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 A B S T R A C T

Oligocrystalline and polycrystalline materials often display intricate grain-resolved deformation behaviours 
due to grain interactions, size effects, defects, and crystalline anisotropy. Gaining a deep understanding of 
grain deformation mechanics is essential for optimising the performance of materials in engineering and other 
applications. This necessitates the development of advanced experimental and theoretical tools to accurately 
capture and analyse these complex behaviours. Here, Laue three-dimensional neutron diffraction tomography is 
introduced as a high-throughput, non-destructive method to characterise grain-resolved strain and orientation 
changes in an oligocrystalline Co-Ni-Ga ferromagnetic shape-memory alloy during compressive deformation. 
Grain-resolved strain tensors were determined for 7 out of the total 11 grains indexed with a strain resolution 
of approximately 10−3, over an applied strain range of 0%–2%. These results were obtained across various 
stress steps in situ, enabling direct comparisons with single-crystal models and elasto-viscoplastic Fast Fourier 
Transform simulations. The study demonstrates how accurate modelling of deformation behaviour, even 
in the elastic regime, requires detailed knowledge of the sample microstructure. Furthermore, the results 
reveal non-uniform deformation mechanics within individual grains, emphasising the value of Laue 3DNDT in 
understanding meso-scale material behaviour.
1. Introduction

The comprehensive characterisation of microstructures in polycrys-
talline and oligocrystalline materials is crucial for optimising their 
mechanical and functional properties. Determining grain size, position, 
and orientation enables targeted modifications to enhance material per-
formance. Advanced three-dimensional electron-based grain mapping 
techniques [1–7] provide high-resolution microstructural reconstruc-
tions but require extensive sample preparation and are inherently 
destructive. Conversely, non-destructive X-ray-based methods [8–18] 
capture grain shapes and orientations effectively and allow even sub-
micrometre resolution [19–21]. These methods can also provide in-
sights into grain-scale  and intra-granular deformation when applied 
in conjunction with in situ mechanical loading [22–27].
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Despite the advantages of X-ray and electron-based methods, their 
limited penetration depth restricts their use for larger specimens, pos-
ing challenges for studying meso-scale effects in materials. In this con-
text, non-destructive neutron-based techniques [28–35], such as Laue 
three-dimensional neutron diffraction tomography (Laue 3DNDT) [33], 
offer a powerful alternative.  Laue 3DNDT builds upon the work of 
Peetermans et al. [28,29], being the first to demonstrate how a broad 
spectrum of neutrons and full-field illumination can be used to index 
and map grains with high experimental efficiency. Here, we expand the 
capabilities of Laue 3DNDT to grain-resolved strain analysis within the 
elastic region. By accurately fitting grain-resolved properties in both 
undeformed and deformed states, we resolve not only strain tensors 
within individual grains associated with the elastic deformation but 
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also follow orientation changes induced by plastic deformation and 
misorientations induced by dislocation slip. Such detailed strain and 
orientation analyses are essential for validating and refining, for ex-
ample, plasticity models and predicting materials’ behaviour,  coming 
to add to previous studies in which neutron diffraction and plasticity 
modelling has been used to elucidate the elastic–plastic transition in 
materials [36–38].

We employ Laue 3DNDT to investigate the grain-resolved strain 
evolution in an oligocrystalline Co-Ni-Ga sample. Co-Ni-Ga alloys [39], 
belonging to the Heusler alloy family with A2BC general stoichiom-
etry [40], are known for their unique magnetic and shape-memory 
properties, as well as their tuneable mechanical characteristics, making 
them suitable for applications in energy, sensing, and actuation [41,
42]. Based on heat treatments, composition, precipitation, and addi-
tion of alloying elements, Co-Ni-Ga alloys have been found to exhibit 
high strength, good ductility and formability, and high corrosion re-
sistance [43–46]. The deformation behaviour of both single-crystalline 
and multigrain Co-Ni-Ga alloys, under compressive or tensile stress, 
is an active area of research, with several studies focusing on the 
effect of microstructure on their mechanical properties [47–53]. As the 
dominant crystal structure is cubic, the deformation behaviour is highly 
dependent on crystallographic orientation, with single-crystalline Co-
Ni-Ga displaying anisotropic elastic/plastic behaviour [47,48,50]. For 
example, in a study by Dadda et al. (2008) [47], investigating the pseu-
doelasticity and cyclic stability of Co-Ni-Ga ⟨100⟩- and ⟨123⟩-oriented 
single-crystals, it was demonstrated that the ⟨100⟩-oriented crystals 
displayed near-perfect pseudoelastic stress–strain behaviour with re-
markable cyclic stability and almost no alteration in their stress–strain 
characteristics. In contrast, cyclic compression loading resulted in rapid 
accumulation of irrecoverable strains in the ⟨123⟩-oriented crystals, 
but after a few cycles, the samples demonstrated cyclic stability with 
fully recoverable transformation. Dislocation activity, detwinning, and 
martensite stabilisation were identified as determining factors in the 
evolution of pseudoelastic characteristics, with detwinning being sup-
pressed in compression along the ⟨100⟩ orientation, while adding to the 
overall transformation strain in the case of the ⟨123⟩ orientation.

Due to this anisotropic deformation behaviour and orientation de-
pendence of transformation strain observed in Co-Ni-Ga single-crystals, 
polycrystalline samples (especially with random grain orientation dis-
tribution) often encounter deformation constraints, resulting in prema-
ture grain boundary failure during thermo-mechanical loading. As such, 
many approaches have been employed to tailor the grain structure 
of Co-Ni-Ga samples and improve their pseudoelastic response, in-
cluding preparing appropriately textured or oligocrystalline materials. 
Vollmer et al. (2015) [49] investigated the impact of different thermo-
mechanical processing, grain size, and texture on the cyclic stability 
of Co-Ni-Ga alloys in four conditions: solution-annealed, bicrystalline 
bamboo-like, hot-rolled, and forged. The study found that both texture 
and grain size determine the pseudoelastic performance of the samples, 
however, the grain size is the dominant factor when a threshold number 
of grains in the sample cross section is exceeded. The hot-rolled sample 
had a grain size of 300 – 700 μm and a strong ⟨100⟩ texture, while 
the solution-annealed and forged samples had large (mm range) and 
small (40 – 300 μm) grains, respectively, with near-random textures. 
The bamboo-like sample, consisting of only two large grains with a 
near-⟨100⟩ orientation, exhibited a superior pseudoelastic response, 
similar to single-crystals, with overall good cyclic stability up to 3.5% 
compressive strain and fully recoverable pseudoelastic strains of up to 
5%. In contrast, the solution-annealed and hot-rolled samples showed 
rapid permanent strain evolution in the first cycle but relatively good 
cyclic stability during further cycling.

In this study, we characterise the deformation behaviour of a Co-
Ni-Ga sample prepared using a novel hot-extrusion technique [54,55], 
resulting in a homogeneous oligocrystalline microstructure with re-
duced grain boundary density and triple junctions. We demonstrate the 
efficacy of Laue 3DNDT in mapping strains, advancing the development 
2

of a high-throughput neutron technique for meso-scale material analy-
sis. Single-crystal models and elasto-viscoplastic Fast Fourier Transform 
(EVPFFT) simulations [56,57] highlight the key value of the exper-
imentally obtained detailed microstructural knowledge. The current 
optimisation approach, based on scarce experimental observations, 
underscores the need for detailed experimental information, at the 
grain level, and accurate models that can simulate materials’ behaviour. 
By having comprehensive experimental data and models, it is possi-
ble to design any combination of oligocrystalline and polycrystalline 
aggregates with optimised functional properties, tailored to specific 
applications.

2. Experimental

2.1. Sample

The Co-Ni-Ga sample used in this study has a nominal composition 
49Co-21Ni-30Ga (in at.%). Initially, an 80 mm long cylinder with a 
diameter of 8 mm was cut from the material for hot-extrusion. It was 
then heated and extruded at 1173K using a 2.5MN Müller Engineering 
extrusion press with a speed of 5mm/s, with subsequent air cooling. 
The resulting cylinder,  with a final diameter of 4 mm, was further 
processed into a smaller cylinder with dimensions of 15mm  ×Ø4 mm. 
This was subjected to solution annealing at 1433K for 24h, followed by 
furnace cooling down to 1133K for 4h, with the sample encapsulated 
in a quartz tube under an argon atmosphere. This heat-treatment 
process induced the formation of Co-rich ductile 𝛾-phase precipitates 
(identified by EBSD [46]), located both at the grain boundaries and 
within the grain interiors.

A detailed microstructural characterisation, including grain size 
distribution, 𝛾-phase fraction, and texture, is provided in our previ-
ous study [46]. Briefly, the 𝛾-phase constitutes approximately 11% of 
the material and is distributed within the grain interiors and bound-
aries. The grain sizes are in the sub-millimetre to millimetre scale, 
with a relatively homogeneous oligocrystalline microstructure achieved 
through the extrusion and heat-treatment process. The specific pro-
cessing steps, conducted at the Institut für Werkstoffkunde (Materials 
Science) of the Leibniz University Hannover, ensured a material suit-
able for Laue 3DNDT investigations. For this study, a smaller cylinder 
with dimensions of 7mm  ×Ø4 mm was prepared from the previously 
characterised material [46]. 

2.2. Laue 3DNDT measurements

Laue neutron diffraction tomographies were collected at the BER 
II reactor of Helmholtz-Zentrum Berlin (HZB) employing the Fast Ac-
quisition Laue Camera for Neutrons (FALCON) [58,59]. FALCON fea-
tures a forward and a back scattering detector, each measuring 41.2
×41.2 cm2 with a pixel size of 103 μm. The thermal neutron spec-
trum of the reactor was used with the full wavelength range avail-
able, 0.9  ≤ 𝜆 ≤3.2Å. The Co-Ni-Ga sample was subjected to in 
situ compression, with a deformation rate of 100 μm/min and stress 
values between 30MPa (reference) and 610MPa, using a specially 
designed transportable load-frame [60] positioned between the two 
detectors symmetrically (see Fig.  1), with sample-to-detector distances 
of 165(2)mm. The load-frame was equipped with hardened-steel grips 
that securely held the sample in position during compression. The stress 
values corresponding to the measurements taken during compression 
are marked on the accompanying stress–strain curve and are the focus 
of our analysis. For each stress step, tomographic data were collected by 
rotating the sample (𝜔-rotation about the 𝑧 axis) and recording diffrac-
tion images every 𝛥𝜔 = 8◦ for a full 0 – 360◦ 𝜔-rotation, resulting 
in 46 projections per tomography. Each projection was acquired with 
a 90 s exposure, and thus, each complete tomography was measured 
in about 1h. This setup allowed for efficient and precise control of 
the compression conditions, facilitating the collection of high-quality 
tomographic data at different stress steps.
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Fig. 1. Experimental setup of the in situ compressive deformation study of the Co-Ni-Ga sample, featuring the transportable load-frame, along with an example diffraction image 
from the forward scattering detector. The load-frame was positioned upright between the FALCON diffraction detectors, such that a compressive load was applied perpendicular to 
the incoming neutron beam. Insets show a magnified view of prominent diffraction spots, tracking their positional and morphological changes in response to the applied compressive 
stress. The lower right corner showcases the stress–strain curve obtained from the load-frame, giving an indication of the overall macroscopic response of the Co-Ni-Ga sample 
and depicting points at which full tomography data sets were collected.
2.3. Data indexing

Tomographic data collected at the reference stress step was indexed 
using the Laue 3DNDT algorithm described in Reference [33]. For the 
indexing, we used an Im3̄m space group, corresponding to the B2 
austenitic phase of the Co-Ni-Ga matrix, with lattice parameters 𝑎 =
𝑏 = 𝑐 = 2.8657Å and 𝛼 = 𝛽 = 𝛾 = 90◦ [61]. To extract the shapes 
and centre-of-mass coordinates of the diffraction spots, we first applied 
background subtraction and noise cleaning to the raw data images [59], 
followed by spot segmentation/labelling. The latter step was carried 
out using PetroFit [62], a package based on the Photutils python 
package [63], which was developed for calculating Petrosian properties 
and fitting galaxy light profiles, and in our case proved efficient for 
labelling and extracting spot shapes from neutron diffraction patterns. 
We note that the same initial image processing was also performed for 
the tomographic data collected at subsequent stress steps. The Laue 
3DNDT indexing procedure results in identifying individual grains in 
the sample, determining their orientation and centre-of-mass position. 
Each diffraction spot is additionally assigned a grain label and a corre-
sponding hkl plane, as required for the subsequent grain-resolved strain 
fitting.

2.4. Single-crystal model calculations and EVPFFT simulations

The single-crystal modelling was performed by taking into account 
the orientation-dependent behaviour of each grain, employing the ex-
pression for the anisotropic Young’s modulus for cubic crystal sys-
tems [64,65]: 
1

𝐸ℎ𝑘𝑙
= 𝑠11 +

(

𝑠11 − 𝑠12 −
1
2
𝑠44

)

(

𝑚4 + 𝑛4 + 𝑝4 − 1
)

, (1)

where 𝑚, 𝑛, 𝑝 are the direction cosines for the direction along which 
𝐸ℎ𝑘𝑙 is calculated. 𝑠𝑖𝑗 are the three independent constants of the com-
pliance matrix, 𝑆ℎ𝑘𝑙, which is the inverse of the stiffness matrix, 𝐶ℎ𝑘𝑙. 
For the calculations we used the three independent stiffness matrix 
constants 𝑐 , 𝑐 , 𝑐 , estimated for Co-Ni-Ga based on first principles 
3

11 12 44
density functional theory simulations [66], which predict a pronounced 
anisotropy with ⟨111⟩ and ⟨001⟩ corresponding to the least and most 
elastically compliant orientations, respectively.

More extensive numerical modelling, taking grain morphology and 
neighbourhood interactions into account, were carried out with the 
small deformation Elasto-Viscoplastic Fast Fourier Transform (EVPFFT) 
approach. This model, introduced by Lebensohn et al. [56], is a full-
field approach that calculates evolving micro-mechanical fields within 
a voxelised sample representation using the Fast Fourier algorithm; in 
this work, the numerical implementation in Fortran90 developed in 
Ref. [57] is used. The EVPFFT model solves the periodic Lippmann 
Schwinger problem for an elasto-viscoplastic polycrystalline material 
using the augmented Lagrangian iterative scheme [67]. The elastic re-
sponse is modelled using the Hooke’s law and the viscoplastic response 
is modelled using a power law relationship between plastic strain rate 
and the Cauchy stress. A Voce-type isotropic hardening law is used 
to capture the stress–strain response during the monotonic loading 
studied in this work. The deformation conditions, as given by the axis 
of deformation and strain rate, the sample microstructure, as well as 
the elastic properties of the sample, were used as input parameters. 
For the strain rate, we used the same value as for the experiment (see 
above). The sample microstructure was defined from the morphology 
reconstruction (see Fig.  2a), given as a 64×64×52 structured grid. A 
second phase of air voxels was introduced to envelope the cylinder 
in the planes with normals along ± 𝑥 and ± 𝑦 to simulate the effect 
of free surfaces. No gas voxels were added along the vertical ± 𝑧-
direction in order to emulate direct contact between the load-frame 
grips and the sample. Elastic properties were defined through the 
stiffness matrix, using the same constants, 𝑐11, 𝑐12, 𝑐44, as for the single-
crystal modelling. The evolving elastic strain fields within the sample 
were simulated up to a maximum stress value of 611MPa to match the 
experimental conditions. Comparisons with the experimentally refined 
values were made by calculating the average 𝜀𝑠𝑎𝑚𝑝𝑙𝑒33  strains within each 
grain at selected stress states. Plasticity was not simulated.
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3. Strain fitting method

Before strain fitting, spot assignment of data collected at subsequent 
stress steps is performed through correlation to previous measurements; 
spots are matched to indexed spots of the previous tomography, at the 
stress step before, based on their geometric distance. It appears gen-
erally beneficial to perform the strain analysis via many intermediate 
steps to track the spot movements reliably. Once the spot assignment of 
a deformed state is complete, strains can be extracted through a fitting 
routine, as is done in the monochromatic case [22]. The fitting is done 
based on the matrix formulation of Bragg’s law [9]: 

𝛤−1𝑮𝑗(𝑖) =
𝜆𝑗(𝑖)
4𝜋

𝑼 𝑖𝑩𝑖𝑮ℎ𝑘𝑙,𝑗(𝑖), (2)

where 𝑮𝑗(𝑖) is the unrotated, experimentally determined, reciprocal 
scattering vector resolved from the position of the 𝑗th diffraction spot 
of the 𝑖th grain, 𝛤  is the generalised rotation matrix describing the 
tomographic rotation as defined by the angle 𝜔, 𝑼 𝑖 and 𝑩𝑖 are the 
orientation matrix and reciprocal-space metric of the 𝑖th grain, respec-
tively, and 𝜆𝑗(𝑖) and 𝑮ℎ𝑘𝑙,𝑗(𝑖) = (ℎ, 𝑘, 𝑙)𝑇  are the wavelength and ℎ𝑘𝑙 plane 
relative to a diffraction spot. In monochromatic experiments, 𝜆𝑗(𝑖) is a 
known experimental parameter, whereas it is an implicit parameter in 
the white beam case. For every set of 𝑼 𝑖, 𝑩𝑖, and 𝑮ℎ𝑘𝑙,𝑗(𝑖), 𝜆𝑗(𝑖) is in 
Laue experiments calculated as the wavelength in the spectrum that 
fulfils the Bragg condition for a particular diffraction spot.

The lattice parameters of each grain 𝑖, [𝑎𝑖 𝑏𝑖 𝑐𝑖 𝛼𝑖 𝛽𝑖 𝛾𝑖], are fitting 
parameters that enter into the reciprocal-space metric, 𝑩𝑖. The real-
space equivalent, 𝑨𝑖, can correspondingly be calculated to obtain the 
resulting 3D strain tensor of each grain, 𝜺𝑖: 

𝜺𝑖 =
1
2
[𝑨𝑖𝑨−1

𝑖,0 + (𝑨𝑖𝑨−1
𝑖,0 )

𝑇 ] − 𝑰 ,  with (3a)

𝑨𝑖 =
⎛

⎜

⎜

⎝

𝑎𝑖 𝑏𝑖 cos 𝛾𝑖 𝑐𝑖 cos 𝛽𝑖
0 𝑏𝑖 sin 𝛾𝑖 −𝑐 sin 𝛽𝑖 cos 𝛼∗𝑖
0 0 𝑐𝑖 sin 𝛽𝑖 sin 𝛼∗𝑖

⎞

⎟

⎟

⎠

,  and (3b)

𝑩𝑖 = 2𝜋 ⋅
⎛

⎜

⎜

⎝

𝑎∗𝑖 𝑏∗𝑖 cos 𝛾
∗
𝑖 𝑐∗𝑖 cos 𝛽

∗
𝑖

0 𝑏∗𝑖 sin 𝛾
∗
𝑖 −𝑐∗ sin 𝛽∗𝑖 cos 𝛼𝑖

0 0 𝑐∗𝑖 sin 𝛽
∗
𝑖 sin 𝛼𝑖

⎞

⎟

⎟

⎠

, (3c)

where 𝑨𝑖 (𝑨𝑖,0) describes the correspondence between the deformed 
(undeformed) real-space lattice coordinate system and the Cartesian 
grain system, and 𝑰 is the identity matrix. Fitting parameters are 
additionally defined in Section S1 of the Supplementary.

In the fitting routine, the differences between the experimental and 
theoretical scattering vectors, as defined in Eq.  (2), are minimised using 
the Matlab fmincon optimiser. Detector parameters are refined from 
the reference measurement, assuming initial 𝑑0 values corresponding 
to the undeformed lattice parameters for all grains, while starting pa-
rameters for the grain positions and orientations are obtained from the 
Laue 3DNDT grain indexing output. Individual tomography projection 
angles, 𝜔𝑛, are refined from a global fit of all grains for better spot 
matching accuracy. Once the projection angles have been refined, the 
orientations and lattice parameters could be refined on a grain-by-grain 
basis.

Volumetric strain only affects the length of the scattering vector 
and hence will not affect its geometric projection onto the detector. 
Similar to the theoretical LabXRS procedure described in Ref. [68], we 
therefore enforce the constraint 𝜀11+𝜀22+𝜀33 = 0, i.e., zero dilatational 
strain, for each grain during the fitting process to lift the inherent 
null space in the Bragg condition when measuring in Laue mode. Here 
𝜀𝑘𝑘 refers to diagonal elements of a grain-resolved strain tensor in 
the grain coordinate system as obtained from Eq.  (3a). Comparisons 
between grains are done by comparing strain tensors transformed to 
the common sample coordinate system via 𝜺𝑠𝑎𝑚𝑝𝑙𝑒𝑖 = 𝑼 𝑖𝜺𝑖𝑼𝑇

𝑖 . In the 
sample coordinate system, the loading direction is unequivocally for all 
grains along the 𝑧̂-direction, corresponding to the 𝜀𝑠𝑎𝑚𝑝𝑙𝑒33  strain tensor 
elements.
4

Fig. 2. Morphological map of the sample volume obtained from the indexed centre-of-
mass positions in (a) isoprojection and (b) along the 𝑥-𝑦 and 𝑦-𝑧 planes, in accordance 
to the schematic in the figure. The relative volume of each grain is fixed to match their 
relative average intensity among the indexed grains. (c) Inverse pole figure (IPF) map 
containing the orientations of the 11 indexed grains of the Co-Ni-Ga sample, where 
[001] corresponds to the loading direction. The sizes of the circles reflect the relative 
grain-sizes, again determined from their relative average spot intensity. The grains are 
colour-coded according to their orientations. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)

4. Results and discussion

4.1. Indexing and grain mapping

Indexing of the reference measurement data returned a total number 
of 11 grains (see Fig.  2). Fig.  2a depicts the reconstructed 3D model of 
the grain microstructure of the Co-Ni-Ga sample in isoprojection, after 
a digital volume-filling operation was applied, with ortho-slices of the 
microstructure along the 𝑥-𝑦 and 𝑦-𝑧 planes given in Fig.  2b. For the 
volume-filling we used the relative volume of each grain, calculated 
as described in Ref. [33], as a boundary condition. The orientation 
distribution of the grains is given in Fig.  2c by the inverse pole figure 
(IPF) map, in which we see that there is no preferred crystallographic 
orientation. The size of each marker in the IPF was scaled based on 
the relative volume of each grain. Calculating the misorientation angles 
between the indexed grains we find that no adjacent grains have a 
misorientation angle less than 15 ◦, thus practically no low-angle grain 
boundaries exist in the microstructure. The above results are well in 
agreement with our previous study [46].

4.2. Grain-resolved strain evolution

The evaluation of the grain-resolved deformation behaviour of the 
Co-Ni-Ga sample focused on the evolution of the lattice strain, as 
expressed through the elastic strain tensors that are derived from 
the fits to the tomographic data, as described above. For robustness, 
the analysis was limited to the 7 largest grains, as the smaller ones 
produced dim diffraction spots that were challenging to track and fit 
reliably. The main strain results, obtained from all stress steps, are 
summarised in Fig.  3. In Figs.  3a – c, the fitted diagonal strain tensor 
elements in the sample coordinate system are plotted as a function 
of applied (nominal) stress. The errors of the fitting parameters were 
estimated from a Monte Carlo error propagation method, with the un-
certainties of the centre-of-mass coordinates of the diffraction spots set 
to be 0.6mm [59], giving strain uncertainties of ∼ 1×10−3. Examples of 
fitted spot positions in comparison to experimental are shown in Figure 
S2 of the Supplementary. From the plots we observe a clear increase in 
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Fig. 3. (a) – (c) Evolution of the diagonal elements of the grain-resolved strain tensors in the sample coordinate reference system as a function of applied compressive stress. 
Each curve corresponds to a single grain and is colour-coded according to its reference state IPF colour. (d) Morphological distribution of strains in the sample. Each row 
corresponds to a selected stress value, while each column corresponds to a different diagonal element of the strain tensor in the sample coordinate system as input for the colour 
map. (e) Macroscopic deformation behaviour as depicted through the load-frame stress–strain curve, the intensity-weighted average of the 𝜀𝑠𝑎𝑚𝑝𝑙𝑒33  strain tensor elements, and the 
intensity-weighted average of the 2-norm of the fitted strain tensors.  (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.)
the compressive strain with increasing compressive stress in the loading 
direction (Fig.  3c), and conversely, an increase in tensile strains in 
the two orthogonal directions (Figs.  3a, b).  While these plots suggest 
a collective response to deformation with relatively uniform elastic 
behaviour across the grains, some heterogeneity is evident. Specifically, 
in Fig.  3b, differences in strain evolution are visible among individual 
grains, particularly in the orthogonal directions. This variation may 
result from anisotropic effects, localised grain-grain interactions, grain 
shape effects, or differences in the 𝛾-phase precipitate distribution, 
which contribute to the non-uniform deformation mechanics. The re-
sults are further illustrated by the strain tensor elements from three 
example tomographies superimposed on the morphological map of the 
sample, given in Fig.  3d. The largest grain by volume, Grain 1, located 
in the vertical centre of the morphological map, appears to accumulate 
the most negative strains, particularly in the loading direction, 𝜀𝑠𝑎𝑚𝑝𝑙𝑒33 . 
This can be partially attributed to its orientation, which is more com-
pliant than that of the other large grains, such as Grain 2 and Grain 3. 
Furthermore, compared to smaller grains with the same or lower elastic 
modulus, large grains experience reduced mechanical constraint from 
surrounding grains, thus accumulating higher strains. 

Fig.  3e provides a multifaceted view of the deformation behaviour 
by comparing the macroscopic stress–strain curve from the load-frame, 
the intensity-weighted average of the 𝜀𝑠𝑎𝑚𝑝𝑙𝑒33  strain tensor elements, and 
the 2-norm of the full fitted strain tensors. The observed difference be-
tween the load-frame curve and the 𝜀𝑠𝑎𝑚𝑝𝑙𝑒33  curve primarily manifests as 
a vertical offset, reflecting a discrepancy in strain magnitude. This offset 
likely arises because the load-frame captures the overall response of the 
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material, including contributions from both normal and shear strains, 
while the 𝜀𝑠𝑎𝑚𝑝𝑙𝑒33  tensor elements represent only the normal strain in 
the loading direction. The better agreement between the 2-norm of 
the fitted tensors and the load-frame curve supports this interpreta-
tion, as the 2-norm provides a measure of the total strain magnitude, 
integrating contributions from all strain components. Additionally, a 
potential shift in the yield point may be related to localised shear strain 
effects that are not fully captured by the 𝜀𝑠𝑎𝑚𝑝𝑙𝑒33  curve alone. Overall, 
these findings highlight the complexity of interpreting macroscopic 
mechanical properties from microscopic strain data and underscore 
the importance of considering multiple strain components, grain in-
teractions, and size effects when analysing deformation behaviour in 
oligocrystalline materials.

4.3. Single-crystal models & EVPFFT simulations

Fig.  4 illustrates the 𝜀𝑠𝑎𝑚𝑝𝑙𝑒33  strain curves for individual grains in the 
elastic range and a comparison with the predictions from the single-
crystal model calculations [65,66] and EVPFFT simulations [56,57]. 
The single-crystal model (black curves), which provides stress–strain 
responses based on the material’s elastic constants, 𝑐11, 𝑐12, 𝑐44, and the 
specific crystallographic orientation of each grain, demonstrates a clear 
anisotropic response aligning well with theoretical predictions [66] 
and observations from single-crystal experiments [47]. However, it 
is an infinite domain model that does not account for inter-granular 
interactions or boundary conditions, leading to significant differences 
from the experimental data, especially at higher stresses.
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Fig. 4. (a) – (g) Comparison between the fitted strain results, calculations of strain curves as according to anisotropic single-crystal calculations, and EVPFFT simulations. Each 
subplot shows the behaviour of one of the 7 grains that have been used for strain-fitting. The black curves correspond to the single-crystal calculations, the red curves are the 
results of the EVPFFT simulations, while the remaining coloured curves represent the fitted strain values, with the specific colour corresponding to the orientation-defined IPF 
colourmap of the particular grain. The three angles in each panel correspond to the Euler angles, 𝜙1, 𝛷, 𝜙2, of each grain as fitted in the reference state. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.)
The EVPFFT model (red curves) additionally incorporates the over-
all sample morphology, boundary conditions and grain neighbourhood 
(inter-granular interactions). EVPFFT simulation predictions match 
well with the experimental grain-averaged lattice strain data (coloured 
curves), effectively capturing the complex stress–strain behaviour of 
polycrystalline materials. Furthermore, both the experimental and
EVPFFT-derived grain-averaged strain curves display significantly re-
duced variation, a characteristic attributable to the oligocrystalline mi-
crostructure. In this context, the relatively small number of grains leads 
to a heightened influence of individual grain orientations compared 
to polycrystalline samples. Concurrently, the grains impose mutual 
constraints, preventing deformation from occurring fully in accordance 
with single-crystal expectations. Consequently, the sample exhibits 
behaviour that is characteristic of oligocrystalline materials: more 
anisotropic than polycrystalline samples, yet less so than single crystals 
due to intergranular interactions.

Despite the overall agreement between diffraction and EVPFFT 
simulations, we see that there is deviation for some grains (e.g., grains 
3, 5, and 6). Such differences are further evident when comparing the 
simulated 𝜀𝑠𝑎𝑚𝑝𝑙𝑒11  and 𝜀𝑠𝑎𝑚𝑝𝑙𝑒22  elements shown in the Supplementary in 
Figure S3 as well as in the morphological simulation output in Fig-
ure S4. The differences can be partially attributed to the limited spatial 
resolution of the morphological reconstruction used as input for the 
EVPFFT simulations. Beyond grain interactions, however, variations in 
stoichiometry and the emergence of extra phases also play a significant 
role in deformation behaviour of samples. Specifically, our observations 
from a previous study [46] show the presence of 𝛾-phase precipitates 
within the sample. These precipitates exhibit a chemical composition 
distinct from that of the sample matrix, underscoring their influence 
on the deformation properties of the materials [69]. Differences in 
stoichiometry could affect the 𝑐 constants of the sample, which may 
differ slightly from the theoretical values used for the simulations.

In light of these considerations, the findings of the present in-
vestigation indicate that the mechanical behaviour of oligocrystalline 
materials cannot be straightforwardly deduced from the behaviour 
of their single-crystal counterparts. The multifaceted nature of defor-
mation in oligocrystalline materials necessitates a holistic approach 
that integrates knowledge of the microstructural characteristics and 
their elastic properties to predict the material’s macroscopic proper-
ties. The consistency between the fitted strain data and the EVPFFT 
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simulations underscores the efficacy of the simulation approach and 
highlights the importance of knowing both the sample microstructure 
and overall elastic constants in predicting the mechanical response of 
oligocrystalline materials.

4.4. Comprehensive characterisation of deformation

In addition to lattice strains, further deformation mechanics can be 
deduced from the Laue diffraction data. Fig.  5a shows the changing 
grain orientation derived from the experimental fits, indicating that all 
grains realign as load is applied.  To improve clarity, arrows indicating 
the primary directions of grain reorientation are added, emphasising 
the directional trends of rotation. These reorientations, quantified as 
misorientations relative to the reference orientation in Fig.  5b, high-
light a gradual increase across all grains, even in the elastic regime. This 
finding suggests that reversible rotations or slight realignments occur 
at stresses below the macroscopic yield point. 

Figs.  5c and 5d depict the increasing average Full Width at Half 
Maximum (FWHM) of the diffraction spots in the radial and azimuthal 
directions, respectively, as a function of applied compressive stress. 
To aid in interpretation, the absolute FWHM values of the grains of 
the undeformed sample are given in Table S1 of the Supplementary. 
The observed relative increases of up to about 30% in both directions 
reflect the progressive introduction of heterogeneity in the strain and 
orientation distributions within each grain. Radial broadening is indica-
tive of increased microstrain, which corresponds to non-uniform strain 
distributions within grains. Meanwhile, azimuthal broadening suggests 
a widening of the orientation distribution function, reflecting grain-
scale lattice rotation and the evolution of misorientations. It is worth 
noting that these effects are compounded by the sample’s inherent 
microstructural features. The absence of low-angle grain boundaries 
and the presence of 𝛾-phase precipitates contribute to localised stress 
concentrations, which likely exacerbate the heterogeneous deformation 
behaviour. These initial conditions serve as a baseline for evaluating the 
observed deformation behaviour under load.

These findings emphasise the value of Laue 3DNDT in capturing not 
only strain but also subtle changes in orientation and crystallographic 
perfection, which are critical for validating micromechanical models. 
Incorporating such detailed information into modelling efforts, such 
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Fig. 5. (a) IPF map depicting the compression-induced reorientation of each grain at the different stress steps. The reference orientation is plotted first, while the grain orientations 
at higher stress value are plotted sequentially on top. The arrows indicate the orientation changes direction. (b) The misorientation of each grain with respect to the reference 
measurement as a function of applied compressive stress. Each curve is colour-coded according to the grain-orientation, in agreement with the IPF. (c), (d) Increase of the 
intensity-averaged spot widths of each grain, in terms of FWHM, measured along each spot’s radial and azimuthal directions, as a function of applied compressive stress. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
as elasto-viscoplastic Fast Fourier Transform simulations, could signif-
icantly enhance the accuracy of predictions regarding grain-scale and 
aggregate mechanical behaviour.

5. Conclusion

In conclusion, this study utilises Laue three-dimensional neutron 
diffraction tomography to non-destructively characterise grain-resolved 
strain tensors and orientation changes in oligocrystalline Co-Ni-Ga 
alloys subjected to in situ compressive stress. The analysis reveals that 
the average fitted strains in the loading direction agree reasonably 
well with macroscopic stress–strain measurements from the load-frame. 
Comparisons with theoretical models highlight the limitations of single-
crystal predictions, which fail to replicate the observed strain responses 
for all grains. Elasto-viscoplastic Fast Fourier Transform simulations, 
incorporating theoretical elastic constants along with the measured 
sample microstructure, better match experimental lattice strains within 
the elastic regime but slightly diverge under higher stresses. This 
discrepancy points to the need for higher-resolution input models that 
more accurately represent grain boundaries and the presence of Co-
rich 𝛾-phase precipitates, which are anticipated from heat treatments 
but remain too small to be detectable within our resolution limit. 
The observed broadening of diffraction spots indicates increasingly 
heterogeneous strain and orientation distributions within each grain, 
even under low applied stresses, underscoring the impact of grain in-
teractions and surface effects. These findings emphasise the complexity 
of deformation mechanics, even in samples with relatively few grains 
and validate the need and effectiveness of Laue 3DNDT in strain map-
ping. The method’s efficiency, requiring less than a day of beam time, 
provides insights that can be used to evaluate and refine theoretical 
models.

Looking ahead, future developments in neutron sources and de-
tector technologies can increase flux and strain sensitivity, facilitat-
ing shorter acquisition times and enabling the analysis of finer intra-
granular heterogeneities in smaller or more complex samples. Incor-
porating advanced data processing and machine learning algorithms 
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will improve spot identification, strain tensor fitting, and the reso-
lution of grain boundaries, potentially bolstered by complementary 
imaging techniques. Moreover, expanding the measurable strain range 
through improved calibration methods and in situ environmental con-
trols will allow the study of more complex deformation mechanisms, 
including plasticity. These advancements will ultimately further im-
prove our technique to deepen our understanding of the response of 
polycrystalline materials under a wider range of conditions.
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