the primary aim of the present work. Especially, it is of interest to 

investigate whether grain boundaries, which could be preferential sites for particle precipitations, have 

an impact on the particle distribution and hence on the strain analysis.  

As mentioned above, MFT was developed for microtomography based on synchrotron 

radiation. Recently, the voxel size of synchrotron tomography reached a few tens of nanometers [25, 

26]. Similarly, the spatial resolution of laboratory-scale ACT is also constantly improving [27]. 

However, the image quality of laboratory-based ACT is generally inferior to that of synchrotron ACT 

due to instabilities of the laboratory X-ray. In addition, artifacts caused by beam hardening, like the 

cupping artifact, are typical problems intrinsic to laboratory-scale ACT because of the polychromatic 

X-ray source. Due to these differences in image quality, it is necessary to ascertain the effectiveness 

of the MFT strain measurement based on laboratory-scale ACT. 

In this study, the plastic deformation behavior of a fully recrystallized Al-4mass%Cu alloy 

has been characterized during in-situ tensile testing using laboratory-based multimodal X-ray 

tomography. Firstly, the accuracy of the MFT strain measurements is evaluated and discussed based 

on ACT data collected at two partially overlapping but slightly different locations (50 µm apart) in the 

undeformed sample, using varying binarization and tracking conditions of the marker particles. In 

addition, by correlating the grain structure and marker particles, the spatial distribution of the markers 

with regard to the grain boundary network is analyzed. Finally, as a first step into an in-depth 

investigation of relationships between grain structure and inhomogeneous deformation, the strain 

distributions within two selected grains are quantified and discussed. 

 

Experiment 

Sample preparation 

The sample used for the present work was Al-4mass%Cu. A small ingot of the alloy prepared by 

gravity casting in the laboratory was cut into pieces with a size of 30  40  20 mm3. One of these 

samples was homogenized at 823 K for 3.6  104 s, quenched in water, and cold-rolled to 90 % 

reduction. The cold-rolled sample was heated at 803 K for 45 s in a salt-bath to obtain a fully 

recrystallized coarse-grained microstructure. Finally, the recrystallized sample was solution treated at 

768 K for 1.8  104 s in an electrical furnace and cooled to 727 K in 900 s in the furnace to obtain 

precipitated Al2Cu particles in the microstructure. After the furnace cooling, the sample was quenched 
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in water. This procedure resulted in a microstructure with fully recrystallized coarse grains with an 

average size of 50 µm and precipitated Al2Cu particles to be used as tracking markers for the 

measurements of the internal local strains (see Fig. 1(a)). It is evident that the particles are not spherical, 

with a smaller size along the sample normal direction (ND) than along the transverse direction (TD). 

A tensile specimen with gauge dimensions of 1.25  1.00  0.50 mm3 was cut from the sample with 

the tensile axis along the TD (see Fig. 1(b)).  

 

 

Fig. 1 (a) SEM photo of the prepared sample that is fully recrystallized with coarse grains and 

precipitated Al2Cu particles. The photo was taken from the sample section perpendicular to the rolling 

direction. (b) The geometry of the tensile specimen and its orientation with respect to the sample 

system (RD, ND, TD) and the tomography system (x, y, z). 

 

In-situ tensile test 

The tensile specimen was mounted in a tensile rig designed especially for X-ray measurements in a 

ZEISS Xradia 520 Versa X-ray micro-CT system equipped with a LabDCT module. The frame of the 

rig is a cylindrical tube made of glass to limit the X-ray imaging background. The tensile deformation 

was conducted in displacement control by a stepping motor. The undeformed specimen was scanned 

first by LabDCT to obtain the 3D morphologies of the grains and their crystallographic orientations. 

For the LabDCT measurements, an accelerating voltage of 110 kV and X-ray tube power of 10 W 

were used to optimize the intensity of diffraction spots from the four strongest {hkl} families of Al 

[28]. The sample-to-source and sample-to-detector distances were set to be 14.5 and 16 mm, 

respectively, to fit the tensile rig. An aperture with size of 250  750 µm2 was used to confine the 

incoming X-ray beam, while a beamstop with size of 2.5  2.5 mm2 was used to block the direct beam 

to enhance the diffraction signal from the grains in the illuminated volume. The diffraction images 

were recorded using a 2D detector with 2032  2032 pixels and a binning of 2  2. In total 181 

diffraction images were collected with an exposure time of 100 s during a 360° specimen rotation for 

a single LabDCT volume mapping. In total four LabDCT volumes were mapped to cover the whole 
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uniform tensile gauge volume.  

After the LabDCT experiments, ACT was carried out to map the distribution of the Al2Cu 

particles. For the ACT measurements, an accelerating voltage of 50 kV, X-ray tube power of 4 W and 

a low energy filter of grade 2 were used to obtain high image contrast. The sample-to-source and 

sample-to-detector distances were set to be 14.5 and 40 mm, respectively, to cover the whole gauge 

volume. The resulting spatial resolution was 1.8 µm. In total 2401 absorption contrast images were 

collected with an exposure time of 10 s during a 360° sample rotation. To study the strain resolution 

with the particle tracking method, another ACT measurement was conducted using the same set of 

experimental parameters after moving the sample up by 50 µm. The specimen was then deformed 

using the tensile rig to different strains at an initial strain rate of ~1.8  10-3 s-1. The strain rate was 

calculated based on the initial gauge length of the tensile specimen and the stepping motor speed. ACT 

measurements were carried out repeatedly using the same experimental parameters after each strain 

step, while the tensile deformation was kept constant at each target strain.  

ACT radiographs were reconstructed into volumetric images using the standard software of 

the apparatus for cone beam condition. Built-in algorithms to reduce beam hardening and ring artifacts 

were applied. Subsequently, deblurring with a sharpening factor of 2 was applied to the reconstructed 

images in Avizo. The reconstructed volumetric images of ACT with 16-bit grey levels possess slightly 

different image contrasts because of scanning instability and the built-in image improvement 

processing. To facilitate direct comparison of ACT volumes and make data handling easy, the grey 

values of the images were rescaled on an 8-bit level, by assigning the average of the air and Al peak 

values to 0, and the Al peak value to 64. The 8-bit rescaled ACT volume data were used for 

segmenting/selecting particles. 

 

Strain mapping 

The evolution of the internal strain distribution during the tensile deformation was measured 

by means of the MFT method based on 3D ACT images [15]. Internal particles were first extracted 

from ACT images by binarization, and then each particle was identified by a 3D image labeling process. 

The gravity center position, volume and surface area were analyzed for individual particles. Here, the 

gravity center position was calculated by weighting with gray value, and the volume and surface area 

were measured by using the marching cube algorithm [29]. Next, the particle positions were tracked 

in each straining steps. Only particles with a volume > 9 voxels were used for the tracking, while 

smaller features were assumed to be image noise. A dozen or so of relatively large particles were 

identified manually in two successive images. By using displacements of these particles, the positions 

of all the particles of one ACT image was repositioned (deformed) to correspond roughly to that of the 

other ACT image in order to reduce tracking errors in the following process. All remaining particles 

were automatically tracked by using a matching probability parameter [21], which is given by Mp(i, j) 
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= a  ML(i, j)  b  MV(i, j)  c  MS(i, j) between markers with index numbers of i and j. Here, ML(i, 

j), MV(i, j) and MS(i, j) are the distance, volume and surface area parameters, respectively. The 

coefficients a, b and c were set as 0.9, 0.05 and 0.05 in this study. Only particles that passed two 

thresholds Mp
th1 and Mp

th2, which were set as 0.8 and 0.1, were accepted in order to avoid incorrect 

tracking. Here, the weights for distance, volume and surface area were 0.8: 0.1: 0.1. The details of the 

procedure are given in ref. [21]. 

The local strains were determined in 3D by assembling tetrahedrons with marker particles 

as vertexes by means of the Delaunay tessellation algorithm [30]. By measuring displacements of the 

marker particles during tensile testing, local strains can be calculated as the strain of the tetrahedrons 

by using a similar calculation as in finite element analysis. In this study, linear displacement was 

assumed within tetrahedrons and 3D strains, which consist of three normal and three shear strain 

components, were solved by using well-known fundamental equations. The 3D strain distributions 

within the tensile specimen were obtained by mapping the 3D strains calculated for each tetrahedron 

onto the gravity center position of the tetrahedron. 

 

Strain accuracy analysis 

To quantify the strain accuracy, two different ACT scans of the undeformed sample were 

performed. The obtained volume images were slightly different as illustrated in Fig. 2, despite the fact 

that the sample conditions were exactly the same. The differences are due to instabilities of the 

laboratory X-ray source. The two different ACT volume images both correspond to zero strain. With 

this in mind, the latent uncertainty can be estimated from the distortions of individual tetrahedrons 

between these two volumes. A natural hypothesis would be that the spatial distribution of particles 

could influence the strain accuracy, since the particle distance is used as the gauge length for the strain 

calculation. In addition, one could also presume that effects of different particle size and shape may 

affect the strain accuracy. In the present study, therefore, the effects of four parameters, namely the 

average gauge length of the six tetrahedron edges, the average marker size quantified by the equivalent 

sphere diameter, the particle shape and the number of markers, are examined to evaluate the influence 

of these parameters on the strain estimation.  
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Fig. 2 Schematic illustration of the parameters evaluated for their effects on accuracy in the local strain 

measurement: The average gauge length of the six tetrahedron edges and the average marker size 

(equivalent sphere diameter). Additionally, the influence of the particle shape (i.e. size along different 

sample directions) and the number of marker particles were also evaluated. 

 

Results and discussion 

Marker particles 

As the marker particles are essential for the strain measurements, three ways of segmenting/selecting 

these are considered for evaluating the effects of particle size, number and distribution on the strain 

accuracy based on the two ACT volume data of the undeformed specimen.  

i) Three binarization thresholds – 99, 104, and 109 – in the 8-bit grey level were used to segment the 

particles. An example of the binarization result is shown in Fig. 3. The 1st and 2nd undeformed image, 

which in principle should be identical, are slightly different due to instability of the laboratory X-ray 

source. Therefore, the different threshold values can change the observed gravity center positions of 

the markers. The effect of binarization threshold on the particle positions is shown in Fig. 4. Here, the 

movement was determined as the difference of the half distance between two particles. The 

distributions are almost Gaussian curves with standard deviations of 0.57, 0.55 and 0.52 µm for the 

threshold of bth = 99, 104 and 109 in the 2nd image, respectively. It is seen that the particle position 

accuracy is within 1.8 m for all cases, which is the voxel size of the volume data. It should be noted 

that the grey value of each voxel is used as a weight for the calculation of the gravity center, which is 

likely to be an important reason for the small difference of particle position between different cases. 

In addition, the components of this distance difference are different along different directions, being 

smaller along ND than along the other two directions (see Fig. 4(b)). This is very likely to be related 

to the particle shape, i.e. the smaller particle size along the ND results in a better accuracy in 
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determination of the particle position along the ND.  

 

 

Fig. 3 Binarization of a marker particle (colored in red) applying different threshold values in the 1st 

(a, b, c) and 2nd (a', b', c') ACT image of the undeformed specimen.  

 

 

Fig. 4 Effects of different binarization thresholds on particle position. (a) the distribution of the 

distance of the particle movement. (b) the distribution of the subcomponents of the distance of particle 

movement along the sample, RD, ND, and TD, respectively. Here, the particle position movement was 

estimated by half of the distance difference between two particles in the images. 

 

ii) For a given binarization threshold, the number of particles is further controlled by using a threshold 

for the minimum particle size. Fig. 5 shows the distributions of marker size and distance in the 1st 

volume binarized with bth = 99. It is seen that the majority of particles are small, see Fig. 5(a). By 

increasing the particle size threshold, the distances between the particles increase as shown in Fig. 

5(b).  
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Fig. 5 Selection of marker particles for the accuracy analysis: Changes of marker particle size 

distribution (a) and distance (b) as a function of the selected minimum cut-off diameter of the marker 

particles. 

 

iii) A third way to change the distances between the particles used for the analysis is to thin out particles 

(artificially reducing the particle density) while maintaining the particle size distribution. Fig. 6 shows 

an example of such a situation between the 1st and 2nd volumes binarized with bth = 99 and bth = 109, 

respectively. In Fig. 6(a) - (d), the number of particles is 6756, 6233, 4899 and 1617, respectively. The 

particles appear to be homogeneously distributed in all cases. The average particle distance gradually 

increases from (a) 24.1 m, (b) 24.7 m, (c) 26.7 m to (d) 38.3 m due to the reduced particle density, 

while the particles size distributions and average particle sizes are almost unchanged (see Fig. 6(e)).  

 

 

Fig. 6 Selection of marker particles for the accuracy analysis: (a)-(d) Spatial distributions of particles 

for different particle densities in the 1st volume. (e) Distribution of particle size in (a)-(d). The data 

set was prepared with 1st and 2nd volumes binarized using bth = 99 and bth = 109, respectively.  
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By these three methods, a large number of data sets with different number of marker particles 

in the 1st and 2nd volumes are generated for further analysis of the strain accuracy. By correlating the 

number of particles and the particle distance, it is found that irrespective of the particle size, the 

average particle distance is inversely proportional to the number of particles (see Fig. 7). This is due 

to the rather homogeneous particles distribution in this sample (see e.g. Fig. 6).  

 

 

Fig. 7 Relationship between the number of particles utilized in the strain analysis and the average 

particle distance. 

 

Evaluation of the accuracy in 3D strain measurement 

The marker particles in different volumes are paired and used to calculate the local strain components, 

the distributions of which form the basis for the accuracy analysis. An example is shown in Fig. 8, 

where 6233 particles in the 1st and 2nd ACT scans of the undeformed specimen are used. This 

condition corresponds to Fig. 6 (b). It should be noted that the engineering strain is used here, and that 

tetrahedrons with irregular shapes (ratio between radius and maximum edge length below 0.2) have 

been removed in the calculation, because the irregular shapes cause unreliable results as known from 

finite element analysis. Although the strains calculated for the undeformed specimen should be zero, 

a distribution of values is observed, because of measurement uncertainty. The distributions of all the 

strain components are bell-shaped, and in all cases the peak is at zero, which is reassuring. The 

standard deviations of the distributions are slightly larger for the shear strain components than for the 

normal strains. This is expected as the tensorial shear strain components of an infinitesimal (Cauchy's) 

strain tensor can be expressed as half of the engineering strain. The standard deviation for the y 

component is slightly smaller than that for the other two normal strain components. In the shear strains, 

the standard deviations for the xy and yz components, that are associated with the y direction, are also 
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comparatively small. This is likely to be a result of a better accuracy in determining particle position 

along the ND due to the effect of particle shape (see Fig. 4(b)). The average standard deviations of 

normal and shear strain components were 0.039 and 0.056, respectively. In the following, for 

simplicity we report the average of these two standard deviations as the strain accuracy, i.e. 0.047 for 

the case shown in Fig. 8.  

 

 

Fig. 8 Distributions of local strain for each strain components obtained using 6233 particles in the 1st 

and 2nd ACT images of the undeformed specimen. Engineering strain is used here.  

 

The average standard deviation of the strain components (i.e. the strain accuracy) depends on the 

marker distance (and thus also on the number of markers). This is shown in Fig. 9, which reveals that 

the strain accuracy improves with increasing average marker distance (equivalent to a decreasing 

number of marker particles) for all combinations of binarization thresholds. Additionally, the figure 

confirms that the effects of changing particle size by different binarization thresholds on the strain 

accuracy are very small. 
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Fig. 9 Average standard deviation of strain components as a function of (a) the average marker distance 

and (b) the number of utilized markers. Different combinations of binarization thresholds, bth in 1st 

and 2nd undeformed sample images, are examined. 

 

The source of strain uncertainty is mainly the unavoidable change in particle position due to 

image instabilities and binarization. The changes in particle position as shown in Fig. 4, therefore 

directly affect the measured strain values. Since the strain is calculated by dividing the movement of 

particle position by the gauge length, the strain uncertainty consequently becomes inversely 

proportional to the particle distance. This relationship is similar to the result reported in the simulation 

study by Li et al. [24]. In practice, the movement of particles and the distance between particles are 

distributed as shown in Fig. 4 and 5(b). The local strain accuracy thus becomes a rather complex 

function due to the synergistic effect of these two distributions.  

By reducing the number of marker particles to increase the marker distance, the average 

strain accuracy can be improved, however, the spatial resolution of the local strain analysis is reduced. 

As such, the strain accuracy and the spatial resolution are in a trade-off relationship. To obtain high-

resolution strain maps, a large number of particles is necessary. From Fig. 7, it is seen that when the 

particle number exceeds 5000-6000, the changes in the average particle distances are rather small: the 

distance is in all cases approximately 25 m. The gain obtained by increasing the number of particles 

above 5000-6000 is outweighed by the drastic loss in strain accuracy (see Fig. 9 (a)). To balance the 

strain accuracy and the spatial resolution, particle numbers around 6000 are therefore used in this study. 

In practice, connected (or nearby) particles, which introduce large strain uncertainties, were further 

removed from the analysis. As a result, a total number of 4998 particles was utilized, corresponding 

to a total number of 27974 strain points in the gauge part of the specimen (1.25 × 1.00 × 0.50 mm3), 

which corresponds to 5.6 points per average grain volume. The average standard deviation of the 

measured strain components estimated based on Fig. 9 is 0.045. As a comparison, if the average grain 

size of 50 m is taken as a representative distance, the strain accuracy can be improved by a factor of 
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2, but there will then only be one strain point per grain. In that case, intragranular strain variations 

cannot be explored.  

According to the simulation study by Li et al. [24], the standard deviation of the line strain 

has been reported as approximately 2σC / L, where σC is the standard deviation in marker position and 

L is the initial distance between markers. Twice the average standard deviation, 2C in the present 

study can be estimated as 1.1 from the three curves of Fig. 4(a). If 25 m is taken as a representative 

distance, the standard deviation of the strain becomes 0.044. This almost coincides with the measured 

standard deviation of 0.045. This strain accuracy and the corresponding average of 5.6 strain 

measurement points per grain volume is adequate for investigation of the relationship between grain 

structure and inhomogeneous deformation in samples that have undergone moderate levels of 

deformation. Actually, in the majority of the strain measurements points (24047 out of 27974 points 

for z) the strain error is less than 4.5%. Additionally, the results of this study suggest that it is possible 

to improve the strain accuracy, if the spatial resolution of ACT is improved, which is desirable when 

the aim is to study effects of grain structure on initial stages of local deformation. 

 

Effect of grain boundaries 

As grain boundaries (GBs) are considered to be important sites for particle precipitation and for 

introducing local deformation, the particle distribution near GBs is analyzed in this section by 

combining the ACT and LabDCT data. For this analysis, the LabDCT volume was first separated into 

GB and grain interior regions, where GB regions are defined as all voxels that are connected to the 

GBs, while the rest belong to the grain interior region. The voxel size of the present LabDCT data is 

4 µm; the GB region is therefore roughly a region within 4 µm from the GBs. The particles were then 

grouped according to their distance to the GBs, determined from the LabDCT data.  

A 3D view of the GB network and the associated particles in a part of the bulk specimen is 

presented in Fig. 10. The GB positions are marked by red dots, while the particle positions are marked 

by blue dots. As the average particle size is 6.6 m, we classify particles with a distance to a GB of 

less than 3 µm to belong to GBs, and all the rest are classified as interior particles. By this calculation, 

we find that the fraction of GB particles is 24.1%. This compares well with the volume fraction of GB 

regions, which in this sample is 27.4 %. This result suggests that the particle density on the GBs is 

about the same as that in the grain interiors. In addition, the particle size distribution within the GB 

regions is observed to be about the same as that in the grain interiors (see Figure 10 (b)). This analysis 

implies that the strain accuracy analysis conducted in the previous section is the same for both the GB 

and grain interior regions, i.e. the results are not biased by the presence of a different particle density 

at the GBs in the present specimen.  
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Fig. 10 (a) 3D plot of the positions of marker particles (blue dots) and grain boundaries (small red 

dots). Only a part of the specimen is shown here for a clearer illustration of the particle positions 

relative to the GBs. (b) Particle size distributions in the grain interiors and GB regions.  

 

Local strain distribution within individual grains 

To illustrate the potentials of the present method, Fig. 11 shows slices of (a) LabDCT, (b) ACT, as well 

as strain maps (c) before and (d) after 15.6% tensile deformation. The strain component, z along the 

tensile direction, is plotted in (c) and (d). The strain map of the undeformed sample is almost uniform 

with values close to zero. The small local variations in the undeformed strain level seen in the map are 

due to measurement uncertainties as discussed in the previous sections. When comparing the deformed 

strain map (Fig. 11(d)) and grain orientation map (Fig 11(a)), some strain concentration areas are 

observed to correspond to grains, while other maxima in the strain map only cover parts of some grains.  

 

 

Fig. 11 Comparison of slices from the 3D strain and grain maps: (a) LabDCT, (b) ACT, (c) and (d) are 

strain maps before deformation and after 15.6% tension, respectively. The strain component along the 

tensile direction is mapped as engineering strain in (c) and (d).  
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Fig. 12 Strain distributions within a grain with high strain (a) and a grain with low strain (b). The 

figures (a', b') show cross-sections of the two grains.  

 

Details of two of the deformed grains are shown in Fig. 12. The grains possess the maximum and 

minimum equivalent strains, respectively, and are both located within a central part of the specimen. 

The strain difference between the two grains is much higher than the strain uncertainty, implying that 

the observed strain difference is real. The strains on the grain surfaces (seen in 3D) and in 2D sections 

through the two grains are shown in the figure. It can be confirmed that the interiors of the grains 

deform inhomogeneously as often reported in the past research carried out in 2D [31, 32]. The very 

different strains in the two grains may relate to differences in Schmid factors, grain sizes and/or grain 

shapes. For the two selected grains the Schmid factors for tensile deformation are 0.464 and 0.457, 

respectively, and their sizes (equivalent sphere diameters) are also similar, 90.2 m and 88.7 m. None 

of these two parameters can thus explain the present result. Remaining is the grain shape, and Fig. 12 

suggests that an irregular shape may cause large strain concentration. Furthermore, high strain regions 

are observed near some of the grain boundaries, which may relate to specific crystallographic 

relationships between neighboring grains as suggested in the studies using synchrotron radiation [33-

35]. Such relationships will be analyzed in detail in a forthcoming paper. 

 

Conclusions 
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The precision in strain determination by particle tracking has been evaluated for plastic deformation 

of a fully recrystallized Al-4mass%Cu sample using laboratory-based multimodal X-ray tomography. 

The evolution of the internal 3D strain distribution was analyzed directly from ACT images revealing 

the Al2Cu particles in the sample. When evaluating the sources of uncertainty in the local strain 

measurement, the unavoidable deviation in determination of particle gravity centers due to image 

instabilities and selected threshold values used in the binarization process were recognized as 

important parameters. However, by carefully choosing the marker distance to be larger than 25 m, 

the strain uncertainty can be limited. In this case, the average standard deviation of the measured strain 

components is found to be around 0.045.The results document the validity of local strain 

measurements. By analyzing the strain difference between two selected grains, it is found that neither 

the crystallographic orientations leading to different Schmid factors, nor different grain sizes can 

explain the experimental observations. Instead, it is suggested that the grain shape and crystallographic 

relationships between neighboring grains are of importance. As a next step, the 3D strain distribution 

and the 3D grain orientation maps will be compared directly and analyzed during in-situ tensile testing. 

This analysis allows an in-depth evaluation of effects of the grain microstructure on the local strain 

development.  
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