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 A B S T R A C T

We present a methodology for the generative reconstruction of 3D microstructures from 2D cross-sectional 
electron backscatter diffraction micrographs. The method is applied to Ti-6Al-4V processed by laser powder 
bed fusion, where a high amount of basketweave morphology is observed, which arises from the solid-state 
𝛽 → 𝛼-transition upon cooling. Prior-𝛽-grain reconstruction is performed and the out-of-plane orientation 
of the observed grains is obtained leveraging Burgers orientation relationship. Microstructural descriptors 
related to convolutional neural networks are extracted from the 2D micrographs, and used for cross-section-
based optimization of pixel values in a 3D volume. In order to reconstruct crystallographic orientations, 
the orientation distribution of the basketweave microstructure is reduced to a discrete set of characteristic 
orientations, which are sequentially reconstructed as separate components. Our reconstructions capture the 
characteristic lath morphology that is typically observed in powder bed fusion-processed Ti-6Al-4V and perform 
well in comparisons of chord length, as well as grain size, aspect ratio, and axis orientation distributions.
 
 

 

 

 

1. Introduction

The macroscopic properties of any material are inherited from its 
microscopic characteristics. Due to the virtually infinite variety of mi-
crostructures occurring in engineering materials, numerical analysis of 
microstructures has become an essential tool to investigate the relation-
ship between (micro)structure and property of a material. Acquisition 
of three-dimensional (3D) microstructural data is generally associated 
with high experimental effort, destructive procedures, or limited spatial 
resolution. Therefore, two-dimensional (2D) data is commonly used 
as a basis for numerical investigations. However, this dimensionality 
reduction introduces significant limitations, as it can result in imprecise 
predictions of material response [1] and fails to accurately capture 
physical phenomena such as the activation of slip systems [2] or 
fatigue mechanisms [3], which requires determination of the full 3D 
stress state at material points. Additionally, volumetric characteristics 
of the observed microstructure, like grain volumes or interconnectivity 
of microstructural features, are lost. To mitigate the aforementioned 
limitations, a representative 3D microstructural solution domain needs 
to be obtained.

∗ Corresponding author.
E-mail address: v.m.blumer@utwente.nl (V. Blümer).

Structure-property analyses of polycrystalline materials are com-
monly based on Electron Backscatter Diffraction (EBSD) micrographs, 
as they capture information about the material phase and crystallo-
graphic orientation at the observed points in the micrograph domain. 
However, unlike other techniques like Computer Tomography (CT),
it cannot penetrate the material and needs to be performed on free
surfaces. Therefore, the only way to experimentally obtain 3D EBSD 
data is the iterative removal of material, surface preparation, and 
data recording. Procedures for material removal include mechanical 
polishing [4–6], Focused Ion Beam (FIB) milling, [7–9] and laser ab-
lation [10]. Limitations of these approaches are the time required to
collect large datasets and the limited resolution normal to the serial 
sections.

An alternative is the synthetic generation of microstructures by 
geometrical construction algorithms like Voronoi tesselations [11] or
equivalent ellipsoidal grain packing [12]. Due to the greatly reduced 
expense compared to the acquisition of 3D EBSD data through se-
quential slicing, it is a common choice for microstructures of low to
moderate complexity. This approach has been applied successfully to 
study the elastoplastic response [13], damage [14], fatigue [15,16], 
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and cracking [17,18] of microstructures predominantly composed of 
equiaxed, convex grains, with homogeneously spread properties across 
the observed domain. These are commonly observed in steels [13], 
Inconel [16], and Aluminum (Al) [19] among others. Heterogeneously 
distributed grain sizes [20] and preferential alignment of grains [21] 
can be obtained using Voronoi tessellations. However, the approach
struggles to capture the characteristics of more intricate microstruc-
tures, including non-convex or intersecting grains. The ellipsoid grain
placement algorithm is also subject to certain limitations, as it places
grains only in largely unoccupied spaces, preventing the formation of 
intersecting grains. Additionally, some of the required microstructural 
properties like the neighbor distribution function can be difficult to
extract when the observed grains vary significantly in size and aspect 
ratios, further complicating the use of the method for microstructure
characterization and reconstruction. These limitations underscore the 
need for more versatile approaches that rely on minimal user-provided
microstructural information and are capable of constructing grains with
arbitrary shapes.

Titanium (Ti) alloys can occur in complex morphologies depending 
on their composition and thermal history, especially when processed by 
additive manufacturing [22,23]. The Laser Powder Bed Fusion (L-PBF) 
process, characterized by its rapid cooling and unique thermal condi-
tions, invokes morphologies of fine grains and intricate substructures
(see also Section 2), creating significant challenges for microstructural 
characterization and reconstruction methods. Recent studies highlight 
the importance of and difficulty associated with finding adequate mi-
crostructural representations for Ti-6Al-4V occurring in the form of
basketweave morphology. Azhari et al. [24] generate two sets of mi-
crostructures based on either microstructural statistics or experimental 
serial sectioning of specimens fabricated by L-PBF. While the statistical
microstructures show a similar homogenized elastoplastic response to
those created from serial sectioning, the lath morphology is not cap-
tured. Somlo et al. [25] approximate the basketweave microstructure
observed in L-PBF-processed Ti-6Al-4V as a laminate of alternating 𝛼-Ti
layers that have perpendicular orientations. With fitted material con-
stants, the resulting stress–strain curves match experimental data well, 
but the approximation of the morphology is coarse. In similar fashion, 
Zhao et al. [26] resort to a combination of Voronoi tesselation and 
laminate structure to represent bimodal Ti-6Al-4V. Geng et al. [27] uti-
lize a Voronoi tesselation with both homogeneous and lamellar grains
with varying lath thicknesses to represent a similar microstructure
observed in a functionally graded Ti-6Al-4V specimen manufactured
by L-PBF. Liu et al. [28] emulate the observed microstructure in an
L-PBF-manufactured Ti-6Al-4V specimen as an arrangement of sim-
plistic geometrical elements over a 2D domain. Equipped with fitted 
mechanical constants, the experimental stress–strain curve is captured 
well. Zhang et al. [29] successfully quantify the effect of 𝛼∕𝛽-interfaces 
in a forged Ti-7Mo-3Nb-3Cr-3Al alloy but are limited to 2D simula-
tion domains due to the lack of accurate 3D representations of the 
microstructure.

In this work, we develop a methodology to reconstruct 3D mi-
crostructures from cross-sectional EBSD data that captures the char-
acteristic lath microstructure, as well as distributions of grain as-
pect ratios, sizes, and axis orientations, when applied to Ti-6Al-4V 
basketweave morphology. We utilize and extend the MCRpy frame-
work [30], which uses a pixel-value optimization through microstruc-
tural descriptors, to support the presented approach. Crystallographic 
orientation data is reconstructed through reduction of the observed 
orientation distribution to a discrete set of characteristic orientations, 
of which the associated grains are reconstructed sequentially. Our 
results in 2D and 3D demonstrate that the reconstructions capture
both quantitative and qualitative characteristics of the Ti basketweave
morphology.

The outline of the paper is as follows: In Section 2, we summarize 
the crystallography of Ti. Section 3 details the generative reconstruc-
tion of 3D data using an extended MCRpy implementation. Finally,
Section 4 presents demonstration problems in both 2D and 3D.
2 
2. Crystallography of Ti-6Al-4V

As a basis for subsequent sections, a brief introduction to the 
crystallographic properties of Ti-6Al-4V is given. An important property 
for the presented reconstruction approach is the Burgers orientation 
relationship (OR) between the 𝛼 and 𝛽 phases in Ti. It benefits the 
reconstruction approach as it invokes an orientation distribution that
is closely spread around twelve distinct angles.

2.1. Phases and transformations

At high temperatures, Ti occurs in body-centered-cubic (bcc) 𝛽
phase. When cooled across the 𝛽 transus temperature, it transforms into
hexagonal-closest-packed (hcp) 𝛼 phase. The most commonly observed
morhologies depending on the thermomechanical processing route are 
equiaxed 𝛼, lamellar 𝛼+𝛽 (Widmannstätten, basketweave), martensitic 
𝛼′, or bi-modal, comprised of equiaxed 𝛼 embedded in regions of lamel-
lae [23]. Cooling from above the 𝛽 transus temperature typically leads 
to lamellar or martensitic microstructure. At low cooling of 1.5–20 ◦C/s, 
𝛼 plates nucleate and grow from the 𝛽 grain boundaries, creating a 
Widmannstätten microstructure, where coplanar grains are stacked in 
colonies [31]. At higher cooling rates up to 410 ◦C/s, 𝛼∕𝛼′ plates nucle-
ate also in the interior of 𝛽 grains, forming a basketweave morphology,
where grains intersect at recurring angles [31]. Cooling rates exceeding
410 ◦C/s create a fully martensitic 𝛼′ microstructure [22]. Equiaxed 𝛼 is 
obtained by cooling from below the 𝛽 transus temperature [23] or very 
slow cooling from above the 𝛽 transus temperature [31]. Martensite is 
formed by the supersaturation of V in the 𝛼 phase and occurs in the 
form of distorted-hcp 𝛼′ at local concentrations of < 10 at.% V and 
orthorhombic 𝛼′′-martensite at local concentrations of > 10 at.% V [32]. 
The latter is not commonly observed in Ti-6Al-4V. 

In Ti alloys, 𝛼 and 𝛽 phases maintain the Burgers OR, specifically 
the alignment of {110}𝛽 ∥ {0001}𝛼 plane normals and ⟨111⟩𝛽 ∥ ⟨112̄0⟩𝛼
directions [33,34]. As a result, there are twelve variants of 𝛼 grains 
within a single parent 𝛽 grain. 𝛼 plates nucleate and grow along pre-
ferred crystallographic directions, resulting in the formation of plates 
oriented within specific planes, referred to as habit planes [35,36]. In 
basketweave formation, all twelve variants of the 𝛽 to 𝛼 transforma-
tion can be observed, leading to the characteristic, intersecting grain 
morphology. In Widmannstätten colonies, regions of stacked 𝛼-plates 
form with identical habit plane normal and crystallographic alignment, 
originating from the same 𝛽 grain [37].

2.2. Microstructural evolution during Laser Powder Bed Fusion (L-PBF)

The L-PBF process is characterized by rapid, repeated heating and
subsequent cooling [38]. The molten powder solidifies as 𝛽 Ti in 
columnar grains that extend along the build direction, due to the highly
directional temperature gradient during the process [34]. Among these 
grains, the preferred crystal orientation is the alignment of the [001]𝛽 -
direction with the build direction. In the proximity of free surfaces of 
a printed part, prior 𝛽 grains tend to be inclined towards the build
direction and have weaker texture [39].

Upon cooling past the 𝛽 transus temperature, the 𝛽 Ti transforms 
into 𝛼∕𝛼′ phase, where, depending on process parameters and location
in the specific build geometry, 𝛼′ martensite is typically the dominant
phase [40]. However, 𝛼′ → 𝛼 + 𝛽 decomposition is known to occur in-
situ during the thermal cycling caused by the deposition of subsequent
layers [40]. 𝛼 + 𝛽 microstructure is dominant in annealed L-PBF spec-
imens [34], as well as specimens fabricated by Electron-Beam-PBF, as 
the substrate is kept at a higher temperature and printing is conducted 
in vacuum instead of inert gas [41]. The volume fraction of 𝛽 phase
in regions of dominant 𝛼′ is very low (< 5%), while in regions of
decomposed 𝛼 + 𝛽, it can be in the order of 10% [34]. Specimens 
consisting of 𝛼′ martensite show higher ultimate strength, while those 
possessing 𝛼 + 𝛽 microstructure have higher ductility [40].
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Fig. 1. EBSD micrograph of an LPBF-manufactured specimen built from Ti-6Al-4V 
lloy. The vertical axis is aligned with the build direction. The rectangular region is 
ropped out for further analysis.

The observed morphological arrangement of 𝛼∕𝛼′ grains in as-
built L-PBF specimens is typically basketweave, as cooling rates are 
sufficiently high to allow nucleation of 𝛼∕𝛼′ grains in the interior of 𝛽
grains. Colonies of parallel Widmannstätten lamellae can be observed 
in regions of the print geometry with a deviating thermal history [37]. 

3. Generative reconstruction of 3D data

A flexible and robust approach to microstructure reconstruction is 
optimizing scalar pixel values in a reconstruction domain based on 
microstructural descriptors [30]. This process is the core of the pow-
erful open-source platform MCRpy. To reconstruct a microstructure, 
a loss function is minimized, which is the difference between one 
or more descriptors computed over a target- and the reconstructed
microstructure. The descriptor can be any expression computed over 
a microstructural image, like 𝑛-point statistics, total variation, or Gram
matrices.

Depending on the choice of descriptors, the loss is a differentiable
expression of all pixel values, meaning its partial derivatives w.r.t all 
pixel values in the reconstruction domain can be identified. Within a 
sufficiently small step from the current state, a change of the pixel
values along their gradients is guaranteed to decrease the loss, and 
therefore, increase the resemblance of the target- and reconstruction 
domains.

In this contribution, we show that the reduction of the orientation 
distribution into a number of discrete orientations and sequential re-
construction is a robust approach to obtaining 3D microstructures of Ti 
basketweave, which is dominated by twelve characteristic orientations.

3.1. Acquired data

The generative 3D reconstruction procedure is applied to the mi-
crostructure observed in an EBSD micrograph of a Ti-6Al-4V speci-
men, which was manufactured using an Additive Industries MetalFAB1 
printer. The process was conducted using a laser power of 375 W, 
a hatch spacing of 122 μm, and a layer thickness of 60 μm. These 
parameters were selected for experimental purposes and do not neces-
sarily correspond to the optimal processing conditions for this machine. 
The micrograph shown in Fig.  1 is acquired using a JEOL JSM-7200F 
Scanning Electron Microscope (SEM), equipped with an Oxford Instru-
ments Nordlys Nano EBSD detector. The physical dimensions of the 
micrograph are 77.86 μm × 58.09 μm and the resolution is 1072 × 800
pixels.

Basketweave microstructure can be observed everywhere in the 
micrograph. The separation of the region into elongated parent grains 
is directly apparent. The alignment convention of the crystal reference 
frame is 𝑿 ∥ 𝒂∗, 𝒀 ∥ 𝒃, 𝒁 ∥ 𝒄∗, where 𝑿, 𝒀 ,𝒁 are the orthogonal axes
 

3 
Fig. 2. Relation of reference coordinate system 𝑿, 𝒀 ,𝒁 to crystal coordinate system
𝒂, 𝒃, 𝒄 and expressions for the computation of reciprocal crystal axes 𝒂∗ , 𝒃∗ , 𝒄∗, where 
⋅ denotes the dot product and × the cross product between two vectors. A reciprocal 
crystal axis is orthogonal to both other crystal axes so that ∙∗ ⋅ ◦ = 0 and ∙∗ ⋅ ∙ = 2𝜋
where ∙, ◦ ∈ {𝒂, 𝒃, 𝒄} and ∙ ≠ ◦.

of the reference coordinate system and 𝒂, 𝒃, 𝒄 are the crystal axes of the
hcp lattice, where 𝒂 and 𝒃 are inclined at a 120◦ angle, as shown in
Fig.  2.

3.2. Parent grain reconstruction

As Ti undergoes 𝛽 → 𝛼-transformation, the emerging 𝛼 grains have 
one of twelve relative orientations to the parent 𝛽-grain’s orientation. 
The full set of possible alignments of the 𝛼-crystals axes 𝑿𝛼[1100], 
𝒀 𝛼[1120], 𝒁𝛼(0001) to the parent 𝛽-grain lattice can be extracted from 
Furuhara et al. [42]. The emerging grains grow in the plane with the
𝒀 𝛼[1120] normal direction, which is referred to as the habit plane [36]. 
This leads to the characteristic basketweave appearance of the grains 
in micrographs, as the habit plane intersects the observation plane.

Parent grain reconstruction is performed using the crystallographic 
analysis library MTEX [43,44]. In this process, the orientations of 𝛼-
grains are evaluated to reconstruct the orientations of a region’s parent
grain and the associated orientation variant of each 𝛼-grain. Fig.  3
shows the reconstructed orientation of each 𝛼-grain’s parent grain.

In order to create a microstructure that exclusively contains the 
basketweave pattern emerging from one prior 𝛽 grain, the rectangular 
region shown in Fig.  1 is used for further analysis. Fig.  4 shows the 
computed orientation variants of the 𝛼 grains. All grains that belong 
to one of the misorientation variants (hereafter called grain group)
have almost identical grain axis orientations in the 2D observation
plane, in addition to their identical crystal lattice orientations. The 
preferred growth plane of an 𝛼-grain is called the habit plane, which 
is normal to one of the families of [1100]𝛼-directions of the 𝛼-crystal
after transformation [45]. Therefore, the grain axis orientation in the 
out-of-plane dimension can be reconstructed, except for the ambiguity 
caused by the symmetry of the crystal lattice.

Fig. 3. Computed orientations of parent grains after prior 𝛽 grain reconstruction is 
performed in MTEX.
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Fig. 4. During the prior 𝛽 grain reconstruction, each 𝛼 grain is matched to one of the
twelve variants of Burgers OR. All 𝛼-grain groups are extracted from the EBSD, and
their habit plane normals are computed. The green vector shows the matched habit
plane normal. This process is shown for three of the twelve groups.

Due to the hcp-lattice’s rotational symmetry around the 𝑧-axis, 
applying Burgers OR yields three vectors that potentially represent a 
grain group’s habit plane normal. These vectors are projected onto 
the observation plane and compared against the in-plane grain axis.
The vector that is closest to orthogonal to the grain axis is selected
as the most plausible habit plane normal. Results of this process are
shown in Fig.  4. The habit plane normals are later used to assemble
the microstructural descriptors in orientations consistent with the 3D 
orientations of grains (see Section 3.6).

3.3. Microstructural descriptors

A microstructural descriptor is a metric that can be computed over 
a 2D image and contains quantitative information about the image’s
characteristics. Low-dimensional microstructure descriptors are volume 
fractions and grain size distributions, among others. More recently, 
Gram matrices [46] have emerged as a powerful, albeit intransparent
descriptor for an image’s overall characteristics. Despite their lack of 
interpretability, they have been used effectively to reconstruct micro-
graphs [47]. MCRpy offers a selection of different descriptors that can
be used individually or as a weighted sum to quantify the similarity
between two compared microstructures.

Gram matrices are calculated from the activations of a pre-trained 
Convolutional Neural Network (CNN) when exposed to an image. CNNs 
are a class of neural networks that are commonly used for image recog-
nition. They typically consist of a number of convolutional and pooling 
layers for visual feature extraction, shown in Fig.  5, and fully connected 
layers for image classification. A CNN is trained by optimization of 
model parameters (e.g. kernel weights and biases) in the convolutional 
layers during repeated exposure to a large set of images and corre-
sponding ground truth labels. After the information is processed by the 
network’s layers (forward propagation), the computed output probabil-
ities are compared to the labels using a loss function. Partial derivatives 
of the loss w.r.t all model parameters are calculated (backpropagation)
and the parameters are updated using an optimization scheme to obtain
a network with gradually increased performance at classification of
the images. This process is repeated until the optimizer reaches its
convergence criterion [48]. One of the most well-established CNNs for
general image recognition is the VGG-19 model [49]. MCRpy utilizes 
a truncated form of VGG-19 with pre-trained ImageNet weights [30]. 
Note that kernel weights are not subject to further optimization during
image reconstruction with MCRpy.

In convolutional layers, a set of kernels (or filters) operate on an 
input layer of size 𝐽 × 𝐾 × 𝐿 to compute an output layer. Kernels are 
most commonly of dimensions 3 × 3 × 𝐿, where 𝐿 is the depth of the 
previous layer. In the convolution operation, the kernel is moved across 
the input layer in steps of two pixels at a time. At each position, the 
scalar product of the kernel with the 3×3×𝐿 part of the input layer at 
4 
Fig. 5. Visualization of the truncated VGG-19 model that is used in MCRpy. Image
dimensions are given as 𝐽 = 𝐾 = 224, as this is the resolution that the network is
trained with. It can be applied to images with arbitrary resolution.

that position is taken. This procedure returns a feature map (𝐽 ×𝐾 ×1)
when computed for the full input layer. The convolution operation is
carried out with all 𝑁 kernels, assembling the full output layer, which is 
a stack of feature maps (𝐽×𝐾×𝑁). The depth of the output layer equals 
the number of kernels 𝑁 and is not necessarily equal to the depth of 
the input layer 𝐿.

In pooling layers, the output layer contains the average or maximum 
value of every 2 × 2 region in the input layer, which halves the 
dimensions 𝐽 and 𝐾 and increases the receptive field of subsequent 
layers.

For calculating the Gram matrix of layer 𝑖, the feature maps are 
flattened into vectorized feature maps of size 𝐽 𝐾 × 1. The stack of 
vectorized feature maps 𝐹𝑖𝑗 is a matrix of shape 𝐽 𝐾 × 𝑁 . The Gram 
matrix 𝐺𝑖𝑗 is computed by taking the inner product of a stack of 
vectorized feature maps with its transpose, or 

𝐺𝑖
𝑝𝑔 =

∑

𝑟
𝐹 𝑖
𝑝𝑟 𝐹

𝑖
𝑞𝑟 (2)

in indicial notation [46]. The loss of a layer 𝑖 is the sum of the squared 
differences between entries in the Gram matrix of the target image 𝐺𝑖𝑗
and reconstruction image 𝐺𝑖𝑗


𝑖 = 1

4𝑁2
𝑖 𝑀

2
𝑖

∑

𝑗,𝑘

(

𝐺𝑖
𝑗𝑘 − 𝐺𝑖

𝑗𝑘

)2
, (3)

where 𝑁𝑖 is the number and 𝑀𝑖 = 𝐽𝑖𝐾𝑖 the size of feature maps in layer 
𝑖 [46]. The Gram matrix loss  is the sum of losses 

 =
∑

𝑖

𝑖 (4)

over all layers i.
The total loss  of a 2D microstructure is a weighted sum of loss 

contributions from all selected descriptors 

2D =
𝑛des
∑

𝑖
𝜆des𝑖 des𝑖 . (5)

The morphological characterization and reconstruction of microstruc-
tures in this work relies solely on the contribution from Gram matri-
ces to the loss function , while image noise is moderated through
contribution of the normalized total variation   and accuracy of
reconstructed volume fractions is improved through the contribution 
of volume fractions 𝜙. In 3D, the loss is accumulated over all slices of 
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Fig. 6. Decomposition of the base data into twelve separate systems and reduction
from orientation data to variant identifier numbers. More details of the encoding can 
e extracted from Table  1.

the microstructure in the orthogonal planes [50] 

3D =
𝑛slices𝑥
∑

𝑗

𝑛des
∑

𝑖
𝜆des𝑖 des,𝑗𝑖 +

+
𝑛slices𝑦
∑

𝑘

𝑛des
∑

𝑖
𝜆des𝑖 des,𝑘𝑖 +

+
𝑛slices𝑧
∑

𝑙

𝑛des
∑

𝑖
𝜆des𝑖 des,𝑙𝑖 .

(6)

Assigning different targets to the descriptors on individual planes al-
lows to introduce anisotropy into the reconstructed 3D microstructures. 
Descriptor weights are generally kept constant across all planes.

3.4. Extension of the MCRpy implementation

MCRpy is primarily built for the reconstruction of binary mi-
crostructures by varying pixel values in a continuous range from zero to 
one and does not readily support the reconstruction of orientation data. 
A way to circumvent this limitation is to encode the orientation distri-
bution into a moderate number of discrete, characteristic orientations, 
which are represented as separate components in the context of MCRpy. 
The reconstruction of multi-component microstructures is supported
by the MCRpy base implementation, but the addition of a third com-
ponent already leads to a substantial increase in computational time.
Reconstructions of the order of ten components are infeasible. The pro-
posed approach is to decompose the multi-component reconstruction 
into separate binary systems where each component is reconstructed
against a background of empty space. The resulting microstructures are
superposed to arrive at a reconstruction of the full multi-component 
problem.

To proceed with this approach, a number of changes need to be 
introduced in the MCRpy implementation. Most importantly, it needs
to be ensured that the separated reconstructions do not occupy the 
same regions in the reconstruction domain, as this would lead to a 
change in material volume fraction and other characteristics during the 
superposition of the separate components.

This is done by tracking the available space throughout the recon-
structions. After reconstruction of one component, the occupied pixels 
are recorded and initialized as zero for all following reconstruction 
processes. The gradient computation is also modified so that all inactive 
pixels are assigned a constant gradient of zero and are thereby excluded
from the optimization. The implemented modifications are compatible
with MCRpy’s multigrid procedure, which utilizes stepwise upsampling
of the reconstruction domain resolution to decrease computational 
time.

The choice of an appropriate tolerance for the termination of the
optimization is also necessary to ensure feasible runtimes. The L-BFGS
 

5 
Fig. 7. The sequential reconstruction process is depicted for the first three and last
variants in columns from left to right. The top row shows the initialized reconstruction
domain of each process and the bottom rows shows superposed results. The first process
is initialized with random noise. In each subsequent process, all points utilized by
a previous reconstruction are initialized as zero, deactivating them from the current
reconstruction. The domains in the top row have one-eighth of the resolution as the
finished reconstruction domains due to the use of the multigrid scheme in MCRpy.

Table 1
Assignment of characteristic orientations to variant identifiers and their respective
Volume Fractions (VF) and Inverse Pole Figure (IPF) colors in Fig.  6.
 Variant Orientation (𝜑1 , 𝛷, 𝜑2) [◦] Habit plane normal VF [%] IPF  
 1 104.62 88.36 45.73 0.008 −0.290 0.957 6.696  
 2 157.14 47.14 22.47 −0.946 0.109 0.304 3.635  
 3 65.81 33.96 18.48 −0.627 0.518 0.582 4.086  
 4 104.34 88.31 58.04 −0.188 0.501 0.845 5.678  
 5 154.50 49.11 16.09 −0.516 −0.472 0.714 7.445  
 6 63.76 37.79 29.43 0.026 0.952 0.306 13.951  
 7 142.50 139.47 24.90 0.376 0.633 0.677 10.347  
 8 14.65 83.05 7.05 −0.647 −0.054 0.761 3.442  
 9 142.55 139.76 13.34 0.864 0.005 0.504 12.765  
 10 14.94 80.09 60.20 −0.495 0.010 0.869 14.139  
 11 55.66 128.37 19.03 0.693 0.658 0.294 6.778  
 12 58.80 124.49 32.65 0.485 −0.344 0.804 10.619  

method is used to drive the optimization, where the specified tolerance
TOL is compared against 

𝑘 − 𝑘+1

max (|𝑘
|, |𝑘+1

|)
≤ 𝚃𝙾𝙻 . (7)

All reconstructions in this work are computed using 𝚃𝙾𝙻 = 10−3.

3.5. Reconstruction process

In preparation for the reconstruction process, grains are recon-
structed from the base EBSD data (Fig.  1) in MTEX. Computed grains 
of area < 0.1 μm2 are considered artifacts and removed from the data 
to simplify the obtained grain morphology (Fig.  3). All non-indexed 
points in the base data are filled with the value of their nearest neighbor 
inside their computed grains to minimize the amount of empty space 
in the target microstructure for the reconstruction process (Fig.  6). This
step leaves parts of the data points in the corner- and edge locations 
of the EBSD non-indexed, which explains why the volume fractions 
of the target microstructure in Tables  2 and 3 do not sum to 100%.
Next, the base data is transformed from a single domain that contains 
orientation data into twelve separate maps that contain binary data, 
where each characteristic grain orientation in the base data is encoded 
into a variant identifier number. Fig.  6 shows the decomposition of the 
image into separate reconstruction problems.
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Fig. 8. Left: For the first of the twelve sequential reconstructions, the loss at each 
teration of the optimization is shown. Each doubling of the resolution causes a jump 
n the loss. The reconstruction domain is initialized as 50 × 81 pixels and upsampled 
henever TOL of 10−3 is met until the full resolution of 400 × 650 is reached. Right: 
or all twelve reconstructions, the loss at each iteration of the full-resolution stage is 
hown. Increments are counted relative to the start of the full-resolution stage of each 
espective reconstruction process. Earlier reconstructions can reach lower loss values 
s more space in the reconstruction domain is available.

Table  1 shows the encoding of characteristic orientations into vari-
ant identifier numbers. Habit plane normals are calculated using Burg-
ers OR as outlined in Section 3.2. Volume fractions are calculated from 
the filled EBSD data.

The variants are reconstructed in the order of decreasing volume 
fraction. The reconstruction domain for the first reconstruction is ini-
tialized as normally distributed values around 0.5 with a standard 
deviation of 0.1 and min- and max-cutoff at 0.1 and 0.9 (see Fig.  7, 
top left). Pixel values in the reconstruction domain are optimized to 
minimize the loss, which is computed from the selected descriptors.
Once the specified tolerance is reached, a Gaussian filter is applied to
the reconstructed microstructure to further reduce noise [30], which 
concludes the reconstruction of one variant (Fig.  7, bottom left). This 
procedure is repeated for all variants, during which the occupied space 
is tracked and removed from the initializations of later reconstructions 
(Fig.  7, top row).

Fig.  8 shows the loss throughout the reconstruction as defined
in Eq.  (5). To save computational time, the reconstruction domain is
initialized as 50 × 100 and upsampled multiple times until the full 
resolution of 400 × 800 is reached. Each upsampling is associated with 
a jump in the loss as the resolution of the descriptor and reconstruction 
domain doubles. Fig.  8 also shows the convergence of the loss in the 
final stage of the optimization for all variants. As the available space 
for reconstruction decreases throughout the process, losses for later 
reconstructions tend to converge at higher values than earlier ones. The 
resulting effects are decreased by reconstructing variants to decrease
the variant fraction.

Once all reconstruction processes are completed, the resulting mi-
crostructures can be superposed without intersection. The variant iden-
tifiers are decoded back into Euler angles, which allows for direct 
comparison to the EBSD target data. The approach in its current form 
is limited to the reconstruction of the substructure within one prior 
𝛽 grain. This is because no information on relative spatial (co-)occur-
rence in between the variants is conveyed, which is required for the 
substructures within each 𝛽 grain not to blend in the reconstruction. In 
the context of computational mechanics, investigation of larger regions 
spanning across a multitude of prior 𝛽 grains with distinct orientations
and variant selections require the use of effective properties in a 
multiscale approach.

3.6. Out-of-plane descriptors

In the case of 3D microstructure reconstructions, appropriate de-
scriptors for all three orthogonal planes need to be obtained. This
 

6 
Fig. 9. Three-dimensional assembly of target domains shown for the 6th variant. It 
is assumed that the morphological pattern captured in the EBSD data represents the
observed grain group reasonably well on orthogonal planes. The grain pattern of variant
6 is rotated to align with the computed habit plane normal of (0.03, 0.95, 0.31).

can be done through additional EBSD micrographs or morphological 
assumptions, if the investigated material allows. As for the case of the
Ti basketweave microstructure, the habit plane of each grain can be 
extracted from Burgers OR, which identifies the grain’s out-of-plane 
axis orientation. For the 3D reconstruction of a grain group, the cross-
sections of its habit plane and the orthogonal descriptor planes are
computed. As for the lack of available 3D data, it is assumed that the 
grain morphology observed in the EBSD observation plane is represen-
tative of all orthogonal planes. Micrographs taken on different planes 
reveal that the morphology of the 𝛼 grain patterns itself remains largely 
insensitive to the build direction in L-PBF manufacturing, while the 
effect of the highly directional temperature gradient are predominantly
seen in the morphology of prior 𝛽 grains [51]. To construct the out-of-
plane descriptors, the grain pattern observed in the EBSD is rotated 
to the computed angle at which the habit plane and the respective 
descriptor plane intersect. The resulting assembled target domains are 
visualized in Fig.  9.

4. Results

The proposed methodology is utilized to create reconstructions
of the basketweave pattern observed in the EBSD micrograph (Fig. 
1). We present results for a 2D reconstruction of size 400 × 650 in 
Section 4.1, and results for a 3D reconstruction of size 200 × 200 × 200

Fig. 10. Left: Target 2D microstructure (413 × 688) before decomposition, as seen in 
ig.  6. Right: Reconstructed 2D microstructure (400 × 650).
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Fig. 11. Chord length distribution in the 2D target and reconstructed microstructures.
Results are shown for the first (left) and last (right) three variants in order of decreasing
volume fraction.

in Section 4.2. Geometrical quantification is based on comparisons of
grain aspect ratio-, grain axis-, and grain size distributions as well as
chord length distributions (CLD). For the purpose of brevity, only a 
representative subset of the computed data is presented in the follow-
ing sections. For the full set of results, the reader is referred to the 
supplementary materials.

4.1. 2D reconstruction

The resolution of 400 × 650 is selected for the reconstruction of 
the 2D microstructure to approximately match that of the target mi-
crostructure taken from the EBSD data (413 × 688). Relative descriptor
weights of 𝜆 = 1 for Gram matrices and 𝜆 = 𝜆 = 100 for volume 
fraction and variation are used. As seen in Fig.  10, the reconstructed
microstructure shows strong qualitative similarity to the EBSD base 
data and captures key characteristics like high aspect ratio, intersecting 
grains, and characteristic grain orientations. The reconstruction domain
is not filled with material after the reconstruction process has con-
cluded. To fill the remaining space, the suggested approach is to assign
the empty points the data from the nearest neighboring grain, as is done 
with the non-indexed points in the EBSD data in Section 3.5.

Fig.  11 shows the angularly resolved CLDs of the first and last 
three variants in order of their reconstruction, computed using the 
implementation provided by Latypov et al. [52]. Results of all vari-
ants are given in the supplementary materials. The CLD captures the 

Table 2
Required iterations, computational time, and volume fractions of the 2D reconstructions
in order of their computation. Volume fraction of the binarized optimization result is 
enoted by 𝜙opt, volume fraction after application of the Gaussian filter, which is the 
inal product of the reconstruction process, is denoted by 𝜙rec.
 Variant Iterations Time [min] 𝜙target [%] 𝜙opt [%] 𝜙rec [%]

 10 52 2.67 14.14 15.12 14.55
6 44 2.30 13.95 14.79 14.60
9 24 1.76 12.77 13.20 13.02
12 27 1.90 10.62 10.77 10.56
7 68 3.03 10.35 10.88 10.54
5 23 1.86 7.45 6.06 5.84
11 44 2.50 6.78 5.85 5.51
1 22 1.81 6.70 5.65 5.36
4 16 1.66 5.68 4.01 3.77
3 12 1.47 4.09 2.39 2.16
2 22 1.70 3.64 1.97 1.75
8 19 1.66 3.44 1.67 1.46

 Sum 373 24.32 99.58 92.37 89.12
7 
Fig. 12. Distribution of grain aspect ratios in the 2D target and reconstructed 2D 
microstructures. Results are shown for the first (left) and last (right) three variants in
order of decreasing volume fraction.

distances between intersections of test lines at a given angle with 
grain boundaries of a microstructure. The CLD for each angle of test 
lines from [0◦, 180◦] is computed, and the resulting histograms are 
represented at their respective angle in circular fashion, as seen in Fig.
11. From the CLDs, it can be concluded that all but the last two variants
show a good match of preferred grain axis orientations. The preferred
grain orientation among grains belonging to the same variant is one 
of the most characteristic properties of the target microstructure and 
is captured remarkably well, given that the descriptor is not provided
with any explicit information regarding this property.

Fig.  12 shows the distribution of grain aspect ratios of the first 
and last three variants in order of reconstruction. Aspect ratios are 
computed as the ratios of long over short axes of ellipses that are fitted 
to grains [53]. The match of the first three distributions is good, and a
reliable occurrence of grains with aspect ratios > 5 can be observed,
which is characteristic of the target microstructure. The last three
reconstructions are increasingly burdened by the lack of available space 
and show more significant differences when compared to the target 
data, though the match of trend and order of magnitude is still fair.

4.2. 3D reconstruction

A resolution of 200 × 200 × 200 is selected for the 3D reconstruction 
to limit the required computational effort. To circumvent the issue of 
resolution mismatch between the target and reconstruction domain, the 
target microstructure is downsampled from its original size to half its 
resolution and cropped to a square shape of 200 × 200 pixels. Relative
descriptor weights of 𝜆 = 1 for Gram matrices and 𝜆 = 100 for 
variation are used.

Required iterations, computational time, and volume fraction of 
each reconstruction process can be extracted from Table  2. Recon-
structed volume fractions are generally in good agreement with those of 
the base data, with slight over-representation in earlier reconstructions 
and under-representation in later stages.

As with the 2D reconstruction, the qualitative agreement to the 
base data is good and key characteristics are present in the recon-
struction, as can be seen in Fig.  13. Required computational time, 
iterations, and volume fractions are presented in Table  3. Agreement 
of volume fractions of the reconstructed microstructure immediately 
after optimization is very good, the applied Gaussian filter however
leads to a loss of material volume across all reconstructed variants.
This decrease is more pronounced than in 2D reconstructions, because 
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Fig. 13. Reconstructed 3D microstructure with a resolution of 200 × 200 × 200.

Fig. 14. Three slightly different views of an isolated variant visualize the out-of-plane 
orphology of the reconstructed grains. A qualitative resemblance to experimentally 
btained data [7,54] is captured.

the level of noise is higher in 3D reconstructions, as also observed by 
Seibert er al. [50]. As compared to the 2D process, a shift in the order 
of reconstruction of individual variants occurs because the volume
fraction of the target microstructures changes slightly during cropping.

Fig.  14 shows the morphology of a single reconstructed variant.
For a visual comparison to experimentally obtained data, the reader is
referred to results obtained by DeMott et al. [7]  and Ma et al. [54]. A 
striking feature in both the experimental data as well as the reconstruc-
tion is the out-of-plane coherence of grains, which cannot be observed 
in 2D EBSD data.

Fig.  15 shows the angularly resolved CLDs as introduced by Latypov
et al. [52] across the first and last three variants in order of recon-
struction, extracted from five slices in 𝑥-direction. The resemblance of 

Table 3
Required iterations, computational time, and volume fractions of the 3D reconstructions
in order of their computation. Volume fraction of the binarized optimization result is 
enoted by 𝜙opt, volume fraction after the application of the Gaussian filter, which is 
he final product of the reconstruction process, is denoted by 𝜙rec. The sum of volume 
ractions of the optimization results can exceed 100%, as they are not required to be 
compatible as is the case with the reconstruction results.
 Variant Iterations Time [min] 𝜙target [%] 𝜙opt [%] 𝜙rec [%]

 9 49 162.48 18.40 19.01 15.66
10 47 151.75 18.16 18.74 16.30
12 44 152.71 14.78 14.96 12.41
6 33 120.06 9.77 10.08 8.02
11 37 150.03 9.20 9.16 6.93
5 55 211.63 7.49 7.57 5.63
4 58 217.30 6.57 6.85 4.82
3 25 94.34 4.51 4.37 2.93
7 36 146.27 3.50 3.13 1.91
1 52 213.26 3.00 2.96 1.53
8 37 154.96 2.96 2.52 1.21
2 37 147.16 1.63 1.53 0.60

 Sum 510 1921.95 99.97 100.90 77.95
8 
Fig. 15. Chord length distribution of five slices in 𝑥-direction extracted from the 
econstructed 3D microstructure and corresponding data from the target microstructure. 
esults are shown for the first (left) and last (right) three variants in order of decreasing 
olume fraction.

Fig. 16. Distribution of grain aspect ratios extracted from five slices in 𝑥-direction 
rom the reconstructed 3D microstructure, and corresponding data in the target 
icrostructure. Data is shown for the first (left) and last (right) three variants in order 
f reconstruction.

CLDs for the first three target- and reconstructed microstructures is
good but not as striking as in the 2D reconstruction. This is presumably
caused by the conflicting optimization targets on orthogonal planes
of the structure. Same as with the 2D reconstructions, the last three 
reconstructions increasingly suffer from the lack of available space.

In Fig.  16, the distribution of grain aspect ratios across five slices in 
𝑥-direction extracted from the reconstructed 3D microstructure is given. 
While the agreement of the first three reconstructions is fair, and the 
characteristic, reliable occurrence of sharp grains with aspect ratio > 5
is captured, results do not match as well as for the 2D reconstruction.
This is presumably again caused by the conflicting optimization targets
on orthogonal planes of the microstructure. 

5. Conclusion

In this work, we present a robust methodology for the generative 
reconstruction of 3D microstructures that capture the basketweave 
mophology commonly observed in Ti-6Al-4V from 2D EBSD data. From
our findings, we draw the following conclusions:
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1. Reconstructions of Ti basketweave morphology can be obtained 
by reducing the orientation data obtained from EBSD micro-
graphs to a multi-component reconstruction problem through
encoding characteristic angles to identifier numbers. The re-
sulting microstructures capture striking qualitative resemblance
and show good quantitative agreement in several independent 
geometric comparison criteria.

2. The sequential treatment of the multi-component reconstruction 
problem allows its solution with feasible computational effort.
The sequence in which reconstruction processes are conducted
introduces increasingly strong constraints on latter reconstruc-
tions, but the resulting effects on the quality of the overall
reconstruction are moderate.

3. Gram matrices perform well in capturing a blend of characteris-
tics of the target microstructure, such as volume fractions as well 
as grain axis angles, grain aspect ratios, and grain sizes. Using
total variation as an additional descriptor is needed to moderate
image noise, especially in 3D reconstructions.
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