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This paper presents advances in the data management strategy applied to 4D multimodal mechanics of material 
sample microstructures. Guidelines to build a data platform allowing for complex workflows, involving several 
high-throughput experimental and numerical techniques, and complying with FAIR data management principles, 
are discussed. Next, their implementation within the open-source Python package Pymicro is presented, offering 
a high-level interface to build complex datasets through multimodal methodologies. Its capability to enable 
and automate complex workflows by building a digital twin of a commercially pure titanium sample under 
tension are then demonstrated. The digital twin contains microstructural and mechanical data for thousands of 
grains gathered on the same sample through synchrotron DCT and in-situ SEM experiments, as well as full-field 
numerical simulation. Finally, a local and statistical comparison between simulation and measurements of plastic 
slip and crystal rotation in hundreds of grains is shown, as an example of the contribution of this platform to 
multimodal data convergence and its importance for the development of a new generation of material models.
1. Introduction

Mechanical properties of structural polycrystalline materials re-
sult from the complex interplay of deformation and damage mecha-
nisms with their internal microstructure. Thus, improving knowledge of 
microstructure-properties relation has long been a key issue for mate-
rials scientists, yet difficult because of the geometrical and physical 
complexity of the phenomena involved. Nowadays, automated and 
high-troughput microscopy and 4D imaging techniques, associated to 
large-scale simulations powered by high-performance computing (HPC) 
facilities [1], make it technically feasible to build multimodal datasets 
of unmatched richness to characterize and study these phenomena.

In-situ SEM experiments with many structural materials, involv-
ing digital image correlation (SEM-DIC) [2,3], high-resolution electron 
backscatter diffraction (HR-EBSD) [4,5] and/or electron channeling 
contrast imaging (ECCI) [6,7], have become a well established tool 
to characterize with sub-micron resolution deformation [8], damage 
[9–11], fatigue crack propagation [12–16] or intragranular plastic slip 
[17–23], and correlate their evolution with microstructural features. 
The very last advances in this field have made it possible to automati-
cally analyze tens of thousands of plastic slip events [24–26], on regions 
that may reach several squared millimeters [27]. Although limited to the 
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characterization of in-plane deformation of the observed surface, elec-
tron microscopy can be complemented by measurements using confocal 
microscopy to access the associated out-of-plane deformation [28,29].

Simultaneously, the blossoming of 3D microstructure characteriza-
tion techniques during the two last decades has been a major step 
forward in the understanding of surface deformations, by providing 
the essential knowledge of the underlying microstructure and deforma-
tion state. Dual-beam focused ion beam–scanning electron microscope 
(FIB–SEM) allows to use electron microscopy to produce destructive 3D 
microstructural characterizations of polycrystalline samples with high 
resolutions [30–33]. On the other hand, techniques enabling to perform 
in-situ characterizations in 3D at the micro-scale have developed, build-
ing on the development of laboratory and synchrotron X-rays sources. 
Indeed, in-situ damage observation with X-ray computed tomography 
(X-CT) [34–38], characterization via X-Rays diffraction of polycrys-
talline materials microstructure [39–41] and deformation [42–44], and 
even 3D imaging of bulk plasticity [45], are becoming more and more 
efficient, automated and accessible [46].

As a result of the maturity now reached by these different tools, the 
last few years have seen the emergence of multimodal studies combin-
ing two or more of these [47] for the investigation of polycrystalline 
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materials mechanics. Very challenging, this approach culminates in the 
construction of large scale 3D multimodal datasets where microstruc-
tural and deformation measurements are well spatially aligned [48]. 
Such studies have notably focused on highlighting the complex defor-
mation mechanics at triple junctions in polycrystals [49], the differences 
observed in slip transmission between surface and bulk grains [50], or 
the link between slip localization and intragranular orientation devia-
tion statistics [51].

In parallel, advances in parallel computing, HPC facilities and digi-
tal 3D representation of both synthetic or real microstructures [52–55], 
supported the emergence of full-fields numerical models, based on the 
finite element method (FEM) [56–58] or on FFT-based solvers [59–62], 
for non-linear microstructure mechanics. Convergence of 3D computa-
tional models and characterizations opens up numerous perspectives, 
such as to study the influence of intrinsically three-dimensional mi-
crostructural features on the micromechanics of polycrystalline mate-
rials [63], or the possibility to identify micromechanical models for 
damage or plasticity by quantitatively comparing local predictions at 
microscopic scale to in-situ measurements [64,65]. Compared to clas-
sical identification methods based on macroscopic stress strain curves, 
this route should bring models closer to the micro scale physics of ma-
terials, by fully accounting for the evolution, geometrical complexity 
and microstructure dependence of these strongly non-linear phenomena 
[66,67]. On the other hand, simulation relying on trusted models can be 
used to enrich 4D experiments, by predicting quantities that cannot be 
measured [68–70], such as local heterogeneity of stresses and/or plas-
ticity fields. It has been shown recently that these augmented datasets 
are well suited candidates to train machine learning algorithm to pre-
dict microstructure property relationship for complex processes such as 
fatigue short crack propagation [71]. Together with model order reduc-
tion approaches [72,73], they will extract value from these datasets to 
provide fast mechanical prediction tools enabling scientists to perform 
simulation driven 4D experiments, and accelerate the development of 
new materials.

As pointed out by a recent review [74], the aforementioned advances 
foster therefore the development of a multimodal approach of mechan-
ical testing, combining for each sample the benefits of various charac-
terization techniques and computational models. As constant increase 
of HPC power available and the arrival of 4th generation synchrotron 
sources will both contribute to significantly reduce simulation and test-
ing time, data management appears to be one major obstacle towards 
the realization of this new paradigm. Indeed, it involves the gathering 
of very large amounts of data coming from many instruments, soft-
wares, data formats, organized through long processing pipelines, whose 
technical complexity can become intractable. In addition, the expecta-
tions towards the use of machine learning algorithms in mechanics of 
material [75] is a further incentive to be able to assemble and automat-
ically process large databases of such multimodal datasets. Therefore, 
the construction of unified data management infrastructures and stan-
dards enabling data interoperability, i.e. data platforms, is becoming a 
necessity.

Following recent efforts to build such tools for 3D microstructure 
characterization [53,76], this work proposes some guidelines to build a 
data platform able to relieve the technical burden specifically associated 
to multimodal and 4D methodologies to study material microstructures 
and their mechanical features. After a review of the technical challenges 
involved and of state-of-the-art data management tools among various 
scientific communities, a practical implementation of these guidelines, 
the open source Python package Pymicro, is introduced. Finally, an ap-
plication to the multimodal study of the plasticity of a commercially 
pure titanium sample at grain scale, involving 3D microstructure char-
acterization with synchrotron diffraction contrast tomography (DCT) 
of thousands of grains, SEM in-situ mechanical testing including EBSD 
scans, and intensive FFT-based crystal plasticity simulations. In par-
2

ticular, a detailed per grain comparison of the prediction of a crystal 
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plasticity model from the literature and the measured lattice curvature 
is presented.

2. Data management strategies for multimodal material science

Management of large and multimodal data has been an issue for sev-
eral decades now for some research communities, which have managed 
to build global data platforms that have significantly impacted their 
work. A short review of the key components of their success is provided 
here. An exhaustive review of platforms developed among all commu-
nities would go beyond the scope of the present paper. Rather, the focus 
is put here on a few mature platforms, widely used by their community. 
Specifically, it will be centered on astronomy and earth sciences, as they 
have long relied on multimodal imaging and large high-throughput in-
struments.

Astronomers have founded the International Virtual Observatory Al-
liance1 (IVOA) to promote international use and interoperability of 
the colossal amount of observations delivered by an increasingly dense 
worldwide network of ground and space-based telescopes, operating at 
different resolutions and bandwidths. The concept of a virtual obser-
vatory (VO) embodies the vision that astronomical datasets must work 
together following the model of the World Wide Web: a single trans-
parent system allowing astronomers to browse through all astronomical 
data. Hence, IVOA members work towards the development of stan-
dards allowing researchers to developed VO compatible tools instead 
of the unrealistic design of a monolithic tool fulfilling the needs of all 
users.

Their practical implementation has resulted in powerful and widely 
used astronomical data platforms, such as the ALADIN interactive sky at-
las [77], providing online access to digitized images of the sky at various 
wavelengths, or the SIMBAD database [78] gathering physical features 
(object classification, coordinate, motion...) and observational data of 
millions of objects outside of the solar system, for decades of observa-
tions. Both are interoperable, which allows to use them to automatically 
query properties of objects in the database from images observed in 
the atlas, or the opposite, and send them to any VO compliant tool for 
processing. Another highly multimodal VO example is the Heliophysics 
Integrated Observatory2 (HELIO) platform, is a European scientific in-
frastructure designed to support the needs of the Heliophysics com-
munity, overseeing data from more than 200 instruments (telescopes, 
probes...) observing the Sun. It provides a solar feature database gener-
ated by automated image processing codes from observations, that can 
be queried to find all data attached to a specific feature type for a specific 
time sequence and region of the Sun, and retrieved it in a VO compliant 
universal format. Similar organizations and platforms have emerged in 
the field of earth sciences, such as the Earth Observing System3 or the 
Data TERRA4 (EOS) initiative, that both coordinate the use of space, 
ground, and air-borne instruments to collect and integrate information 
about the Earth’s land, atmosphere, oceans, and biosphere.

All these tools enable scientists to obtain and process relevant mul-
timodal data on their objects of study from most advanced observation 
instruments, without technical obstacles. Among others, their function-
alities include image, catalogue and spectra visualizations, statistical 
analysis, database queries. It is worth noting that these platforms op-
erate at large scale, absorbing incoming data flows of several terabytes 
per day. In the following, the central elements of their success will be 
analyzed.

1 https://ivoa .net/.
2 https://www .helio -vo .eu/.
3 https://eospso .nasa .gov /content /nasas -earth -observing -system -project -

science -office.

4 https://www .data -terra .org/.
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2.1. Data standards

The first aspect common to the work of all these organizations has 
been the agreement on universal data standards. These have in common, 
notably, the definition of file formats (reviewed below), of specifications 
for table shaped data and lists of required metadata to describe data 
type and sources. They supervise in particular the possible content of 
datasets, as a collection of data item or data fields, defined at least by 
one name, a type and shape of data.5

A crucial part of their work for data and softwares interoperabil-
ity point lies in specifications for representing spatially organized data, 
especially the arrays shape and ordering conventions. On this matter, 
important examples are the EOS specifications6 to associate geoloca-
tion to scientific data, to organize and query data by earth coordinates 
and time, or the oceanographic measure format types specified by the 
SeaDataNet organization.7

Having well defined, agreed and documented standards has permit-
ted the development of compatible and integrated softwares, dramat-
ically simplifying all aspects of data access and processing for these 
communities.8

2.2. Scalable and hierarchical storage

In addition to data shape and format standards, these organizations 
have also settled on associated file formats. They all rely on file for-
mats that are extensible, i.e. with no maximum size for the dataset, 
flexible and hierarchical. These two last features means that the for-
mat allows to gather multiple data items of virtually any type, size and 
dimensionality, and create links to organize them, building an internal 
file hierarchy similar to a file system, that closely corresponds to the 
application requirements. Together, these features allow to practically 
implement the data models defined in the data standards discussed in 
the previous paragraph. Two solutions stand out: raw data files encap-
sulated by a descriptive file (such as an XML file), or self-descriptive 
files.

The VOTable file format is an example for the first solution, that as-
sociates a FITS9 binary file to an XML file describing its content. The 
second solution main examples are the popular NetCDF10 and HDF511

formats. Both are open, portable, scalable and hierarchical binary files 
formats that allow in addition to include and manage metadata within 
the file itself. They have been developed together with open-source li-
braries providing simple and efficient interfaces for all major operating 
systems and programming languages, which helped their wide diffusion 
among scientists and industrials. In this way, NetCDF is one of the format 
agreed on by the SetDataNet organization, and have implemented their 
standard using the HDF5 format, creating the HDF-EOS12 file format 
to support their data platforms. In addition, the HDF5 library supports 
many high-performance compression algorithms, which has proven to 
be a key asset to reduce the burden of the constantly increasing size of 
scientific datasets [46].

2.3. Computational integration and interfaces

To achieve a high level of computational integration between their 
data management services and expert tools, the aforementioned orga-

5 see for instance the VOTable format definition https://www .ivoa .net /
documents /VOTable /20191021 /index .html.

6 https://wiki .earthdata .nasa .gov /display /DAS /HDF -EOS +FAQ.
7 https://archimer .ifremer .fr /doc /00454 /56547 /67033 .pdf.
8 see for instance the list of VO compatible toolshttps://ivoa .net /astronomers /

applications .html.
9 universal imaging data binary file format in astronomy.

10 https://www .unidata .ucar .edu /software /netcdf/.
11 https://www .hdfgroup .org /solutions /hdf5/.
3

12 https://www .hdfeos .org/.
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nization have followed a simple principle: building the data platform is 
about developing efficient interfaces between these tools. As a result, 
the platforms are designed with a service oriented architecture: each tool 
or service is developed as an independent software that however needs 
to comply with the data standards supporting the platforms, in order 
to facilitate communication between them. For this purpose, the IVOA 
has defined standardized protocols,13 similar to web HTTP protocols, to 
exchange data between applications that follow their standards.

This architecture allows to build a platform whose services are not 
all geographically located at the same place. This allows, on the one 
hand, to distribute easily development and maintenance across the dif-
ferent organization stakeholders, and on the other hand, to increase the 
platform resilience. Indeed, if a service is unavailable at one location, 
it is very likely that its other instances can ensure the continuity of ser-
vices. Moreover, this architecture ensures that the platform can be easily 
extended, as the implementation of a new service required only to com-
ply with data standards and exchange protocols. The already mentioned 
HELIO and the bio-imaging BISQUE [79] data platforms are two large 
scale working examples of such architectures. They offer a complexity 
reduced to a minimum for users, to remotely access and chain numer-
ical services thanks to GUI services of workflow managers. One last 
important element for tools integration that should be stressed is that 
these platforms are generally supplied with high-level Python APIs,14

providing a simple access to the platforms services, and facilitating the 
development and integration of new tools for the platform.

2.4. State of the art for mechanics of materials

Some similar material science related initiatives have emerged in 
the past decade, such as the Integrated Computational Materials En-
gineering (ICME) [80] or the Material Genome Initiative15 [81], that 
bolstered the development of several efficient platforms. Platforms such 
as AFLOW [82–84], the Material Project [85] or OPTIMaDe [86] pro-
vide tools and databases to link material compounds with their various 
physical properties. As they are based on established data standards, 
supported by Python APIs and integrated web platforms, they have be-
come large scale infrastructures that gather millions of materials data.

In the field of microstructure mechanics, the structure of data itself is 
more involved because of the geometrical complexity of microstructure 
related data. The large body of work based on electron microscopy has 
led to the emergence of softwares for two-dimensional crystallographic 
data management, such as the MTEX Matlab toolbox, that fostered the 
development of interfaces between EBSD scans and various processing 
tools (visualization, meshing...)16 More recently, Python libraries such 
as orix17 also appeared to handle orientation data [87]. Initiatives 
such as the Nexus [88] format or the DREAM.3D environment [53] have 
developed data models and associated file formats to store and manipu-
late three dimensional microstructure descriptions. Notably, the format 
rely on the HDF5 file format. The DREAM.3D initiative has proposed to 
describe microstructures geometries through grids, through 3 levels of 
refinement: grid points, microstructure features (such as grains in poly-
crystals) and ensembles (such a phase in a multiphase materials). Its 
integrated and modular software environment has enable DREAM.3D 
to integrate several tools ranging from microstructure reconstruction, 
statistics, generation and meshing services, and to be integrated as a 
module within the web image processing platform BISQUE [89]. Re-
cently, these efforts succeeded to link microstructure description tools 

13 see for instance the Table Access Protocol https://www .ivoa .net /
documents /TAP /20190927 /index .html.
14 see for instance the HELIO platform Python API Sunpy https://sunpy .org/.
15 https://www .mgi .gov.
16 MTEX: https://mtex -toolbox .github .io/, MTEX based apps: https://mtex -
toolbox .github .io /addons; see also Kanapy https://github .com /ICAMS /Kanapy
or pyEBSD https://github .com /arthursn /pyebsd.

17 https://github .com /pyxem /orix/.
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https://github.com/ICAMS/Kanapy
https://github.com/arthursn/pyebsd
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Table 1

Pymicro Data Structures. Image, Mesh groups and Array (in bold face) are data structures dedicated to the representation 
of spatially organized data. All the rows contained between to solid lines belong to the same data group.

Pymicro Object HDF5 Type Description and Content Metadata

Group Group standard group to organize data Description text

Image Group group to store image-based data Description text
2D or 3D regular grid Dimensions
Contains field arrays Origin coordinates

Grid spacing

Mesh Group group to store mesh-based data Description text
Nodes coordinates array Dimensions
Elements connectivity array Elements type list
Contains field arrays Elements sets list

Array Array standard N-dimensional array Description text

Field Array Field values Array Description text
Nodal/Cell values Type
Scalar, Vector, Tensor Dimensionality

Time
Parent Grid

Structured Table Compound Datatype Heterogeneous arrays: collection of sequences of named fields Description text
Fields names/types
to mechanical analysis, as illustrated by the recent PRISMS platform for 
microstructure-sensitive crystal plasticity [90] and fatigue [91] finite el-
ement analysis, whose microstructure data generation is supported by 
DREAM.3D or by the Neper software [52]. It is worth noting that Neper 
was recently more tightly linked with the FEPX software, dedicated to 
parallel finite-element crystal-plasticity simulation [92].

Yet, a more general approach designed to support multimodal work-
flows linking several imaging techniques at various dimensions and 
resolutions, fields measurements, microstructure statistics and numeri-
cal simulations, for several mechanical states of the same sample, is still 
lacking. As shown by this review, going down this path will necessarily 
go through the development and specification of data standards able to 
coordinate all these tools and softwares through simple and efficient in-
terfaces. The rest of the present paper, is dedicated to the presentation 
of a data format, software package and multimodal study that aim to be 
a step towards this direction.

3. The Pymicro multimodal data management package

The Pymicro package is a Python library designed to work with ma-
terial microstructures data, with a particular focus on polycrystalline 
materials. Pymicro’s data module is structured around a file format and 
a generic data model, that are able to handle multimodal microstructure 
datasets, and are sufficiently flexible to be used to define and implement 
data standards. The package implements a high-level interface to cre-
ate, access and manipulate datasets complying with this format, with 
a strongly reduced technical complexity for users. This interface also 
allows to quickly build interfaces with external numerical tools to sim-
plify and automate data generation and processing. As such, it can be 
viewed as a data management service prototype that could support a 
multimodal 4D mechanics data platform. It is an open-source package, 
available and documented online.18

3.1. File format

Inline with the strategic choices reviewed above, Pymicro’s data 
module is based on the HDF5 file format, an open, hierarchical and 
scalable format. In addition, companion XDMF description file (a XML 
based standard format for HPC applications19) may be generated for 
compatibility with the widely used 3D data visualization open-source 

18 Github page: https://github .com /heprom /pymicro. Documentation: http://
pymicro .readthedocs .io/.
4

19 https://www .xdmf .org /index .php /Main _Page .
software Paraview. On the other hand, efficient solutions exist nowa-
days to browse and visualize the content of very large HDF5 files, such 
as the Vitables20 or Silx-view21 softwares. Finally, the HDF5 library pro-
vides powerful compression algorithms, that are an essential asset for 
the management and storage of massive data.22

3.2. Data model

3.2.1. Data structures

As with the HDF-EOS format, Pymicro implements a data model 
that is a specification of the HDF5 data model, designed to map data 
structures with the various types of data used to characterize material 
samples. It is built from basic objects of the HDF5 format (groups, arrays, 
attributes), enriched by a specific set of metadata. The specification of 
the provided structures is indicated in Table 1. Each item in the dataset 
may be enriched with an arbitrary set of key/value pair metadata, us-
ing HDF5 attributes. In particular, the data model includes a description 
text metadata for each data item.

Spatially organized data, i.e. two or three dimensional field mea-
surements, are key for modern material datasets sets. They are sets of 
values known at specific locations of a grid of points/cells. In line with 
the XDMF data model (adopted by the DREAM.3D software [53]), such 
data is represented by associating arrays describing the grid topology 
and the values of the field. The ordering of the latter are used to map 
field values to the appropriate grid point/cell. Two types of grids are 
distinguished: regular grids (images) and unstructured grids (meshes); 
As a grid is a container for fields, specifications of HDF5 Groups have 
been implemented to represent images and meshes. The metadata at-
tached to these groups specify the topology and spatial location of the 
grid, and list the stored fields. Similarly, two types of fields are con-
sidered: nodal value and cell value fields. A specification of HDF5 data 
array is implemented to represent them, that has metadata specifying 
the nature of the field and its parent grid. The Image Groups and Mesh 
Group in Fig. 1 show a graphic illustration of such data structures.

Structured tables are another fundamental data structure. They are 
arrays with heterogeneous column types, i.e. a collection of records of 
values (rows) for a set of named fields (columns).23 These are typically 

20 https://vitables .org/.
21 https://www .silx .org /doc /silx /latest/.
22 Pymicro relies on the Pytables interface with HDF5 library and its compres-
sion algorithms http://www .pytables .org/.
23 See Numpy structured arrays https://numpy .org /doc /stable /user /basics .

rec .html.

https://github.com/heprom/pymicro
http://pymicro.readthedocs.io/
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https://www.silx.org/doc/silx/latest/
http://www.pytables.org/
https://numpy.org/doc/stable/user/basics.rec.html
https://numpy.org/doc/stable/user/basics.rec.html
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Fig. 1. Schematic representation the Pymicro dataset for the pure 𝛼-phase grade 2 titanium sample presented in section 4. The dataset conforms to the data model 
introduced in 2. Groups are represented by grey boxes. Groups marked with the grid icons have their data geometrically aligned with the sample frame. Regions in 
purple surfaces are geometrically aligned and correspond to the sample surface area highlighted in purple. Grains are identified by a grain identification number, 
mapped by “grain map” fields, and have been matched between the EBSD and DCT maps. This number is used in the grain data table to indicate which grain each 
row of data refers to, and in the mesh to identify the elements sets associated with each grain, for the sake of brevity, groups containing data relative to the 𝛼-phase 
properties is not represented.
used in Pymicro to describe the properties of a set of similar microstruc-
ture objects, such as crystallographic grains but it could also be used 
to describe other features such as defects in a material sample for in-
stance. They can be represented by arrays using the HDF5 compound 
data types. Pymicro leverages the implementation of this mechanisms 
in the Pytables package, to offer a flexible interface with structured ta-
bles in datasets. The Grain Data group content in Fig. 1 show a graphic 
illustration of a structured table.

Finally, 4D experiments involve the description of the temporal evo-
lution of a physical phenomenon. Standard arrays or structured tables 
can easily be leveraged to store time series of uni-dimensional, as illus-
trated by the Tensile Data group in Fig. 1. Conversely, time series of 
data maps are delicate to handle. Indeed, the physical grid used in the 
measurements or simulations may evolve in time. For instance, during 
a tensile test monitored by DIC, the material points move and change 
position in the pixel grid of captured images. These data can align on 
the same grid, using various registration processes. This is also readily 
the case for output fields of a simulation. In that case, the data model 
allows to input several values of a same field associated to several time 
values, within the same grid. They are then automatically stored as dif-
ferent arrays with a time value metadata, that can be used to identify, 
process or retrieve them. Pymicro also ensures their time encoding in 
XDMF format, which can be used to visualize the evolution of fields in 
animation with compatible software, such as Paraview. If the grids asso-
ciated to each time are not aligned, then they may be stored, along with 
the data fields, in separate data groups. In both cases, data are tagged 
with a time description metadata.

3.2.2. Polycrystalline microstructure data model

An application-specific data model can be built by specifying an ar-
5

chitecture composed with the data structures detailed in 3.2.1. Pymicro 
provides the means to implement such a data model in the form of a 
Python class derived from the generic dataset management. To imple-
ment it, the main task for users is to define the data model through sim-
ple Python dictionaries. Then, it can be leveraged to easily implement 
an application-specific high-level interface between users and datasets. 
Pymicro ensures that datasets handled by this new class conform to the 
prescribed data model, but does not restrict the possibility of enriching 
datasets with supplementary data.

This feature has been implemented for polycrystalline microstruc-
tures. As discussed in the introduction, image-based techniques are 
central for the characterization of these materials. Moreover, the over-
whelming majority of works focus on grains as the elementary microme-
chanical entity to describe their behavior on a mesoscopic scale. Making 
the most of multimodal datasets thus implies being able to correlate dif-
ferent measurements/simulations at precise locations, or within precise 
grains of the microstructure. For this, the data must be aligned on the 
same image, and the grain/phase representation must be consistent with 
it.

The data model has been designed accordingly. Its main item is a 
reference image used to describe the microstructure and store all fields 
that have been geometrically aligned. This image contains three maps 
to describe the microstructure: a mask indicating regions with non rele-
vant data, a map of phases, a map of grains. Two distinct phases differ in 
crystallographic structure and/or composition, while grains differ only 
from crystallographic orientation. These maps associate a unique identi-
fication number to each region corresponding to a distinct grain/phase. 
The grain map is then associated to a structured table to store per-grain 
data. The synchronization between the maps and the table is ensured 
by the class using the identification number. The data model includes 
additional items to store mesh-based data, and the description of the 

material phases. The data model is detailed on Table 2. It has been ex-
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Table 2

Data Model implemented in Pymicro for polycrystalline microstructures. The type of data structure associated to each item is indicated in italics 
between brackets. The metadata associated to each data structure is indicated in Table 1 and is not reproduced here.

Polycrystalline Microstructure Dataset

|− CellData Reference microstructure image (Image Group - 2D or 3D)

|− GrainMap Map of grains identification numbers (Field - integers)

|− PhaseMap Map of phase identification numbers (Field - integers)

|− Mask Map of relevant data in image (Field)

|− ⋯ Any additional field geometrically aligned with the microstructure description (Field - binary): orientation map, DIC 
measurement, spectral solver simulation result...

|− LengthUnit unit of length of data, usually μm (Metadata)

|− MeshData Microstructure mesh (Mesh Group - 2D or 3D)

|− GrainIds Element-wise field indicating correspondence between grains and elements (Field - integers)

|− ⋯ Any additional node or element-wise field defined on the microstructure mesh (Field): finite element simulation results, 
FEM based DIC...

|− GrainData Description of microstructure grain properties (Group)

|− GrainDataTable Grains feature table (Structured Table)

- grains Id number, center, volume, bounding box, crystal orientation

- any additional per grain data (mean stress/strain tensor, reference orientation deviation, sphericity...)

|− PhaseData Description of microstructure phases (Group)

|− Phase_1 Phase 1 description data (Group)

|− ElasticConstants Elastic moduli of the crystalline phase (Metadata)

|− StressUnit unit of stress for elastic moduli, usually MPa (Metadata)

|− LatticeSymmetry Symmetry of the crystalline phase (Metadata)

|− LatticeParameters Crystal lattice parameters of the phase (Metadata)

|− LatticeLengthUnit unit of length for lattice parameters, usually nm (Metadata)

|− Formula Chemical Formula (Metadata)

|− ⋯ ⋯

|− Phase_𝑖 Phase 𝑖 description data (Group)

|− ⋯ ⋯

|− ⋯ Additional Images, Meshes, data Groups... (Group)

|− ⋯ additional arrays, fields, metadata, structured tables...
plicitly adopted within Pymicro, and generalized to the storage of all 
types of data according to this hierarchy. Note that this is a minimal, 
non-rigid data model: as much additional data as desired may be stored 
and manage by the interface.

Fig. 1 provides a complete example of a dataset assembled with 
Pymicro and conforming to the aforementioned data model. The data 
comes from various characterization and simulation techniques, de-
tailed in section 4. The dataset microstructure reference image is the 
3D Image Group. Using the Pymicro interface, an additional two di-
mensional image has been geometrically aligned with a specific surface 
of the volume. The grain data table, in the Grain Data group, is used 
to store the average value for each grain of some fields, such as crys-
tal orientation, topology, phase, stress state, …), using a separate line 
for each grain. The dataset also contains a mesh with element sets that 
are associated to each grain, via the same grain identification number; 
and a standard Group, Tensile Data, to store the time series of stress/s-
train measurements of a tensile test. Each metadata node may contain 
an arbitrary number of user defined supplementary Attributes.

3.3. Interface

The Pymicro data management module provides a Python API to 
interact with datasets. It offers methods to cover all generic data man-
agement tasks: create, remove, modify and organize datasets, data items 
of all types and metadata, access and visualize dataset content and data 
item values, but also manage individually compression settings of each 
data item. Each method implements an independent data management 
task, with an explicit name and simple interface. Hence, they can be 
seen as modular elements that can be assembled to create a processing 
6

pipeline.
The base layer of the package is the SampleData class, that imple-
ments the core dataset management functionalities and the base data 
structures. It also provides a generic interface to create and assemble 
datasets

This class is design to be used to derive classes with an application 
specific data model, simply declared via Python dictionaries indicat-
ing the data model architecture and data structure types. In this way, 
the data model presented in Table 2 has been implemented via the Mi-

crostructure class. It is designed to be a high-level interface for end users 
that collect and process the data for scientific purposes. It ensures that 
created dataset automatically conform to the microstructure data model, 
and provides visualization, management and processing tools that are 
optimized for the data structure and the needs of polycrystal mechanics. 
The capabilities of this interface is highlighted in section 4 and can be 
appreciated from the online resources [93–95] that have been used to 
produce the results of section 4.5. This allows simultaneously to show-
case the capabilities and to reproduce the results obtained via EBSD, 
DCT characterization and CP-FFT analysis.

These examples illustrate how Pymicro lets a end-user interact with 
datasets. For the sake of brevity, the interface will not be detailed further 
in the present paper. A detailed description is available on the package 
documentation website.

3.4. Integration with external tools

The interface simplicity has been leveraged to extend the API to au-
tomate interaction with several numerical tools. These modules handle 
the technical aspects of data exchange and formatting, and may also run 

the external tool as a master application, enabling automated interac-
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tion with datasets from the Pymicro interface. They include interfaces 
with:

• the finite element analysis suite Zset [96];
• the FFT based homogenization solver AMITEX_FFTP24;
• the output format of the microstructure data management and gen-

eration softwares DREAM.3D [53] and Neper [97];
• the output formats of the EBSD microstructure generated by EDAX 

and Oxford instruments;
• the output format of the DCT reconstruction Matlab based program 

developed at ID1125;
• the output format of GrainMapper software commercialized by 

XNovoTechnology26 for laboratory based DCT reconstructions 
[98];

• an multi-phase image meshing software [99].

Users can then implement complex data processing workflow involving 
all of these tools, directly from the Pymicro dataset interface, without 
requiring expert knowledge of the all the data formatting requirements 
involved. A practical example is provided in the next section.

4. Application: multimodal investigation of the mechanical 
behavior of a polycrystalline material

The Pymicro package played a important role in facilitating a com-
prehensive investigation into the micro plasticity involving several 
imaging modalities of a commercially pure 𝛼-phase grade 2 titanium 
(CP-Ti family) specimen. This study aimed to achieve three critical 
goals: first, the acquisition of a 3D representation of the microstructure; 
second, the conduction of in situ measurements capturing grain-scale 
plasticity dynamics during a controlled tensile test; and third, a rigorous 
comparison of these experimental observations against the predictions 
derived from a microstructure-sensitive crystal plasticity simulation. 
This simulation was conducted on a digital twin of the titanium sam-
ple, aiming to assess the predictive accuracy of the model at the local 
scale.

4.1. Samples preparation

The studied material was a TIMET cold-rolled sheet, measuring 1.6 
mm in thickness with an homogeneous microstructure characterized by 
equiaxed grains with an average size of 15 μm. Preliminary electron 
backscatter diffraction (EBSD) characterization revealed the presence 
of a pronounced texture that is characteristic of hexagonal close-packed 
(HCP) rolled sheets, as described in [100]. To reduce the number of 
grains in the cross section and comply with DCT requirements, a heat 
treatment was employed to foster grain growth, resulting in an average 
grain size of 37 μm. This thermal cycle spanned 24 hours, maintain-
ing a temperature plateau of 855 °C, just below the 𝛽-transus point, and 
utilizing a continuous flow of argon at a rate of 10 L/min. The treated 
sample was subsequently quenched using air cooling. Specimens with 
a dog-bone geometry and a 600 μm wide square gauge section (see 
Fig. 1) were machined along the rolling direction (RD) using electron 
discharge machining (EDM). To eliminate any surface irregularities and 
any residual stresses introduced during the machining process, all four 
faces within the central region underwent pre-polishing using 1,200-
grit silicon carbide paper. This step helps to achieve optimal diffraction 
performance for DCT acquisition even close to the specimen surface. 
In addition, one face was further polished with 2,400 and 4,000 grit 
sandpaper followed by a 30 h mechano-chemical polishing using a 50% 

24 http://www .maisondelasimulation .fr /projects /amitex /general /_build /
html /index .html.
25 https://gitlab .esrf .fr /graintracking /dct.
7

26 https://xnovotech .com/.
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water with 50% 60 nm colloidal EPOSIL M silica solution. To enable 
precise tracking of strain load during subsequent tensile testing, fidu-
cial micro-indents were strategically placed at the center of this face, 
delineating a well-defined domain of interest. At this point, a reference 
EBSD scan was conducted to capture the initial microstructure of the 
sample’s surface prior any deformation.

The authors would like to emphasize that despite a rigorous prepa-
ration and a mirror finish with EBSD quality, the surface polishing 
turned out not totally optimal. One can notice the presence of a par-
asitic speckle – observed as dark regions in the middle of the grains 
– depicted in the EBSD Index Quality (IQ) map shown in Fig. 3.b.ii. 
With such a small specimen geometry, and despite several attempts and 
techniques tried (electropolishing, mechanical polishing, ion-beam pol-
ishing), this could not be avoided. Such difficulties were not experienced 
on larger surfaces. As detailed later in section 4.5.2, this pattern pre-
vents diffraction locally and disturbs the orientation field in its vicinity. 
Insight from atomic force microscopy (AFM) has provided indications 
that these speckles correspond to nanometric-sized recesses, penetrating 
to a depth of approximately 15 nm. Subsequently, to avoid accounting 
for these regions, the EBSD data was processed with a stringent segmen-
tation in Pymicro (no cleaning, minimum tolerance angle set to 0.7° and 
150 pixels minimum grain size) to exclude the parasitic zones and pro-
cess only reliable data points. A clean grain map was further achieved 
via dilation but only for visualization purpose.

As a last note on the initial microstructure observation, the pres-
ence of a non diffracting micron-sized lamellar precipitates at grain 
boundaries was detected by secondary imaging (SE) SEM observations, 
mostly at triple junctions. This precipitation originates from the heat 
treatment which allowed diffusion of Fe, followed by a precipitation 
during quench. These regions are the only non diffracting regions in the 
EBSD. Away from triple junctions, the signal diffracts well (apart from 
the aforementioned parasitic speckle issue), even at grain boundaries.

4.2. Experimental procedures

4.2.1. Reference diffraction contrast tomography scan

First, a reference Diffraction Contrast Tomography (DCT) scan was 
performed prior to the EBSD in situ test. This allowed to capture the 
underlying 3D crystallography map of the real microstructure. The syn-
chrotron DCT technique, developed at the ESRF [101] is a monochro-
matic near-field variant of 3D X-ray diffraction (3DXRD) [102] using a 
box beam illumination and collecting images spanning a full 360° rota-
tion in order to reconstruct the polycrystalline microstructure morphol-
ogy with the crystallographic orientation in each grain. As such it can 
be considered as a 3D non destructive EBSD. The sample was scanned at 
the ESRF ID11 beamline after the EBS upgrade. The beam energy was set 
to 43.5 keV. The detector used was an ANDOR Marana sCMOS camera 
with a 2,048×2,048 pixels array, resolution set at 1.22 μm and posi-
tioned 6.5 mm downstream from the sample. The illuminated region of 
the specimen spanned a height of 407 μm and the scanning process took 
3 minutes.

4.2.2. EBSD interrupted in situ experiment

Some of the prepared samples were used for preliminary laboratory 
tensile tests under optical microscopy, yielding macroscopic stress-strain 
curves (see Fig. 2.d). For the in situ experiments, the FEI Nova NanoSEM 
450 at the Centre des Matériaux, coupled with a Newtec MT1000 test-
rig and EDAX OIM Hikari EBSD camera, was utilized. After tilting the 
cradle to 70°, a 1.5-hour, undeformed EBSD map (730 μm × 410 μm) 
was acquired at ×130 magnification, with a voltage of 20 kV, a current 
spot of 5 nA, a step size of 1 μm, a camera binning of 2, all resulting 
in an approximate angular resolution of 0.5°. Sequential EBSD scans 
at 0.6%, 0.9%, and 1.6% deformation were executed under consistent 
conditions after repositioning the sample to cover the same area. All 
scans were conducted partially unloaded to prevent potential relaxation 

and cold creep effects. Eventually, a post-mortem characterization of 

http://www.maisondelasimulation.fr/projects/amitex/general/_build/html/index.html
http://www.maisondelasimulation.fr/projects/amitex/general/_build/html/index.html
https://gitlab.esrf.fr/graintracking/dct
https://xnovotech.com/
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Fig. 2. In situ multimodal acquired data: a) Digital twin obtained from the DCT scan at ESRF ID11 after EBS upgrade with IPF-Z coloring with data written in the 
DCT reference frame (𝑋𝐷, 𝑌𝐷, 𝑍𝐷). The white frame around the highlighted grain denoted 5 corresponds to the region of interest (ROI) studied later in section 4.5.3, 
b.i) In situ EBSD test rig with specific grips for DCT geometry specimens, b.ii) Final load step EBSD scan written in the same reference frame than the DCT data. 
The black frame on a. and b.ii highlights the common surface between the DCT and the EBSD data. c) FFT simulation setup with boundary condition: 1 denotes 
the material zone associated to the actual CP-Ti microstructure (except the precipitates), 2 denotes the grips, 3 represents void voxels around free surface, d) 
Stress-strain macroscopic load curve along z-axis. The large dots highlight where the different experimental characterizations were carried out.
the surface by optical microscopy with a LEICA DMI 5000, allowed to 
capture out of plane plastic slip activity in the form of slip bands. The 
different acquisition data points are highlighted in Fig. 2.d.

4.3. Digital twin reconstruction and dataset instantiation

A 3D digital twin of the DCT scan was reconstructed using the 
ESRF program developed by the team at the Materials Science beamline 
ID1127 [101,103,104]. With the 3D-DCT approach tailored for non-
deformed microstructures, a raw volume containing 4,000 grains, each 
with a single orientation, was generated. A first cleaning step (mainly 
to merge grains that were reconstructed twice) was performed using 
an assistant within the DCT program. A few missing grains, 13 in this 
case, located on the lateral faces were also added manually with ran-
dom orientations. Pymicro provided additional numerical cleaning and 
grain dilation functions to obtain a refined grain map suitable for sim-
ulation. Complementary PCT measurement can be performed, first to 
provide a high resolution mask for the reconstruction of the DCT vol-
ume, second to capture the presence of the lamellar beta phase. Indeed, 
if the sample-to-detector distance is sufficient (150 mm here) this phase 
becomes visible and can be reconstructed. In the scope of this paper, 
the focus was drawn to reconstructing a large (several thousand grains 
strong) polycrystalline microstructure and the beta phase was not inves-
tigated (the PCT scan was performed at a 30 mm distance).

The Pymicro microstructure dataset was instantiated from this re-
construction. Identifying common areas among modalities was achieved 
by taking advantage of the fiducial indents and IPF color coding of 
orientation maps. Ensuring a shared reference frame between EBSD 
and DCT modalities greatly facilitated direct comparison. Integration of 
all modalities into the Pymicro dataset was executed seamlessly using 
platform-provided commands. Note that here, comparisons are carried 
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27 https://gitlab .esrf .fr /graintracking /dct.
out at the grain level (e.g. grain orientations, slip system activation, mis-
orientation level, etc). Since each modality has its own reference frame, 
finding the same grains in the different modalities is not straightforward. 
By expressing orientation data in a common reference frame (both for 
orientation data and for the spatial representation of the data), a grain 
matching algorithm can be used. Here a simple algorithm based on the 
closest orientation was used to match grains between EBSD and DCT 
modalities. Additionally, Pymicro offer the possibility to register one 
data set with respect to a reference data set (this can be used for in-
stance to correct distortions in EBSD acquisitions). Using this method 
would allow to carry out comparison at the pixel/voxel level as demon-
strated in [105].

4.4. Numerical simulation

A numerical simulation was carried out on the 3D microstructure 
image reconstructed from the DCT experiment, using the FFT-based full 
field mechanical solver AMITEX_FFTP.28 For details on the numerical 
implementation, the reader is referred to previous work [106]. The sim-
ulation employed the finite strain viscoplastic crystal plasticity model 
developed by Marchenko et al. [107] for CP-Ti grade 2. It has been 
carried out on the Jean Zay CNRS supercomputer, using 1000 cores. 
In these conditions, the simulation took about 40 minutes to complete. 
This formulation encompasses basal, prismatic and type-I pyramidal slip 
systems and does not include strain aging effects. To account for the 
slightly lower concentration of oxygen compared to the batch studied 
by Markencho, Doquet and Barkia, the critical resolved shear stresses of 
the different families were lower down by 10%. Indeed, higher oxygen 
interstitial concentration increases the yield stress for CP-Ti as reported 
in [108]. The simulation was conducted with boundary conditions repli-
cating the in situ SEM test conditions (see Fig. 2.c). The simulation 
28 https://amitexfftp .github .io /AMITEX /index .html.

https://gitlab.esrf.fr/graintracking/dct
https://amitexfftp.github.io/AMITEX/index.html


A. Marano, C. Ribart and H. Proudhon

Fig. 3. Multimodal slip activity analysis over the full height of the digital twin 
on the EBSD face at final load: a) Post Mortem optical stitched map with slip 
bands visible at the free surface. Fiducial indents are highlighted as they can lo-
cally affect the plastic activity, b) EBSD data: (i) OIM map with IPF-Z coloring 
after numerical cleanup. The map is overlaid with prismatic slip plane traces 
with colors as per arbitrary convention from Table 3. The lines thickness is pro-
portional to the Schmid Factor for the corresponding slip system. The white 
frame reminds about the region of interest (ROI) studied later in section 4.5.3, 
(ii) OIM IQ map, c) FFT data: Pymicro map of the DCT digital twin restricted 
to the EBSD face. Similarly to b.i, the map is overlaid with prismatic slip plane 
traces. This time the lines thickness corresponds to average activity per grain 
for each prismatic system. Differences in IPF coloring between the OIM and the 
Pymicro maps are due to default display differences.

incorporated layers with null elastic coefficients surrounding the sam-
ple, to impose traction-free conditions on the sample’s lateral surfaces. 
Additionally, a stiff elastic layer buffer has been added along the ten-
sile direction, in order to mitigate the influence of the periodicity im-
posed by FFT-based solvers, on the grains cut by the surfaces normal to 
that direction. The simulation input data has been automatically gen-
erated with Pymicro from the 3D microstructure description stored in 
the dataset. The tensile test simulation matched the in situ deformation 
level, and provided the mechanical fields of the elastic strain and lattice 
rotation tensor, Cauchy stress and plastic slip variable per slip system. 
The simulation also outputs the per grain mean value of these fields. 
All the results are naturally aligned with the 3D microstructure and 
imported into the data set through Pymicro. Furthermore, automated 
meshing functions linking Pymicro’s interface with a multi-phase image 
9

mesher software developed at Centre des Matériaux [99] were used to 
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mesh both EBSD and DCT reconstructed microstructure. Although these 
meshes were not used for the present simulation, they are stored within 
the dataset so that other researchers can access and use them for further 
analysis.

4.5. Results

Fig. 2.d illustrate the good agreement between simulated and data 
from the in-situ tensile test, showing that the selected crystal plasticity 
model and parameters are sound. It should be noted that it is possible 
to reproduce a single macroscopic curve with different sets of param-
eters of the crystal plasticity model. Besides, an accurate macroscopic 
behavior does not guarantee that microscopic plasticity will be accu-
rately captured. Hence, the focus is put hereafter on a detailed compar-
ison at the grain scale between experimental and simulated data within 
the common region between EBSD and FFT simulation (black frame in 
Fig. 2.a and b.ii), for the final load step at 1.35% plastic strain. Note 
that the dataset comprehensively includes records of all experimental 
and simulation steps for reference.

4.5.1. Slip activity at surface

Out of the 195 segmented grains from the EBSD data at 1.35% post 
mortem plastic strain, 75 grains with visible active slip on the optical 
micrograph can be counted (each bullet in Fig. 3.a accounting for de-
tected slip). In addition slip transmission between grains with aligned 
systems seems to take place. Some of the transmission clusters have been 
highlighted with black lines connecting the grains involved (this will be 
analyzed more in detail for some grains of interest in section 4.5.3). It 
immediately appears that the observed plastic slip intensity varies signif-
icantly from a grain to another. Indeed, several parameters can influence 
the ability to see slip bands. First, the slip direction with respect to free 
surface has an influence in the first order as grains with slip directions 
parallel to the surface will have almost no dislocations emerging at the 
surface which will result in low intensity slip bands even for highly ac-
tive slip systems. In that regard, the crystallographic texture can play a 
major role and in the present case, this happens for the prismatic slip 
directions of all grains with c-axis close to the X-axis direction (grains 
colored in blue shades on the IPF-Z view, which represent 25% of the 
grains). Second, it is well known that the principal deformation mode 
in titanium is the first order prismatic slip [108,109], this considerably 
reduces the number of available slip systems and apparent slip activity.

This effect is illustrated in section 4.5.3. In addition pure metals are 
less prone to plastic localization compared to alloys with small shear-
able precipitates in the bulk of the grains [110,111]. The plastic activity 
tends to be more homogeneous within the grains where the slip activity 
is distributed between many different parallel slip planes which lowers 
in turn the intensity of individual slip bands. A solution to the slip band 
visibility could be the adoption of high-resolution digital image corre-
lation (HR-DIC) that are able to detect slip bands that form in-plane 
displacement jumps with a magnitude as low as 10 to 20 nm [112–114]. 
The observation of surface slip bands also showed that cross-slip appears 
to be very limited in our case. One explanation is that loading along the 
rolling direction is the least favorable direction for the apparition of sec-
ondary accommodation modes. Under these conditions [115] reported 
that primary prismatic slip can accommodate on its own most of the de-
formation without assistance of other mechanisms, mainly by pile-up of 
dislocations at grain boundaries. This appears to be the case for our ex-
periment suggesting that the contribution of cross-slip can be ignored 
for the present study.

Some standard features of EBSD commercial and non-commercial so-
lutions have been implemented to centralize data processing and adapt 
it to the multimodal data structure. Through these capabilities, a mul-
tilayered information can be displayed on a single slice of interest of 
the microstructure. Illustratively, Fig. 3.b.i depicts an EBSD map of the 
specimen face color-coded with IPF-Z representation, overlaid with pris-

matic plane traces arbitrarily defined according to Table 3. For practical 
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Table 3

Identification and color coding of prismatic 
slip systems.

System ID Prismatic system Color

1 (1010)[1210] blue

2 (1100)[1120] yellow

3 (0110)[2110] red

reasons the IPF map obtained from OIM was used. The line thickness 
directly corresponds to the Schmid factor, visually conveying the prob-
ability of slip activation (with thicker lines indicating higher likelihood). 
The FFT simulation provides slip activity prediction fields, and for ease 
of comparison with experimental and Schmid factor data, the average 
activity per grain for each prismatic system was calculated. These val-
ues were then correlated with the thickness of the corresponding plane 
traces (Fig. 3.c). Both maps were generated independently with the same 
tools in the data platform.

Experimental slip bands and the slip predicted both by the Schmid 
theory and the FFT show a perfect agreement. Green and cyan grains 
present the highest slip activity at the surface, while blue grains exhibit 
comparably limited activity. Note that for each grain, not only the direc-
tion of the highest slip activity predicted by the simulation corresponds 
to the observed slip bands, but the IDs of the systems also match. This 
can only be achieved if the orientation of the grains for the two modal-
ities are written in the same reference frame and in the fundamental 
zone. In the present situation all the data was written in the DCT refer-
ence frame (𝑋𝐷, 𝑌𝐷, 𝑍𝐷). In general, the slip systems of a given family 
are physically equivalent but the ID may not correspond as different 
modalities usually do not share a unique convention to chose the orien-
tation. Pymicro allows to work around this without effort by writing all 
the orientations in the same reference frame (the DCT in our case) and 
accounting for the lattice symmetry.

Overall this validates qualitatively the finite strain crystal plasticity 
model used for this study regarding prediction of the slip activity. Al-
though this was expected as the model relies on the resolved shear stress 
to activate plasticity, this first step is important to ensure the orienta-
tion data has been correctly handled from experimental measurements 
to the simulation setup. On the other hand the simulation expects the 
activation of other prismatic systems, more or less intense depending on 
grains, while no double-slip or cross slip is visible experimentally.

4.5.2. Orientation data

One other metric of interest is the study of the orientation fields. 
Under crystal finite strain formalism and within the small strain frame-
work, the lattice rotation field gives an estimate of the local dislocation 
density with the relation:

𝜶∼ ≈ −𝑐𝑢𝑟𝑙(𝑹∼
𝑒𝑇 ) (1)

here, 𝜶∼ is the dislocation density tensor first introduced by Nye in the 
scope of small perturbations [116], and 𝑹∼ 𝑒 is the elastic lattice rota-
tion tensor. Kröner established the link between the Nye tensor and 
the elastic distortions in the scope of finite strain based on the Lee-
Kröner decomposition [117]. Applying the polar decomposition to the 
elastic deformation gradient in the context of small perturbations leads 
to Eq. (1). Notice that more recently a modernized treatment has been 
proposed by Cermelli and Gurtin [118].

The grain reference orientation deviation (GrOD) can also be used 
to study orientation gradients within grains. It is computed as the mis-
orientation angle of a given pixel/voxel and the mean orientation of the 
corresponding grain (see appendix A for details on the mean orientation 
calculation). It is well adapted to moderately deformed microstructures 
and is used in the following to compare measured and simulated ori-
entations gradients. Other metrics can also be used such as the kernel 
10

average misorientation distribution (KAM) or the geometrically neces-
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Fig. 4. Intragranular performance assessment of the FFT simulation with re-
spect to the EBSD data. The GrOD data computed with Pymicro is compared 
to the EBSD measurements at final load. The FFT calculation are performed on 
3D aggregates using the DCT reconstructed volume but only surface voxels are 
depicted. a) EBSD data: (i) Field computed after the OIM segmentation process 
described in section 4.1, (ii) corresponding histogram of the distribution of aver-
age misorientations of each grain over the complete section, b) Simulated data: 
Field (i) and histogram (ii) obtained from the orientations computed by the sim-
ulation for the grains in the EBSD plane. As a reminder, the white frame on a.(i) 
corresponds to the region of interest (ROI that is studied later in section 4.5.3).

sary dislocations density (𝜌𝐺𝑁𝐷) as proposed in [119,120]. The GrOD 
field was computed with Pymicro for both the EBSD and the FFT simu-
lated data (maps respectively displayed in Fig. 4.a.i and Fig. 4.b.i), and 
were stored into the dataset.

Misorientations fields, as a relative metric of orientations are highly 
sensitive to the diffraction quality as observed for the EBSD data. Es-
pecially, the parasitic speckle aforementioned in section 4.1, can artifi-
cially increase the local disorientation. To mitigate this issue, the EBSD 
segmentation was restricted to exclude these area which allows to ob-
tain a consistent GrOD field, at the cost of a sparser field.

Intragranular comparison between the EBSD measured GrOD fields 
and the FFT predictions at the final load step shows a general agreement 
with the same order of magnitude in terms of absolute values. On the 
other hand, while the simulation shows clearly higher activity at the 
grain boundaries, in line with the crystal plasticity theory which predicts 
higher dislocation density in these regions, the experimental field suffers 
from the limited surface quality which hinders clear contrast on most of 
the map. At the intergranular scale, the histograms of the distribution 
of average misorientations of each grain over the complete 2D section 
have a similar shape (see Fig. 4.a.ii and Fig. 4.b.ii). One can notice that 
effect of the local angular uncertainties from the EBSD disappear when 
averaging the contributions.

4.5.3. Focus on a region of interest

Experimental analysis: The mechanical analysis is completed by study-
ing the ROI region around the grain denoted 5 highlighted in Fig. 2.a. 
This region appears interesting for several reasons. First, grain 5 and its 
neighbors display a visible slip activity on the optical micrograph (see 
Fig. 5.a). Note that the low visibility of the slip traces on the optical mi-
crograph in grains 4, 5 and 6 can be attributed to the respective grain 
orientations which are such that the direction of the active slip system is 
almost parallel to the free surface. One can better visualize this configu-
ration on Fig. 6 where the grain is displayed in 3D with its slip systems 
visible by transparency. Second, the slip traces indicates that some slip 
transmission may have occurred despite quite different orientation gra-

dients observed at the respective grain boundaries. Finally grain 5 shows 
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Fig. 5. Experimental multimodal results on the region of interest noted ROI: a) 
Optical data: The subsets (i) and (ii) allow to better visualize the slip bands, b) 
EBSD data: (i) IPF-Z segmented map overlaid with traces of prismatic slip sys-
tems with thickness proportional to their respective Schmid factors - extracted 
from Fig. 3.b, (ii) Default OIM map, (iii) GrOD field (in degrees) - extracted from 
Fig. 4.a, (iv) OIM IQ map. The subset (ii-bis) allows to better see the contrasts in 
the grain 6, where low IQ bands are aligned with the slip bands. On the views 
(ii) and (iii) the traces of the active slip systems observed experimentally for the 
grains of interest 3, 4, 5 and 6 are overlaid, c) Digital twin from the DCT recon-
struction: (i) View corresponding to the EBSD data, (ii) View 10 μm below the 
surface. On this view, three triple joints of interest are highlighted (denoted TJ), 
(iii) 3D view of the grain 5 and its immediate neighbors with there morphol-
ogy and IPF orientations - extracted from Fig. 2.a. Whenever deemed necessary 
the ids of the grains already identified in Fig. 3.a are recalled. Additional useful 
grains are also marked for the study, denoted with letters from A to E.

a high IQ index (see Fig. 5.b.iv) and displays a reliable GrOD field over 
its entire free surface.

Fig. 5 shows that the slip activity in grain 5 and its neighbors are 
correctly predicted by the Schmid factor. On the other hand, the grain 5
shows an intense GrOD activity at the boundary with neighbors 3 and 6, 
to the contrary of grain 4 (see Fig. 5.b.iii). These boundaries are noted 
GB5-3, GB5-6 and GB5-4 in the following. To explain this behavior, a 
detail examination of the orientations, grain shapes and subsurface mi-
crostructure is needed.

By relying on a 2D view only, grain 6 does not seem to be a direct 
neighbor of grain 5 as a grain labeled A appears in between (see EBSD 
map in Fig. 5.b.i and DCT surface slice in Fig. 5.b.ii). Moreover, the EBSD 
map reveals the presence of an additional precipitate which steps in at 
the boundary while the DCT reconstruction ignores this phase (it was 
instead attributed to grain 6 during the numerical dilation process). But 
when probing the grains morphology 10 μm below the surface thanks 
to the digital twin, the grain A disappears. This demonstrate that it is 
actually a very shallow grain (see Fig. 5.c.ii). One can notice that this 
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also holds true for the small surface grains labeled B and C. A contrario, 
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Fig. 6. 3D view of grains 3, 4, 5 and 6, generated with Pymicro. The grains are 
color coded with the IPF-Z convention in the DCT reference frame. Transparency 
is set to reveal the prismatic slip systems in the bulk of each grain. The slip planes 
are colorized according to the convention defined in Table 3. The slip directions 
are represented with light blue arrows. Active systems observed at the surface 
are identified with the note Active.

the section of grain 6 increases and the common boundary with the grain 
5 clearly appears. Idem, the grain noted D seems small at the surface 
whereas it is actually a massive grain underneath. Thereby, the three 
dimensional analysis of the microstructure prevents interpretation bias 
contrary to limited information at the surface which can mislead the 
mechanical analysis.

The inset on the optical micrograph in Fig. 5.a.ii allows to better 
observe the slip activity of the grain 6. Notice that for this grain, the 
slip also leads to strong contrast on the IQ map as shown in the subset 
Fig. 5.a.ii-bis, which allows to better highlight the ongoing slip activity. 
The active slip systems Prism3 (in red) of grains 4, 5 and 6 are aligned 
as clearly shown in Fig. 6 and by the 𝑚′ factors which are respectively 
0.73 and 0.70 for GB5-4 and GB5-6, showing that slip transmission is 
expected (𝑚′ close to unity). This seems indeed to take place through 
GB5-4 where the plasticity occurs without a significant increase of the 
GrOD intensity.

The situation is different at the GB5-6 interface on the side of grain 
5 where the GrOD field is intense (see Fig. 5.b.iii). As said, the align-
ment of prismatic slip systems between the two grains should promote 
an easy transmission of dislocations and as a result, no significant orien-
tation gradient. By relying only on the EBSD data, the precipitate visible 
in the surface EBSD seems to preclude the dislocations mobility through 
the boundary. A first possible interpretation is that dislocations are thus 
forced to pile-up on the grain boundary and amplify locally the GrOD 
disorientations field. Moreover, the presence of the massive and disori-
ented grain D leads to a triple joint, noted TJ-56D, close to the intense 
GrOD region. It is likely that this grain contributes to the formation 
of incompatible strain fields which could disturb the dislocations mo-
tion, and even be the cause of stress concentrations which could lead to 
active dislocation sources in the neighboring grain. Ultimately, it may 
contribute to the intense GrOD activity observed. As such, slip trans-
mission is not a trivial mechanism. In the present case, it seems more 
likely to take place beneath the surface when moving away from the 
precipitate.

Eventually a third configuration can be looked at with the GB5-3

interface. Once again, the strong GrOD activity measured is mainly con-
centrated on the grain 5 side. This time the active systems at surface are 
not aligned while no precipitate appears in the observed section. In this 
case, the accumulation of dislocations by slip can be explained partly by 
the activation of the Prism2 system (with a Schmid factor of 0.36, de-
picted in yellow on Fig. 5.b.i and Fig. 6) which can be blocked at the 
GB5-3 boundary (𝑚′ factor below 0.21). One can else notice that grain 

D is also present at the triple joint TJ-53D and the grain E defines an ad-
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Fig. 7. Performance assessment of the FFT simulation (b and c) with respect to the EBSD experimental data (a). Here the GrOD field (in degrees) is compared in the 
region of interest ROI at the final load state: a) EBSD field, b) Slice of the FFT field, c) Statistical mosaicity comparison between EBSD (i) and FFT data (ii) for the 
grain 5, d) FFT field in 3D for the grain 5 and its immediate neighbors (with a default Paraview scalebar). On each modality, the corresponding slip activity observed 
on the grains of interest 3, 4, 5 and 6 is once again overlaid. The absence of precipitates in the digital twin leads to a wrong prediction of the simulation (dotted red 
frame). Elsewhere a the interfaces of grain 5, the numerical prediction performs well (full line white frames).
ditional triple junction JT-53E. Grain 3 is therefore surrounded by two 
strongly disoriented grains. The identified triple junctions are precisely 
located on both sides of the intense GrOD domain and may activate dis-
locations sources contributing to increase locally the GrOD field.

Simulation results: The simulation is now compared to the experimental 
analysis in the ROI of the EBSD face. Fig. 7 shows, side by side, the ex-
perimental and simulated GrOD fields in (a) and (b). In addition, the 3D 
simulated GrOD field of grain 5 and its immediate neighbors is shown in 
(d). Once again, in each view, the traces of active prismatic slip systems 
are superimposed for grains 3 to 6.

First, in line with the observations in the full map, the systems with 
the highest activity in the simulation match perfectly with those actually 
observed. The simulation also reveals a competition between the active 
slip systems. For instance, intense double slip between Prism3 (in red) 
and Prism2 (in yellow) is predicted in the grain 5 (respectively 0.017 and 
0.012 cumulated slip). This mechanism, which can be explained by the 
favorable orientation of both systems with respect to the load (respective 
Schmid factors are 0.47 and 0.38), is not directly accessible with the 
experimental data at hands, as the Prism2 slip direction is parallel to the 
surface and thus not visible from the slip traces.

Looking at the intragranular scale, the simulation also reproduces 
correctly the GrOD field observed experimentally, especially at the 
boundaries of interest. First, turning our attention to GB5-6, the intense 
GrOD activity on the side of the grain 5 is very well reproduced by the 
simulation. A strong activity also clearly appears on the side of the grain 
6, which is also seen in the EBSD data, although with a lower intensity. 
As the simulation does not include the precipitates, this result does not 
support a strong influence of the precipitates but rather a predominant 
role of the local arrangements of the grains. A closer look at the individ-
ual prismatic slip fields provided by the simulation (not displayed here) 
gives even more insight. As said previously, Prism3 and Prism2 compete 
at a similar magnitude globally in grain 5, but locally, close to GB5-6, 
Prism2 largely dominates over Prism3. This demonstrates a strong local 
deviation from the Schmid factor prediction as the complex 3D arrange-
ment leads to a local mechanical equilibrium more favorable to Prism2. 
The presence of the grain D in the immediate neighborhood might in-
fluence this configuration. As a result, the mechanical states impedes 
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the slip transmission between grains 5 and 6, leading to strong local 
misorientations. In future experiments, high resolution DIC surface mea-
surements could be used to cross-validate the multiple slip predicted by 
the simulation such, as reported in [121].

Similar distribution of slip is observed at GB5-4. The Prism3 activ-
ity in the grain 5 also vanishes close to the boundary, substituted by 
Prism2. But as the grain 4 has a much less favorable orientation with re-
spect to the load, the overall slip activity in the region is limited which, 
in turn, leads to limited GrOD activity. Once again, the apparent slip 
transmission identified from the experimental data is challenged by the 
simulation.

4.5.4. Discussion and prospects

Overall, the simulation demonstrates a satisfying performance at the 
intergranular an intragranular scales, the slip system activity and GrOD 
fields are well predicted using the experimental 3D microstructure as in-
put. The detailed analysis of grain 5 and its neighborhood showed that 
precipitates seem to have a non negligible influence on the local predic-
tion of the plasticity behavior of the simulation. Similar conclusions can 
be drawn in other location, although some difficulty in the EBSD prepa-
ration had made the analysis more complex. Based on the simulation 
results, the data can be further processed for instance by computing the 
geometrically necessary dislocations density 𝜌𝐺𝑁𝐷 from the lattice ro-
tation field. This can then be used to supplement the experimental data 
in the analysis of the plasticity mechanisms.

The data set can be further completed by additional modalities. Per-
forming a series of post deformation DCT scans (although this would be 
limited to low level of deformation, typically below 2% strain) on the 
same volume would allow to reconstruct the lattice rotation field in the 
bulk and study the accumulation of GNDs. Presently, this information 
can only be accessed via the simulation results. If planned in advanced, 
one could consider to perform non destructive measurements such as 
HR-DIC [114] to get access to the intragranular elastic strain field and 
individual slip system activation at the surface [121], or in the bulk with 
digital volume correlation (DVC - not applicable to the present material). 
Higher resolution non destructive methods can also be leveraged such 

as Dark Field X-ray Microscopy (DFXM) [122] or scanning-3DXRD [44].
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5. Summary

Data management will play a central role in the development and 
diffusion of high-throughput multimodal methodologies for material sci-
ence. To support their development, the associated management tools 
must meet specific requirements: implement versatile data formats and 
standards shared by the scientific community, ensure scalable, hierar-
chical and self-documented data storage, and promote automated in-
tegration with modeling and experiments numerical tools. The data 
platform presented in this work has been implemented in accordance 
with these guidelines within the Pymicro package. It enables to merge 
together microstructural, micromechanical and statistical data attached 
to the same material sample, coming from 2D and 3D characterization 
techniques, as well as numerical simulation tools, geometrically sup-
ported by images or meshes. The platform has been integrated with 
electron microscopy and X-ray tomography standard formats, with an 
FFT-based and a finite element mechanical solvers, and an automated 
meshing tool. It furthermore provides an efficient, unified and user-
friendly tool for building, browsing and visualizing large-scale datasets 
that bring together this rich diversity of data.

The Pymicro data platform has been used to process and build a 
dataset associated to a grade 2 titanium tensile specimen. This highly 
multimodal dataset gathers data from three different imaging modali-
ties: DCT, EBSD and optical microscopy, from a numerical simulation, 
and the tensile test stress-strain measurement. A large variety of infor-
mation is included in the dataset, such as grains orientation maps, grains 
orientation deviation fields, simulated stress, lattice rotation and plas-
ticity fields. The platform also enabled registration of 2D and 3D data 
maps (see [105] for instance), and automated generation of simulation 
input data for the FFT-based solver AMITEX_FFTP. The convergence of 
all data items allows to produce a wide variety of visualizations and 
comparisons of statistical and grain-to-grain data, from simulations and 
experiments, while interacting solely with the data platform.

Overall, this work is a contribution towards the facilitation, automa-
tion and acceleration of cross-analysis operations involving massive and 
diversified data for the mechanics of polycrystalline materials. In com-
parison with multimodal datasets published in the literature, its origi-
nality lies in the convergence of measured and simulated data format, 
which enables easy and robust cross-comparisons of models with ex-
periments. It paves the way for application to sophisticated tasks such 
as the identification of micromechanical models through comparison 
of micron-scale mechanical heterogeneities, or the training of machine 
learning models relying on measured and simulated microstructural and 
mechanical datasets, to predict the evolution of damage at the micron 
scale in polycrystals. Finally, in line with other contributions [46,74], 
this work also aims to advocate for the establishment of standards for 
microstructural data management within the mechanics of materials 
community.
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Zenodo [123]. The methods used to process the different modalities 
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produce the results obtained via EBSD [93], DCT characterization [94]
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Appendix A. Computing mean grain orientations

The grain orientations are defined as passive rotations that bring the 
chosen reference frame (here the sample reference frame XYZ) in coin-
cidence with the reference frame attached to the crystal lattice. Several 
descriptors can be used to define mathematically rotations such as Euler 
angles, Rodrigues vectors, axis/angle representations or quaternions, as 
nicely summarized in [124].

Averaging orientation can conveniently be achieved by averaging 
quaternions provided one takes care of material symmetries. Indeed, 
depending on the lattice symmetry, several orientations are physically 
equivalent (𝑛𝑠𝑦𝑚 = 12 for the present hexagonal case, 24 for the cubic 
case). This is usually handled by moving orientations to the fundamental 
zone but problem may arise when the mean orientation is close to the 
border of the fundamental zone and if the orientation data represent-
ing the orientation spread crosses the boundary. To work around this 
issue, several strategies can be used, one can chose one of the orienta-
tion point as a reference as proposed in [125]. In Pymicro the strategy 
is slightly different. It consists in computing all equivalent rotations for 
all data points in quaternion space which results in 𝑛𝑠𝑦𝑚 clusters that are 
automatically labeled by k-means clustering. The average orientation is 
then computed for each cluster and the mean orientation that lies in the 
fundamental zone is retained. Note that this should not be done in Ro-
drigues space using an euclidean distance metric since the non linearity 
with the rotation angle may break the clustering step.
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