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constitutive laws, for instance, enable ICME [17–25] by modeling strain 
path dependent deformation behavior of highly anisotropic metals 
through the evolution of slip, twin, and phase-induced texture evolution 
[26,27]. In HCP and lower symmetry metals such as orthorhombic 
metals [28–33], it is usually necessary to emulate the twinning process, 
reproducing the statistics of experimental data to capture the mechan
ical response during complex loading [27,34,35]. The emulation of the 
twinning process requires detailed knowledge of the twin types, twin 
fractions, twin nucleation criterion, and their role in hardening the 
material; and ICME relies on the ability to extract twin-based 
information. 

Considering the importance of twinning in fracture and under
standing the anisotropic response of materials, several automatic twin 
identification codes have been published over the past two decades 
[36–40]. Two fundamental tasks are addressed in each implementation 
(see Fig. 1 for a graphical explanation): 1) determination of twin re
lationships based on boundary or mean fragment misorientation, 
grouping grain fragments (local EBSD regions of similar orientation) 
that composed a single grain in the initial microstructure (cluster), and 
grouping fragments in a cluster that have similar orientation (families); 
and 2) determination of the direction of the twin relationships (i.e. 
determining the pre-twinning (parent) and the twin (child) grain frag
ments) from which the family in the initial microstructure (root) is 
related to other families in a cluster (family tree). From these basic 
grouping and directional relationships, statistical analysis of twin acti
vation, area fraction, number of lamella, twin thickness, and twin-twin 
junctions can be utilized to give a greater understanding of how defor
mation twinning evolves in materials [16,41–47]. 

Post-mortem, quantitative analysis of deformation twinning is 
challenging in highly deformed microstructures (strain >0.1) [48–51] 
due to the combination of reorientation by slip and twinning and the 
amount of microstructure fragmentation. In high-purity α-Ti, profusely 
twinned grains are observed with an abundance of primary tensile 
{

1012
}〈

1011
〉

twins, secondary compression 
{

1122
}〈

1123
〉

twins, 

and even trace amounts of tertiary twins [52]. Statistically relevant 
analysis of higher ordering twinning has not been performed on α-Ti. 
Indeed, analysis of higher order twins using statistically relevant data
sets is notably absent from current literature due to the challenges of 
automatic twin identification after high levels of deformation and twin 
hierarchies being analyzed using deterministic twin codes [36]. Exam
ples of non-flexible twin code attributes include using only local 
misorientation relationships to identify twin relationships, handling 
circular relationship explicitly, assuming internal family misorientation 
can be appropriately grouped with a single tolerance, determining the 

root by area majority rule, and relying heavily on fragment geometry to 
determine the twin. To address fundamental issues regarding post- 
mortem analysis and slip, inverse modeling of the twinning process (e. 
g. through physically based crystal plasticity modeling) in addition to 
traditional twin identification approaches are needed. Key to this com
bined approach is a highly flexible framework that has the capability to 
assimilate all levels of microstructure and modeling information into a 
coherent interpretation of the microstructure evolution. 

Volume fractions of twins in highly deformed microstructures have 
been determined using boundary length fractions and texture based 
methods. The boundary length fraction method is based on measuring 
the fraction of high-angle boundaries in the microstructure consistent 
with the twin misorientation relationship. The boundary fraction 
method is not an accurate measure of twin fraction even for first- 
generation twins [38]. Alternatively, twin fractions can be estimated 
based on the change in orientation distribution as the area fraction of 
material that has undergone a significant change in orientation. For 

instance, in HCP metals, tensile 
{

1012
}〈

1011
〉

twins tend to flip grain 

orientations to align the c-axis with the compression direction, and the 
twin fraction is estimated from large EBSD scans or neutron diffraction 
bulk texture measurements based on the quantitative change in fraction 
of c-axes within some angle to the compression direction [17,53]. The 
texture method is reliable except when there are multiple types or 
generations of twins [54], or at high strains where slip results in sig
nificant grain reorientations of similar magnitude to twin mis
orientations. In general, twin statistics beyond volume fraction are not 
available from the texture method. 

The objective of the present paper is the development of a robust 
framework for analyzing statistically relevant twinning datasets with 
large twin fractions at large strain. Relationships between two objects, 
such as the twinning relationship between grain fragments, can be 
represented by a graph(V,E) wherein each object is a node V, and each 
relationship between two objects is represented by an edge E. The graph 
methodology has been widely applied in EBSD analysis. Central to the 
MTEX approach for working with orientation maps are graph based 
methods for reconstruction, cleaning, and segmentation of EBSD data
sets [55]. A graph-like approach has also been used in twin codes for 
relating directional twin relationships as a family tree [36], and a graph 
theory approach was completely embraced in the recent twin code 
METIS [37], wherein multiple graphs were used to reconstruct EBSD 
data points into grain fragments, to relate grain fragments into clusters, 
and using the cluster graph to represent the relationships between 
families. One especially important contribution of [37] was the identi
fication of graphs as a means for visually interacting with and correcting 

Fig. 1. Schematic of the tasks and challenges performed in twin codes (from left to right): identification of twin relationships and grouping of grain fragments 
(clusters), identification of fragments of the same orientation (families, F), and the determination of the representative family tree. Note that a cluster is the group of 
families comprising a single grain in the initial microstructure. Shown is an example of the family tree where the F1 family is the parent of families F2 and F4, and F3 
is a second generation twin whose parent is F2. A circular twin relationship (e.g. F1, F2, F3, and F1) arises from the combination of twin crystallographic reor
ientations and a twin code must identify the correct twin hierarchy. The circular relationship causes no root (the family that is not a twin) to be evident based on the 
directions of twin relationships, and another criterion (presented in this work) is needed to determine the root automatically. 
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Gclust, thereby simplifying manual corrections by reducing the number of 
edges that need to be interacted with. 

Twin modes have a separate merging β and classification tolerances 
βrelaxed and ϕ as summarized in Table 1. The β is chosen to minimize the 
apparent user corrections needed in forming Gclust, while βrelaxed is used 
to define the type of edge between two fragments for user interactions (i. 
e. adding edges, visualization, etc.). The ϕ is used during constructing 
Gfam in the next section. As pointed out in [37], the boundary based 
misorientation is expected to be the least accurate for twin identifica
tion. However, for these datasets with significant internal grain 
misorientation, the boundary based merging proved more sensitive at 
lower misorientation tolerances, resulting in less manual corrections 
when used in conjunction with additional merging criterion. Grain 
fragment boundary segments at junctions between more than two 
fragments (e.g. triple points) were removed from merging consider
ations since MTEX merging methodology using boundaries will cause a 
relationship between two grains to merge all grains associated with the 
boundary segment. The minimum length of grain boundary for a twin 
relationship to cause merging was implemented, but improvement by 
enforcing boundary length was negligible, and one boundary segment is 
used. 

While increasing β greatly decreases the number of grains that are 
merged through secondary criterion such as cluster geometry, it also 
greatly increases the number of incorrectly merged boundaries. This 
appears to be especially prevalent given the orientation spread in fam
ilies and the high number of unique twin families in the Ti datasets. 
Furthermore, the large number of twin lamella results in missing 
boundary relationships that require a non-local merging algorithm. 
Thus, we adopt an approach that utilizes a small β tolerance to limit 
incorrect boundaries and an iterative, cluster-based merging algorithm 
using the cluster size, shape, shared boundary ratio, and common fam
ilies between clusters as a merging criterion. 

Geometry criterion (cluster size, shape, shared boundary ratio) al
lows information about the initial microstructure to be leveraged, and 
the expected evolution of cluster geometry based on applied deforma
tion can be used to identify a cluster that should not exist. Due to the 

large grain size and equiaxed initial grain shape of the Ti in this study, 
grains that are much smaller or have aspect ratios much higher than 
those in the initial microstructure, should be considered for merging 
with a neighboring cluster. For aspect ratio based merging, an aspect 
ratio of 3.5 and maximum cluster size of 9000 pixels was used (for 
reference the cluster in Fig. 7 is approximately 50,000 pixels). A 
maximum cluster size of 2000 pixels was adequate for identifying small 
clusters for merging. 

For a cluster that has been flagged based on geometry, a criterion to 
merge with neighboring clusters is needed. Here we compare the mean 
family orientations (as calculated using the methodology described in 
the next section) with tolerances βfam = 12◦. The large tolerance is 
chosen to promote the merging of small clusters and overlapping twin 
domains (see Fig. 6). No merging is performed unless a common family 
is found, and when two neighboring clusters have the same number of 
common families, the merging is performed with the largest cluster. In 
addition to the geometry and family-based merging, most clusters that 
are internal to another cluster or partially internal should be merged. To 
this end, a shared boundary ratio was also defined, and when a cluster 
shares more than 70% of its boundary with another cluster, it was 
merged with that cluster. 

The Gfrag, clusters without geometric merging, clusters with geo
metric merging, and their relationship to the Gclust are demonstrated for 
select grains in Fig. 5. Geometric merging plays an important role in the 
reconstruction process. To gain some insight into the role of geometric 
merging, consider the EBSD of RD and ND at compressive strains of 0.2 
and the β parameters in Table 1. Of the 38,076 nodes and 106,840 edges 
comprising the 685 clusters of the ND scan, 2675 clusters were merged 
by geometric considerations, 415 edges were removed and 3726 added 
manually. Of the 14,699 nodes and 37,727 edges comprising the 530 
clusters of the RD scan, 2099 were merged by geometric considerations, 
165 edges were removed and 142 added manually. Assuming the cluster 
merging could be done with a single manual operation, geometric and 
family-based merging reduced the amount of manual interaction from 
6.4% to 3.9% for ND and from 6.4% to 0.8% for RD. The percentage of 
manual interaction at compressive strains of 0.05 were 0.9% for RD and 

Fig. 5. Example of fragment reconstruction for ND 
loaded sample at a strain of 0.2. a) fragment graph 
connecting neighboring grain fragments, b) clusters 
(areas enclosed by white boundaries) after boundary 
based merging, c) clusters after geometric and family 
based merging, and d) clusters after geometric and 
family based merging with the cluster graph used to 
identify the clusters. Note that no cluster graph edge 
crosses a cluster boundary and that b, c, and d contain 
the same user modified edges, thereby geometric 
merging is isolated.   
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1.2% for ND. Increasing β will shift these results away from boundary- 
based merging and the number of edges removed will go up. The 
optimal choice of β depends on the microstructure and is found through 
user estimation of the amount of manual interactions that will be needed 
to appropriately reconstruct Gclust and by weighing the ease of inter
acting with an over segmented microstructure versus under segmented 
microstructure. 

3.3. Family graph 

Fundamental to the approach of separating the grouping of frag
ments in Gclust and classification operations is the reconstruction of 
families which are groups of grain fragments of similar orientation in a 
cluster [36]. MTEX conveniently provides an agglomerative, hierarchi
cal grouping function, calcCluster. The function takes a cluster and be
gins by merging the pair of orientations with the smallest 
misorientation. It then computes the mean of those orientations, assigns 
the orientations to a family group, and removes them from further 
consideration as the minimum misorientation. The misorientation of all 
other orientations in the cluster with respect to the mean orientation are 
updated, and the function iterates until no misorientation is smaller than 
a specified tolerance, αfam. While this method is appropriate for grain 
fragments with minimal internal misorientation, disparate reorientation 
of family fragments at large strains and overlapping twin relationships 
are a major issue in the family reconstruction phase and later while 
assigning twin relationships between families. 

Consider a family that was split in two due to an insufficiently large 
αfam. During the classifications stage, one or both of the families may not 
have a twin relationship or both families may have the same type and 

twin variant. This can create multiple apparent roots for the family tree 
and result in higher order twinning since there can only be one root. If 
αfam is increased too much in an attempt to group families with large 
misorientation, then depending on the twin types and higher order 
twinning, distinct families will be merged creating further classification 
issues. In Fig. 6 prominent twins and higher order twinning sequences 
are shown as calculated using (2) and the overlap of higher and lower 
order twin misorientations creating the same twin orientation within 
some tolerance are summarized in Table 2. Secondary and tertiary twins 
have clear overlap with primary twins, and likely no family recon
struction scheme will ensure appropriate groupings without considering 
twin geometric attributes and family tree reconstruction. The preva
lence of overlapping twin families in the Ti datasets does not appear to 
be significant and a simple relaxation of αfam is expected to produce 
satisfactory results. Careful manual investigation of clusters, such as that 
done in Fig. 7, revealed that αfam greater than 4◦ will result in some 
higher order twins being merged with the root of lower order twins. 

To address the sensitivity to the choice of the family grouping 
tolerance, we adopt a fragment based misorientation tolerance αfrag in 
combination with family reconstruction described above. First, 
calcCluster is used to group fragments into families. Then a fragment in 
Family A is merged into Family B if the Family A fragment shares an 
orientation with any Family B fragment less than the specified tolerance 
αfrag. The process is repeated until no more fragments are merged. This 
approach is like fragment reconstruction from EBSD data. 

The result of the family clustering algorithm is demonstrated in Fig. 7 
with an αfam of 4◦ and αfrag of 0◦ and 2◦. The EBSD IPF and the unique 
family fragment maps for a select grain are shown and several families 
were merged by using αfrag of 2◦, reducing the total number of families 

Fig. 6. Upper hemisphere {0001} pole figure sigma sections of prominent twins and higher order twinning sequences with respect to the unit cell. The sequences and 
twin types are the prominent relationships observed in the Ti dataset used in this study. The sigma section angle represents the rotation of the c-axis which in 
combination with crystal symmetry is representative of the twin orientations. For reference, the grid superimposed on the pole figures is 10◦. 

Table 2 
A summary of the number of overlapping twin relationships that lead to circular relationships between families as a function of common twinning sequences in Ti and 
misorientation tolerance. The number of overlapping twins scales with the relaxation of the misorientation tolerance, and this should be a consideration during the 
choice of α if unique twin families are not to be merged.  

Twinning sequence Number of twin variants Number circular relationships 

Mis. Tolerance 5◦ Mis. Tolerance 7.5◦ Mis. Tolerance 10◦

T1 T2 C1 T1 T2 C1 T1 T2 C1 

T1 → C1 or C1 → T1 36 – – – 12 – – 12 – – 
T2 → C1 or C1 → T2 36 – – – – 6 – – 6 – 
C1 → T1 → C1 216 24 – – 24 – – 48 – – 
T1 → C1 → T1 216 – – 24 – – 24 – – 72 
C1 → T1 → C1 → T1 

Or 
T1 → C1 → T1 → C1 

1296 12 – – 12 – 132 12 12 264  
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from 30 to 22. The groupings of orientations are shown in the axis-angle 
space, giving an interpretation of disorientation (minimum misorienta
tion), and the clustering algorithm captures the anisotropic cluster 
shapes and intuitive grouping of grain fragment based on the EBSD IPF. 
In the Fig. 7 there is at least one unmerged family and increasing either 
of the tolerances results in families being merged that clearly should not 
be merged. For the datasets here, increasing αfrag above 2◦ significant 
increases the incorrectly merged families, while increasing αfam to 6◦

addresses prevalent classification issues in the family trees with minimal 
over-merging. Based on these observations, an αfam of 6◦ and αfrag 2◦ is 
adopted in this work. For reference, the total number of families in Fig. 7 
is further reduced to 17 with these tolerances. 

The family graph Gfam is finally constructed for each cluster in Gclust. 
When determining twin relationships, the unweighted mean family 
orientation determined in calcCluster is replaced by the grain area 
weighted mean using the MTEX function mean. This approach biases the 
orientation importance in defining the twin relationships based on the 
assumption that more fragments will have shared boundaries with the 
larger fragments. The twin relationships are then calculated between the 
weighted mean orientations of families using the tolerance ϕ in Table 1. 
The choice of ϕ determines which family relationships are considered in 
the making of the family tree and a large tolerance (10◦ in this case) can 
be used so long as the family tree reconstruction process is able to isolate 
the relevant twin relationships. 

3.4. Manual corrections of graphs 

MTEX natively has the capability to interact with data through a 
programming interface. To facilitate quick interaction with the data, a 
command line wrapper to basic graph operations was developed. A list 
of cluster ids to edit are passed to the graph editor. For each cluster, 
commands such as removing and adding edges, testing relationships 
between fragments, and changing the plot visualization options are 
accessed through the MATLAB command window menus. To facilitate 
interacting with edges and nodes specifically, the MATLAB graph 
toolbox plotting capabilities are utilized to overlay node ids and edge ids 
on MTEX grain plots. This greatly simplifies interacting with data 
reconstruction in MTEX, and its utility is not limited to twin analysis. 

The data structure introduced by graphs plays an important role in 
graph modifications. The Gfrag and Gclust graphs have the same number of 
nodes, and the edges Eclust are a subset of edges Efrag. Therefore, all node 
and edge ids are stationary if the set of fragments reconstructed from 
EBSD is not changed. In this work, the edge ids for adding and removing 
edges are written to text files and read in at the construction of Gclust. The 
graph Gfam discussed in the previous section is only stationary if a cluster 
in Gclust is not modified. To address the computational overhead in large 
EBSD datasets such as those used in this study, the Gfam information is 
stored per cluster and modifications to the Gclust are tracked such that if a 
cluster does not change, quantities are not recomputed at the family 
level. Fig. 8 demonstrates the workflow including the manual graph 

Fig. 7. Example of family merging algorithm applied with αfam= 4◦ family tolerance (b,d) followed by αfrag= 2◦ fragment based merging (c,f) to a select grain with 
200 μm equivalent diameter from the ND loaded sample and strain of 0.2. (a) is the as-cleaned EBSD IPF, (b, d) are the unique family grain plot and corresponding 
unique family clusters in angle-axis space without fragment merging, and (c, f) are the unique family grain plot and corresponding unique family clusters in angle- 
axis space with fragment merging. Note that the fundamental zone is used in plotting the angle-axis space, resulting in clusters continuing across the bounding 
surfaces of the space and that the directions ei

care the directions of axes of the crystal frame. 
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relationships to those between families that share boundaries, unless the 
criterion removes a family completely in which case all twin relation
ships are used for that family. The weights {wFGBL,wFESF,wFA,wgen} =
{1,5,0,0.5} are adopted due the large area fraction of twins and to 
promote in the absence of a clear Schmid based behavior the family 
grain boundary length which should work well for hierarchical twin
ning. The generation weight was chosen to promote the addition of 
lower order twins during the Prim type spanning tree algorithm and can 
be thought of as a relaxed implementation of level graph sideward 
pruning. This helps ensure that all edges describing higher order twin
ning are being considered in Gfam, and provides the option to test the 
sensitivity of reconstruction results to the algorithm. The generation 
weight of 0.5 was chosen here such that highly favorable, higher order 
twin relationships can still be added to the family tree before lower order 

twin relationships that are not favorable. 
It is important to acknowledge that while the relationships are not 

explicitly enforced, the weighting parameters and methodology bias the 
results towards hierarchical twinning. To help demonstrate the impor
tance of the point, a grain was identified from Fig. 11 for RD loaded to 
0.2 strain in which the twin hierarchy changing based on wgen. A wgen of 
0 produces the twinning sequence T1 → C1 → C1 → T1/T2 suggesting 
fourth order twinning. For wgen of 0.5 the twinning sequence becomes T1 
→ C1 → T1/T2 which reveals a twinning sequence T1 → C1 → T2 that has 
not been observed in α-Ti. Inspection of the traversal distance calculated 
by the MST algorithm, the shared boundary, and geometric nesting 
reveal either result could be reasonable. 

Table 3 
Summary of EBSD scan size, the number of reconstructed grains Ngrain, mean area weighted equivalent diameter based on reconstructed grains deq, the number grain 
fragment Nfrag, and twin area fractions for T1 and C1. T2 twins are not included in the table since their area fraction is less than 0.001 for the loading and texture 
conditions utilized in this study.   

Scan size (mm2) Ngrain deq 

(μm) 
Nfrag T1 area fractions C1 area fractions 

1st gen. 2nd gen. 1st gen. 2nd gen. 

RD-initial 13.279 1264 133.48 – 0 0 0 0 
RD-5pct 3.129 402 141.86 1428 0.066 0 0.00 0 
RD-20pct 3.499 442 150.20 12,709 0.643 0.002 0.013 0.171 
ND-initial 11.328 1044 167.40 – 0 0 0 0 
ND-5pct 3.398 483 129.90 2695 0.010 0 0.100 0 
ND-20pct 3.542 572 152.04 33,810 0.177 0.097 0.326 0.023  

Fig. 12. Hierarchical twinning with the sequence T1 → C1 → T1 is shown in {0001} pole figures using the twin classification of parent-child relationships for RD 
loaded at two strain levels. For interpretation of the intensity plotted intensities, see (9). 

D.J. Savage et al.                                                                                                                                                                                                                               



α

ODFgen,type =
∑

Agen,type∑
A

componentODF
(
ggen,type,Agen,type

)

+
(

1−
∑

Agen,type∑
A

)
uniformODF

→ → 

→ → → → 

→ → → → 



Materials Characterization 171 (2021) 110808

15

that on a statistical level the family classification proposed in the work 
reproduces the expected hierarchical twinning signatures. 

6. Summary and conclusions 

A general twin code implementation is presented leveraging the 
MATLAB graph toolbox and MTEX toolbox. Novel algorithms for grain 
fragment grouping and segmentation are presented and their parameters 
justified. In particular, we developed novel non-local clustering methods 
and adapt family determination to include anisotropic misorientation 
domains. We show that the root determination rule based solely on 
parent-child determination is insufficient for highly twinned micro
structures, and we propose a novel metric combining texture and graph 
centrality to identify the root. A general procedure for twin family tree 
determination is presented that automatically addresses complex twin 
relationships that arise in heavily twinned microstructures and its utility 
is demonstrated on a demanding α-Ti dataset. The results are a 
compelling example of the utility of the code for studying twinning in 
metals. The approach reveals that α-Ti will continue to at least third 
generation twinning and that higher order twins occur independent of 
the starting twinning sequence (i.e. T1 → C1 versus C1 → T1). 

Data availability 
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can be found at https://github.com/djm87/Twin-Analysis. 
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[31] M. Knezevic, R.J. McCabe, C.N. Tomé, R.A. Lebensohn, S.R. Chen, C.M. Cady, G. 
T. Gray Iii, B. Mihaila, Modeling mechanical response and texture evolution of 
α-uranium as a function of strain rate and temperature using polycrystal plasticity, 
Int. J. Plast. 43 (2013) 70–84. 

[32] M. Zecevic, M. Knezevic, I.J. Beyerlein, R.J. McCabe, Origin of texture 
development in orthorhombic uranium, Mater. Sci. Eng. A 665 (2016) 108–124. 

[33] M. Zecevic, M. Knezevic, I.J. Beyerlein, R.J. McCabe, Texture formation in 
orthorhombic alpha-uranium under simple compression and rolling to high strains, 
J. Nucl. Mater. 473 (2016) 143–156. 

[34] S.R. Niezgoda, A.K. Kanjarla, I.J. Beyerlein, C.N. Tomé, Stochastic modeling of 
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