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Abstract: Recent advances in X-ray microtomography provide remarkable tools to 

image the interior of materials. Microstructural images that are similar to or about 1 

order of magnitude higher than those currently attained with light microscopy can now 

be obtained in three-dimensions with the synchrotron radiation facilities. Local strain 

mapping is readily enabled by processing such high-resolution tomographic images 

either by the microstructural tracking technique or the digital volume correlation 

technique. This article is a digest of our recent research activities on three-dimensional 

strain mapping and also provides information on methodology. Recent applications to 

various issues in the materials science and engineering are also demonstrated. Possible 

future directions are finally discussed. 

Keywords: Computed tomography; microstructural tracking; digital volume 

correlation; local strain mapping; 3D 

 

1 Introduction 

Continuum assumption provides reasonable approximation in characterizing the 

constitutive behaviour of materials. Local plastic strain, however, deviates from the 
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continuum assumption in real materials as local deformation is influenced by the 

existence of various secondary phases and microscopic defects such as voids and cracks. 

Heterogeneity also arises in polycrystalline materials due to deformation mismatch 

among neighbouring grains with different crystallographic orientations.  

Cross-sectional observation has been used extensively to obtain local strain distribution. 

Typical approaches for it would be the grid strain analysis [1] and the in-situ 

stereoimaging [2]. A surface observation, however, reflects surface-specific two-

dimensional (2D) deformation behaviour, which is often significantly different from that 

in the interior due to stress relaxation at a free surface. In fact, it has been claimed that 

the extent and growth rate of particle damage are significantly different between the 

surface and the bulk of strained materials [3, 4, 5]. The validity of such in-situ surface 

observations with respect to the bulk damage mechanisms has to be, therefore, checked 

with caution. A further general drawback of a cross-sectional observation is extensive 

deformation and damaging of a matrix and secondary phases during metallographic 

sample preparation that are located on specimen surface. For example, circular particles 

observed on a cross-section are, as a matter of fact, hemispherical that have been ground 

during a sample preparation process. Pores/voids are also easily filled with abrasive 

powders during a sample preparation process [6]. Furthermore, complicated 

microstructural features do not allow cross-sectional observations to reveal the three-

dimensional (3D) character of internal microstructure. It should be, therefore, noted that 

phenomena themselves observed on a specimen surface to be analyzed with local strain 
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mapping can be surface-specific artefacts.  

In-situ X-ray microtomography (XMT) provides a unique possibility to access the 3D 

character of internal microstructure and its time evolution behaviours non-destructively, 

thereby enabling advanced techniques for measuring local strain distribution. Recently 

some attempts have been made to achieve this with reasonable spatial resolution and a 

relatively large specimen size utilizing synchrotron radiation facilities [6, 7, 8, 9, 10, 11]. 

The techniques can be classified into two types; a microstructural tracking technique [6, 

7, 8, 9] and a digital volume correlation technique [12, 13]. With these techniques, 3D 

strain fields can be measured with reasonable accuracy [9]. Even local crack driving 

forces (LCDF), such as local variations in the stress intensity factor and J integral along 

a crack front line, can be measured from discrete crack tip displacement fields [7, 14, 

15]. In the present paper, principles, methods and techniques relevant to 3D local strain 

measurement will be described, together with applications to various issues of the 

materials science and engineering scientific domains. 

 

2 Principles, methods and techniques of 3D local strain mapping  

The technique for reconstructing the spatial distribution of the X-ray attenuation 

coefficient is known as computed tomography (CT). The third-generation synchrotron 

radiation (SR) facilities, such as the ESRF and SPring-8, have been identified as ideal 

X-ray sources for CT, providing a high-energy X-ray beam with excellent 

monochromaticity. CT performed at the SR facilities has enabled the reconstruction of 
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volumes with a typical spatial resolution of about 1 m [16]. X-ray imaging microscopy 

with an X-ray objective and zoom synchrotron tomography [17, 18] with a divergent 

beam provide two alternatives for the observation of microstructural features, enabling 

even higher spatial resolution at a 100 nm-level [19, 20, 21, 22]. In addition to the 

ordinary 3D observations, in-situ XMT observations have been performed during 

loading by utilizing specially designed test rigs and a miniaturized specimen that are 

mounted on a rotation stage for XMT [5, 23, 24, 25, 26]. Owing to the high-resolution 

optical set-ups, microstructural features and their time evolution behaviours have been 

clearly visualized in various engineering materials [7, 14, 19, 23, 25, 27, 28, 29]. 

In the field of the velocimetry, particle tracking velocimetry is known as a method by 

which the velocity of fluids is measured in two-dimensional optical images of a flow 

[30]. The paths of tracer particles are reconstructed by matching each pair of particles in 

consecutive frames with an appropriate trajectory prediction method, taking differences 

in size, location, shape etc. into account. Although it is not so straightforward, the 

extension of these techniques to 3D tomographic images has been reported recently [6, 

7, 8, 9].    

In order to perform 3D microstructural tracking, all the microstructural features, such as 

particles and pores, visible in reconstructed CT images are segmented and labelled. 

Morphological characteristics of each microstructural feature, e.g., surface area, volume 

and gravity centre, are measured precisely. A high-resolution 3D surface construction 

algorithm, such as the marching cube algorithm, which gives a pentagonal faceted iso-
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intensity surface, has been often used to improve accuracy to a sub-voxel level [31]. Fig. 

1 shows a schematic illustration of image registration process. Since strain is calculated 

from the physical displacement of each microstructural feature that is observed at two 

consecutive loading steps, precise image registration between a pair of in-situ XMT 

images is of crucial importance for accurate strain mapping. For example, in the present 

authors’ research, translational and rotational shifts between a pair of in-situ XMT 

images are minimized so that the sum of differences in distance between corresponding 

marker pairs is minimized after roughly performing registration using eight relatively 

coarse markers located near the corners of a field of view [9].  

Microstructural tracking mostly depends on the estimate of particle centroids in image 

frames. Various efforts have been made to raise accuracy to a reasonable extent. For 

instance, the concept of cluster matching has been applied by Kobayashi et al., and it 

has been found to perform well in the presence of microstructural agglomeration. 

Nakazawa et al., have proposed a landscape method by which image registration can be 

skipped by making a tracking process in two steps. In the following sections, the 

different approaches for microstructural tracking are reviewed. 

 

2.1 General two-frame tracking 

Nielsen et al. and Kobayashi et al. have used similar two-frame tracking methods to 

solve the correspondence problem occurring in microstructural tracking [8, 9]. Nielsen 

et al. have used the centre of gravity and volume of each particle [8], whereas 
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Kobayashi et al. have used surface area in addition to the two parameters in order to 

utilize complexity in particle shape [9]. Kobayashi et al. have introduced the following 

matching probability parameter (MPP), Mp, to suppress tracking errors;  

                   MP =  Li,j +  Si,j +  Vi,j                         (1) 

Here Li,j, Si,j and Vi,j are the centre of gravity, surface area and volume of a particle, 

respectively, and defined so that they vary between 0 and 1 in a pre-determined search 

domain in which a corresponding marker is searched.  and  are weights, where 

= 1. Index numbers, i and j, denote feature numbers which are assigned in the 

labelling process. Firstly one microstructural feature is picked up from a dataset, and 

then Mp values for all the markers in a corresponding dataset are calculated using eq. (1). 

If the maximum value of Mp is larger than a pre-determined first threshold value, Mp
th1

, 

and a difference between the maximum and the second largest values is larger than 

another pre-determined threshold value, Mp
th2

, then the marker pair with the largest Mp 

value is labelled to be tracked. If the difference is less than Mp
th2

, then the marker pair is 

held in a waiting list. If no marker satisfies the first criterion on Mp
th1

, the marker is not 

used for the tracking purpose.  

 

2. 2 Cluster matching 

Kobayashi et al. [9] have applied another tracking algorithm called modified spring 

model algorithm (SMA) [32]. It is a two-frame tracking method to perform pattern 

matching for particle clusters. The particles are assumed to be connected by invisible 
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elastic springs. This method identifies particle pairs by searching for the smallest total 

spring energy among particle clusters, in which particles are connected by imaginary 

springs to each other. The total elastic energy for imaginary springs, Esp is given as 

follows; 

 
 
sp

1sp

sp

1
N

=i i
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'
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b

bb

N
=E                     (2)  

where Nsp is the number of imaginary springs connecting particles. bi and b'i are relative 

vectors calculated from marker positions before and after deformation, respectively. The 

method would be effective for locally inhomogeneous deformation, because SMA can 

cope with apparently random deviation of relative position among particles. Kobayashi 

et al. have combined SMA with MPP to minimize markers pended in the MPP process 

that are agglomerated with the other tracked and pended markers. It has been concluded 

that this algorithm is efficient in tackling unpaired particles with MPP, resulting in an 

improved confidence pertaining to the obtained strain distribution.  

 

2.3 Trajectory prediction 

Trajectory predictions have been also applied to track particles in conjunction with the 

MPP method [9, 15]. Provided that strain distribution is homogeneous throughout a 

material, the centre of gravity coordinate of each marker in the image dataset of a 

deformed sample is linearly interpolated before applying the MPP method described 

above. When a model sample is monotonously tensioned, image datasets are extended 
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only in the longitudinal, i.e. tensile, direction and contracted in the vertical directions 

assuming Poisson's ratio of 0.5 [9]. Another example is the application to a cracked 

medium performed by Qu et al. [15], in which the best-match particle pairs were 

determined after distorting one image by applying a combination of a linear elastic near-

tip displacement field and a non-linear elastic-plastic near-tip displacement field called 

the HRR field. The boundary of the two displacement fields was assumed to be a plastic 

zone size. With the particle trajectory prediction, Qu et al. have reported that more than 

75% of particles (6,973 particles) could be tracked successfully, which seems to be 

sufficient to calculate local crack driving force distribution along a crack front line.  

Multi-frame trajectory prediction has been also applied to inhomogeneous plastic 

deformation [33]. Kobayashi et al. have used the following polynomial to extrapolate 

marker locations for two to three loading steps to predict a marker position in the 

subsequent loading step.  

012

n

1n

n

n a+xa+xa++xa+xa=p(x) 21 

 .             (3) 

where x is a coordinate and ak is a coefficient to be calculated. The estimate of a 

trajectory involves findings all the coefficients in eq. (3). Once the coefficient vector is 

found, computing the location at the subsequent loading step is straightforward. 

Although time consuming, this algorithm seems more efficient for inhomogeneous 

deformation that cannot be described with conventional constitutive equations. Particles 

which are tracked in this manner have superior probabilities of successful matching in a 

multi-frame succession that is very nearly equal to 100 % [33].  
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Overall, compared to the conventional estimate of particle centroids, the trajectory 

prediction techniques increase the spatial resolution and measurement accuracy 

significantly.  

 

2.4 Tracking for invisible features 

When feature A becomes invisible at step n, the physical displacements between steps 

n-1 ~ n of particles that are located within a search area of R in radius can be used to 

predict an invisible trajectory for feature A. Scattered data interpolation of this type is 

achieved using radial basis functions (RBF) [29], which are circularly symmetric 

functions centred at particular points. RBFs can provide interpolants to function values 

given at irregularly positioned points, providing excellent approximations to the 

underlying function, even when the number of interpolation points, N, is small. In this 

case, the function and interpolation points correspond to a displacement field and 

particles in the matrix, respectively. RBFs may be used to interpolate a function with N 

points by using N RBFs centred at these points as follows. 

 



N

j

ji

ji ppgcu
1

                        (4) 

where u
i
 is particle displacement during macroscopic compression, ||.|| is the Euclidean 

distance between particles, g(||.||) is the radial functions, and c 
j
 is the interpolation 

coefficient to be determined. To solve for c 
j
, the following system of linear equations 

must be solved. 
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By choosing an appropriate radial basis function, such as the Gaussian, the matrix is 

obviously positive-definite real symmetric. Thus, a solution always exists to this system 

of equations. Once c 
j
 is obtained, the physical displacement of an invisible feature, u, 

which is located at the centre of a search area, is predicted as follows. 

 



N

i

i

j pPgcu
1

                        (6) 

where P is the initial location of the feature.  

Toda et al. have applied this technique to pore re-initiation behaviours during high-

temperature exposure after annihilation during rolling. Each pore that has been initiated 

around a disappeared pore is judged to be re-initiated [29].  

 

2.5 Hierarchical tracking procedure 

To match more than ten thousand dispersed particles, a hierarchical tracking method has 

been suggested [34]. In this approach, a certain number of largest particles are regarded 

as landmarks to gain approximate displacement of the material. The rest is regarded as 

non-landmarks. They are matched by displacement vector estimation based on landmark 

results by using RBF transformation.  

Relaxation method for landmark matching  

 Relaxation method [35] is employed to match the landmarks during deformation. In 
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this method, renewing a probability matrix optimizes the matching relations of the 

landmarks while considering the conformity of neighbourhoods. Namely, the 

probability matrix is renewed under the assumption that neighbourhoods must be able to 

be matched if the matching relation of a certain landmark is correct.  

If the sets of landmarks before and after deformation, the number of which are N and M 

respectively, are defined as  N2 a,,a,a=A ...1  and  M2 ,b,,bb=B ...1 , then the 

probability vector between ai and B is expressed as   MT

i(M)i(2))i(i ÎRp,,p,p=p ...1 . The 

probabilities are always positive and satisfy



i k  
p

k 
 1. The set of N probability vectors 

constitutes the probability matrix between A and B



p  p1 , p2 ,..., pN 
T

RNM .  

 

Initialization of the probability matrix 

If the volume change between ai and bk is markedly great, then pi(k) should be zero; 

otherwise, it is given the same probability as the others (7).  

 



i k 

0 

p 
1  if 

Vk Vi

Vi

 RC

0  otherwise         









                       (7) 



i k 

0

p 
i k 

0 

p

i k  

0 

p
k 


                             (8) 

 

where Vi and Vk are the volume of ai and of bk , respectively. Additionally, we define the 

allowable volume change RC in order to ignore the matching relations which have 



13 
 

markedly great volume changes. 

 

Renewal of the probability matrix 

pi(k) is renewed by the renewal coefficient qi(k) as shown in (9). 

 
   

    tpq

pq
=p

'ki'ki

t

kiki+t

ki

1                             (9) 



i k 
q  max  ij k,l p j( l )

t 
j i

                          (10) 









 ,0

1
1max l)(k,e

W
=l)(k,g ijij

                      (11) 



eij (k,l) 
dkl  dij

dij

                           (12) 

 

qi(k) represents the conformity with the neighbourhood set of ai , provided that ai 

matches bk . To define the neighbourhood set ζi , Quickhull [36] constructs the 

undirected graphs G by generating Delaunay tetrahedrons from A. Then, let ζi denote 

{aj′ | [ai, aj′] ∈ G, i≠j′}. Among the set of landmarks after deformation B, the 

likeliest-matching candidate bl of a neighbourhood aj is the one which maximizes the 

product of γi j(k, l) and the present probability p
t
j (l). As shown in (10), qi(k) is obtained by 

summing the above product of each neighbourhood. Here, γi j(k, l) is the evaluation 

function of matching ai ↔ bk and aj ↔ bl. This function is a decreasing function, which 

is calculated from the ratio of expansion and contraction eij(k, l) in (12). As shown in 
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(11), if eij(k, l) is 0, γi j(k, l) becomes 1 as the maximum value. On the other hand, when 

eij(k, l) is over the worst ratio W given in advance, γi j(k, l) becomes 0. 

If the sum of the absolute differences of probabilities Δi = 



pi( k )

t1  pi( k )

t

k 
  is below 

the threshold δ, pi can be considered to be converged. ai matches the one which has the 

highest probability in the set of landmarks after deformation B. 

 

Non-landmark matching 

The displacement vectors of non-landmarks are estimated by those of landmarks. The 

typical method is RBFT, which is explained in 2. 4.  

 

2.6 Strain mapping using tracked markers 

When a sufficient number of many markers are dispersed in 3D space, the Delaunay 

tessellation algorithm [36], which generates an aggregate of space-filling irregular 

tetrahedral, is used to obtain local strain distribution. The vertices of each simplex 

define objectively four nearest neighbour marker microstructural features. Local strain 

is calculated in each tetrahedron, assuming a linear displacement field inside 

tetrahedrons. Normal strains, x, y and z and shear strains, xy, yz, zx, are calculated 

from displacements, ui, vi, wi, uj, vj, wj, uk, vk, wk, ul, vl, wl, at tetrahedron vertices i, j, k, l 

in a rectangular coordinate system, assuming a linear displacement field inside it as 

follows;   

{x y z xy yz zx}
t
 = [Bi Bj Bk Bl]{ui vi wi uj vj wj uk vk wk ul vl wl }

t       
  (13) 
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oi = ykzj + ylzk + yjzl  ykzl  yjzk  ylzj                  (15) 

pi = xlzj + xjzk + xkzl  xjzl  xlzk  xkzj                 (16) 

qi = xlyk + xjyl + xkyj  xjyk  xkyj  xlyk                (17) 

 where V is tetrahedron volume, xj, yj, zj, xk, yk, zk, xl, yl, zl indicate the vertex positions 

of j, k and l in a tetrahedron. Shifting indices such as i to j，j to k，k to l and l to i 

brings [Bj], [Bk] and [Bl]. 

 

2.7 Digital volume correlation 

As shown in the preceding sections, local strain measurements require that the 

displacement of the position of some parts of the sample due to the application of the 

stimulus should be measured. Instead of tracking the centre of mass of some features in 

the microstructure as presented earlier, it is also possible to track the displacement of 

recognizable patterns. A pattern is here defined as a subset of the volumic image of the 

sample. Ideally, this gray level distribution in the reference subvolume should be similar 

to the corresponding one in the deformed tomogram. 

The best way of recognizing the position of a given pattern from one deformation stage 
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to the next (if this can be achieved, then u can be retrieved) is by correlating the two 

images (Digital Image Correlation -DIC). Although DIC is now extensively used in 2D 

with optical or SEM image as inputs (see [12] for a review), its extension to 3D with 

tomograms as inputs, also called Digital Volume Correlation (DVC, see [13] for a 

review) is quite new and still not widely used. The first example of this sort of treatment 

was published in [10]. Applied to bones in particular, this initial study was developed in 

subsequent articles and the correlation method slightly improved. In 2D as well as in 3D, 

the displacement measurement step involves minimization of an objective function that 

quantifies the match between original (f(x)) and trial subvolumes g(x+v) with respect to 

a set of affine transformation parameters. A least-square function of the following type 

is typically used : 

          dxxfv+xg=vΦ  
2

               (19) 

 being equal to 0 when v = u. 

The amount of published studies has slightly increased recently, thanks to the 

availability of new algorithms able to be interfaced with a finite element framework 

from the correlation point of view [11]. A review of some of the applications using DVC 

is given in section 3.4. 

 

2.8 Accuracy of strain measurement 

To the best knowledge of the authors, the microstructural tracking and DVC haven't 

been quantitatively compared on a same data set so far.  
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In the case of the microstructural tracking, it is reasonable to assume that strain 

measurement accuracy fundamentally depends on the accuracy of gravity centre 

measurement and inter-particle spacing. High-density strain mapping is realised by 

tracking as many particles as possible, which inevitably decreases the accuracy of strain 

mapping. As a typical situation, 30,000 particles are assumed to be uniformly dispersed 

in the standard-sized specimen (600×600×600 m) for the synchrotron XMT 

observation, forming a simple cubic lattice structure. Inter-particle spacing is about 20 

m in this case, resulting in the possible maximum error for strain measurement of 5 % 

on the assumption that the special resolution of 3D images is close to the theoretical 

resolution of the projection-type XMT (i.e., about 1 m). It has been however reported 

that substantial error is significantly smaller than that of the spatial resolution [37]. For 

example, Weckenmann et al. have measured a spacing (20 mm) between spheres of 2.5 

mm in diameter using a laboratory XMT apparatus. As a result the entire measurement 

results were expressed within ± 23.6 m, which corresponds to 13.4 % of the theoretical 

resolution (twice as large as a voxel size) of 176m. Considering that the substantial 

spatial resolution for a laboratory XMT is usually much worse than a theoretical 

resolution, it can be expected that a substantial error for strain measurement falls well 

below 0.5 %. On the other hand, strain measurement accuracy also depends on the 

spatial frequency of recognizable pattern in DVC. Various complex factors, such as 

errors for pattern recognition and change in the pattern itself with global loading, might 

affect the strain measurement accuracy in addition to the above factors. 
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3 Recent applications of local strain mapping to the materials science and 

engineering 

Owing to the recent development of synchrotron XMT, which readily enables the 

visualization and tracking of individual microstructural features, 3D local strain 

measurements have been occasionally reported to date. Present space limitations require, 

however, that the current literature be distilled. The present section encompasses three 

topics with emphasis on the tracking-based methods rather than the digital image 

correlation, focusing on some recent original results by the present authors. 

 

3.1 Local strain mapping during deformation 

Shrinkage and annihilation behaviours of hydrogen pores (1 – 10 m in diameter) were 

observed in 3D during hot and cold rolling of an Al-Mg alloy [29]. It was examined, by 

exposing the material to a high temperature after plastic deformation, whether complete 

healing of pores is achieved after plastic deformation. Although pores generally show 

shrinking and closing, consecutive inspection of a single specimen revealed a variety of 

geometrically variable behaviours. Some of the pores were reinitiated in positions 

identical to those before their annihilation, even after an 8 ~ 22 % macroscopic strain 

had been further applied after annihilation. This was analyzed by utilizing the technique 

introduced in section 2.4. We attributed such local variations to significant local strain 

variation, which we measured in a series of tomographic volumes by tracking 
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microstructural features. Local strain distribution is demonstrated in the form of a 3D 

colour contour map as shown in Fig. 3. It is interesting to note that although the 

macroscopic applied load is compressive, regions locally exposed to tension are seen in 

Fig. 3. Even in the compressive regions, compressive strain, y, varied widely between 0 

~ 1.3.  

Similar annihilation behaviour of pores during surface cold working was continuously 

observed and analyzed by tracking artificially dispersed particles in a cast aluminium 

alloy, thereby mapping local strain distributions in high-density [38]. Fig. 4 shows the 

shrinkage and annihilation behaviours of a pore together with local strain distributions 

around the pore shown on a virtual cross-section. The pore was completely annihilated 

after 420 s of surface hardening treatment, reflecting the local deformation of the 

aluminium matrix around it as shown by the local strain distributions shown in Fig. 4. It 

could be inferred that micro pore annihilation requires the widespread presence of an 

apparent effective strain exceeding roughly 50 % around the micro pores. It has been, 

however, hard to assess the relationship between pore closure and local strain with 

conclusive evidence due to the difficulty in the direct experimental measurement of 3D 

strain with the conventional experimental approaches. In order to specify a reasonable 

local requirement for pore closure, volume change of each pore is plotted as a function 

of m, eff and m/eff in Fig. 5 [38], in which both of the above-mentioned results for 

monotonic compression and surface cold working are plotted together. It was clarified 

that the magnitude and sign of hydrostatic strain, m, could not be associated with the 
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shrinkage of a pore. The pore volume change was found to be a function primarily of 

the local effective strain, eff, as clearly shown in Fig. 5. The complete annihilation of a 

pore, appears to be realized at eff.  

 

3.2 Grain boundary tracking technique 

Some of the present authors (HT and MK) have proposed a new experimental method, 

grain boundary tracking technique [39] by which crystallographic deformation 

behaviour is visualized by combining the above-mentioned microstructural tracking 

technique and the visualization of grain boundary network [17]. The latter can be 

realized by decorating grain boundary with a dissimilar element having an X-ray 

absorption coefficient different from a matrix. In the case of aluminium alloys, we 

usually use gallium for grain boundary visualization [40].  

In the grain boundary tracking technique, in-situ X-ray microtomography (XMT) is, 

first of all, performed during loading by utilizing a material test rig mounted on a 

rotation stage. A dopant is then applied to the specimen just before fracture in order to 

visualize grain boundaries in 3D. All the visible microstructural features are then 

segmented and labelled in the images captured before gallium application as is so in the 

above-mentioned microstructural tracking technique. A 3D mask is also produced from 

the decorated grain boundary image. After a precise image registration, all the 

microstructural features are classified into grain boundary features and those located 

inside each grain by utilizing the grain boundary mask. The tessellation technique is 
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used for grain boundary representation purpose, where all the grain boundary features 

extracted constitute polygonal boundary among grains. Non-regular triangles are used 

for this. By tracking grain boundary microstructural features in reverse chronological 

order, the deformation behaviour of each grain is readily reconstructed as is shown in 

Fig. 6. Local strain mapping during deformation is obtained inside each grain as is 

shown in section 3.1. We are now devoting efforts to combining the grain boundary 

tracking technique with the X-ray diffraction to measure the crystallographic orientation 

of each grain visualized with this technique [18, 41, 42]. 

 

3.3 Comparison with image-based simulation 

As has been demonstrated in the present paper, real materials are so inhomogeneous and 

complex that the conventional modelling works do not provide proper interpretation at 

microstructural scales. Accordingly, a 3D model that takes into account real 

microstructural features is expected to identify the micro-mechanical behaviours of 

materials. The high-resolution XMT technique has been applied to create 3-D finite-

element simulation models by converting volume tomographic data sets into 

stereolithography tessellation language models. For example, particle damage behaviour 

has been investigated numerically, especially focusing on the effects of relatively small 

particles in the vicinity of crack-tip in an Al-7%Si alloy, as shown in Fig. 7 (b) [27, 43]. 

In this calculation, particles were embedded only in a tiny region of interest (80×80×30 

m) in order to reduce computation time to a reasonable extent, whereas the 
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surrounding region was homogenized using the stress-strain behaviour of the alloy.     

These results are in qualitative agreement with the experimental observation shown in 

Fig. 7 (a). The local strain mapping and image-based numerical simulation has been 

demonstrated to be complementary in revealing and understanding various deformation 

and fracture phenomena inside materials, especially those with inhomogeneous 

microstructures [44]. 

 

3.4 Application of DVC  

The initial studies using DVC measurement of the strain field in a material [10] were 

not using synchrotron images. This is because DVC has been primarily applied to 

cellular materials, the microstructure of these being perfectly suited for such a 

measurement. DVC using standard laboratory tomography images of cellular materials 

has been used in [45] to analyze the deformation of rock wool and in [46] for sand. Fig. 

8 is for example related to what has been presented in [45]. It shows, for this rock wool 

sample, a comparison between the spatial distribution of the regions undergoing high 

compressive strain (Fig. 8 (a)) and the regions exhibiting an initially low density (Fig. 8 

(b)). The density is measured from the grey level in the reconstruction while the strain is 

measured using DVC. This comparison shows that the highly deformed regions are 

somehow related to the low density regions, at least in term of their orientation. In the 

scope of the present paper, the figure illustrates the capacity of DVC to analyze the 

distribution of strain in space. 
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For standard bulk materials like the Al alloys mentioned earlier in this paper, the 

tracking procedure described in sections 2.1-2.5 is easier to implement than DVC 

because the number of particles is too small in the microstructure to serve as 'contrast 

support' for a correlation measurement. To overcome this problem, in Bornert et al. [47] 

we have fabricated Al based materials exhibiting a high amount of fine Cu particles 

used as markers. A minimum volume fraction of 4% of these particles was shown to be 

required to allow a precise DVC measurement. Note that this “marker” procedure has 

also been used in [8] with W particles for a strain measurement using the 

microstructural tracking method. Synchrotron DVC has more recently been used to 

study the deformation of polymer foams [11], rocks [48], the solidification of 

aluminium alloys [49] and the propagation of fatigue cracks in cast iron [50]. In all 

these cases, the intrinsic contrast of the microstructure in the X-ray tomography images 

was sufficient to serve as a support for the correlation procedure. 

 

4 Summary 

There are a few imaging techniques that can be nowadays used to visualize 

microstructural features of structural materials in 3D. Of these, the in-situ X-ray 

microtomography provides a unique possibility to access the time evolution behaviours 

of internal microstructure as well as its 3D character in high resolution. Advanced 

techniques for measuring local strain distribution have been readily enabled on the basis 

of the in-situ synchrotron radiation X-ray microtomography images with reasonable 
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spatial resolution and a relatively large specimen size. The two main ones are 

microstructural tracking and DVC. These two different ways of measuring local strain 

fields induced by an external stimulus on the material has been described and illustrated 

in the present paper.  

A successful development of these local strain mapping techniques has been achieved 

by combining with the advanced image processing techniques. Different algorithms can 

be merged into a sophisticated method making it possible to measure internal strain 

distribution with superior accuracy and reproducibility. This paves the way for 

transforming conventional metallurgical research approaches to more direct and 

accurate ones, since surface and cross-sectional observations reflect surface-specific 2D 

behaviour, which is often significantly different from that in the interior. More 

importantly, crystallographic deformation behaviours have also been clarified about the 

plastic deformation of polycrystalline materials by developing grain boundary tracking 

technique. This is helpful for us to get a down-to-earth understanding of practical 

materials. When this technique is combined with the 3D X-ray diffraction measurement, 

local strain variation in each grain can be interpreted in conjunction with the mismatch 

in crystallographic deformation behaviours among neighbouring grains. The local strain 

mapping technique would then be considered to be a more robust procedure that enables 

a comprehensive mechanical understanding of polycrystalline materials. 

Considering the potential of local strain mapping in materials science and engineering, 

we believe that more widespread application of the technique will have a high impact on 
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the understanding of various issues, such as thermomechanical processes and 

mechanical properties.  
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Fig.1 A schematic illustration of the local strain mapping process that consists of image 

registration, particle tracking during two consecutive loading steps and strain 

calculation.  

Fig 2 2D schematic description of the principle of Digital Volume Correlation showing 

the initial image f(x) and the deformed image g(x). The displacement of two 

recognizable patterns can be retrieved by correlation of subvolumes.  

Fig.3 Fig. 3 Measured 3D local strain distributions within a cubic specimen during the 

monotonic compression of an Al-4%Mg alloy. Pb particles were artificially dispersed 

in order for the local strain measurement. Strain distribution has been measured 

between the macroscopic strain levels described below each figure. Specimen 

dimensions are expressed in m.   

Fig. 4 3D perspective views (left images) of a pore together with local strain 

distributions shown on a virtual cross-section (right images), representing the spatial 

distributions of accumulated equivalent plastic strain and its correspondence with 

pore annihilation behaviors during the surface cold working of a cast Al-6.9%Si-

0.4%Mg alloy.  
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Fig. 5 Relationships between shrinkage behaviors of pores and local effective strain 

around pores, representing the dominant factor for pore closure. Note that open 

symbols are monotonic compression and solid marks are the data for surface cold 

working.  

Fig. 6 A schematic illustration of the grain boundary tracking technique.  

Fig. 7 Comparison between an image-based numerical simulation and experiments 

during the monotonic loading of an Al-7Si-1Mg alloy. (a) A subvolume extracted 

from an entire tomographic volume; and (b) an equivalent stress contour in an 

identical subvolume.  

Fig. 8 3D view of the spatial distribution of the regions with a low initial density for the 

rock wool material in ref [45] is shown in (a), together with that of the regions with a 

high local compressive strain (the same rock wool sample and location with (a)) in 

(b). The compression axis is vertical in the figure and the size of one side of the 

observed volume is 30 mm. 
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Fig. 1 A schematic illustration of the local strain mapping process 

that consists of image registration, particle tracking during two 

consecutive loading steps and strain calculation.  



Fig 2  2D schematic description of the principle of 

Digital Volume Correlation showing the initial image 

f(x) and the deformed image g(x). The displacement of 

two recognizable patterns can be retrieved by 

correlation of subvolumes.  
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Fig. 3 Measured 3D local strain distributions within a cubic specimen during the monotonic 

compression of an Al-4%Mg alloy. Pb particles were artificially dispersed in order for the local strain 

measurement. Strain distribution has been measured between the macroscopic strain levels described 

below each figure. Specimen dimensions are expressed in mm.   
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Fig. 4 3D perspective views (left images) of a pore together with local strain distributions 

shown on a virtual cross-section (right images), representing the spatial distributions of 

accumulated equivalent plastic strain and its correspondence with pore annihilation 

behaviors during the surface cold working of a cast Al-6.9%Si-0.4%Mg alloy.  
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Fig. 5 Relationships between shrinkage behaviors of pores and local effective strain around 

pores, representing the dominant factor for pore closure. Note that open symbols are 

monotonic compression and solid marks are the data for surface cold working.  
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Fig. 6 A schematic illustration of the grain boundary tracking technique.  
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Fig. 7 Comparison between an image-based numerical simulation and 

experiments during the monotonic loading of an Al-7Si-1Mg alloy. (a) 

A subvolume extracted from an entire tomographic volume; and (b) an 

equivalent stress contour in an identical subvolume.  



Fig. 8 3D view of the spatial distribution of the regions with a low 

initial density for the rock wool material in ref [45] is shown in (a), 

together with that of the regions with a high local compressive 

strain (the same rock wool sample and location with (a)) in (b). 

The compression axis is vertical in the figure and the size of one 

side of the observed volume is 30 mm. 


