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(a)

Fig. 12. Data of AIMgSc alloy. Segmentation of a sampled slice (namely the slice No. 102), the misorientation threshold
is equal to 5°: (a) segmentation in 3D (1412 grains), and (b) segmentation in 2D (2149 grains).

Fig. 13. 3D microstructure of pure copper data (grains coloured at random), (a) the segmentation with the misorientation
tolerance of 1°, and (b) the segmentation with the misorientation tolerance of 5°.

Fig. 13. Note that two different misorientation thresh-
olds, namely 1° and 5°, are used, but the obtained seg-
mentations are very similar. The differences between
the segmentation in 2D and the segmentation in 3D
with a different choice of the misorientation threshold
are shown in Fig. 14. The results are similar in both
cases, but the 2D segmentation is more sensitive to
noise (only 3.46 % of grain boundaries have misorien-
tation lower than 5°).

If we compare the mean number of the largest
grains that cover more than 50 or 90 %, respectively,
of the area of the entire slice, the difference between
2D and 3D case is observable, see Fig. 15. It is caused
by two facts. Firstly, as mentioned above, the 2D seg-
mentation is more sensitive to noise (this is significant
for a small segmentation threshold); therefore, it con-
tains more tiny grains than in the 3D case. Secondly,

the grains are not convex, therefore in the 2D case,
more parts of a real grain segmented into more grains
can be observed. In the 3D case, these parts belong
to a single grain, and, therefore, all these parts are
segmented into one grain (see Fig. 1).

On the other hand, the difference is negligible when
comparing the characteristics like the area of grains,
the sphericity of grains, or the number of grain neigh-
bours, see Fig. 16.

In this case, the segmentation for a larger misori-
entation threshold is compared, for example, 25°, see
Fig. 17, the difference is significant, and we get a sim-
ilar result to the previous section more precisely, 18 %
of grain boundaries have the misorientation lower than
25°.

By deduction, we can conclude Section 3 similarly
as in the previous section that the percentage of the
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Fig. 14. Pure copper data. The segmentation for the 20th slice in 2D with the misorientation threshold (a) 0.25°, (b) 0.5°,
and (c) 5° and the same section from 3D reconstruction with the misorientation threshold (d) 0.25°, (e) 0.5°, and (f) 5°.
Grains are coloured at random.

grain boundaries with lower misorientation than a
given threshold is more important than the threshold
itself.

Earlier has been observed that for the AIMgSc al-
loy, the difference between the segmentation in 2D and
3D is significant when the misorientation threshold
is chosen so that 10 % of the grain boundaries have
lower misorientation than this threshold. We can see
the same behaviour in the simulation study in Section
2. Here, for pure Cu, the difference is significant when
the misorientation threshold is chosen so that 15 % of
the grain boundaries have lower misorientation. This
is probably caused by the fact that in the latter case,

the Cu specimen is quite thin, so the 3D segmenta-
tion is closer to 2D segmentation than in the former
case (AlMgSc). Nevertheless, it can be supposed that
in a wider specimen, the percentage for which we can
observe significant differences would be around 10 %,
too. Just note, that the effect of material thickness on
the difference between segmentation in 2D and 3D has
already been studied in Section 2.

4. Five-parameter analysis of grain boundaries

In the last section, we seemingly get away from
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Fig. 15. Pure copper data. Dependence of the mean number of grains in one slice on the misorientation threshold while
processing by 2D method (red line) and 3D method (black line). (a) the largest grains which cover in total 90 % of the
whole slice and (b) the largest grains which cover in total 50 % of the whole slice.

the main topic of the paper (segmentation) and study
the relation between misorientations and orientations
of grain boundaries (OGB) in the Cu specimen from
Section 3. According to the literature [1, 20], this be-
longs to the so-called five-parameter analysis, since we
employ the angle/axis (,7) of misorientation (three
parameters) and two parameters describe the OGB
(reflecting the XY Z coordinate system of the mate-
rial specimen, Z is the vertical axis). In the first step,
the pairs (6, r) were used, where r is a 3D unit vector.
For each grain boundary, the Rodrigues vector was
R= ta,n(g)/r, obtaining a sample Ry, ..., R,, where
n is the total number of registered boundaries.

A representation of the Rodrigues vectors R =
(x,y, z) corresponding to various special grain bound-
aries for a cubic lattice in a z-perspective diagram
is presented in [1, Fig. 9.19a], and it will serve for
the classification. Due to symmetries, it is sufficient
to consider vectors with « > y > z, cf. [1, Ta-
ble 9.2], therefore the diagram is triangular and for
points (z,y) close to the origin also the z-coordinate
and consequently the misorientation angle 6 is small.

In the second step of the five-parameter analysis,
we consider OGB represented by unit vectors nor-
mal to grain boundaries. Their directions are approx-
imated by a line through centroids of neighbouring
grains, which leads to a sample of axial spherical data.
The aim is to study whether there is a statistical de-
pendence between OGB and misorientations. For sub-
samples of special grain boundaries selected using the
Rodrigues vector, it will be tested whether OGB are
uniformly randomly distributed. An exploratory anal-
ysis in terms of eigenvalues of the scatter matrix can
be provided [21], in the uniform case, theoretically, all
eigenvalues are equal. The formal Gine’s test [21] suf-

Table 3. Cusample C1 studied under three different seg-
mentations. Uniformity testing of orientations (OGB) in
subsamples of 33 and 39 grain boundaries. In the columns,
the angle is the misorientation threshold in degrees, n is
the size of each subsample, t1, t2, and t3 are the eigenval-
ues of the scatter matrix in descending order, Gy, is the
value of Gine’s test statistic, “in”, “out” are numbers of
points in the inner, outer area in diagrams in Fig. 19. The
critical value for the test on a 5 % confidence level is 2.207;
thus in all cases, uniformity is rejected.

Angle n t1 to i3 G, in out

¥3 5° 845 0.38 0.35 0.27 294 353 492
29 5° 335 0.42 036 022 3.72 106 229
¥3 20° 230 052 0.38 0.10 10.27 30 200
¥9 20° 108 0.58 0.34 0.08 711 11 97
¥3 25° 94 056 036 0.08 579 13 81
¥9 25° 52 054 042 0.04 3.69 1 51

fers from the fact that OGB’s are, strictly speaking,
not stochastically independent. When the uniformity
is violated, then we have to describe what OGB’s are
preferred in a given group. To this purpose, we use
Lambert’s equal-area projection of the hemisphere of
OGB onto a circle [21].

For a representative sample (denoted C1) of the Cu
specimen from Section 3.2 with 2265 grains under the
misorientation threshold 5°, we obtain a histogram of
misorientation angles and a diagram of projected Ro-
drigues vectors in Figs. 18a,b, respectively. There are
two clusters at the hypotenuse of the triangular dia-
gram b). The upper one corresponds to the special 33
boundaries, while the lower cluster corresponds to the
special 39 boundaries. The Gine’s test of uniformity
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Fig. 16. Pure copper data. Histograms of the area of the largest grains which cover in total 90 % of entire slices: (a) the

segmentation in 3D — 988 grains are omitted, (b) the segmentation in 2D — 1217 grains are omitted. Histograms of the

sphericity of grains: (c) the segmentation in 3D, and (d) the segmentation in 2D. Histograms of the number of neighbours
of grains: (e) the segmentation in 3D and (f) the segmentation in 2D. The chosen misorientation threshold is 5°.
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Fig. 17. Pure copper data. Segmentation of a sampled slice (namely slice No. 20) with the misorientation threshold equal
to 25°%; (a) the segmentation in 3D (79 grains) and (b) segmentation in 2D (161 grains).

(a) I

Frequency
0 300 600 900 1200 1500
|

0 20 40 60
Misorientation (deg)

(b)

Fig. 18. Cu sample C1 with 11 513 grain boundaries. (a) Histogram of misorientation angles of grain boundaries with

peaks at 39° and 60° which correspond to special boundaries ¥9 and ¥3. (b) z-perspective diagrams of Rodrigues vectors,

clusters at the hypotenuse were observed, the darts were seen. The upper one corresponds to the special %3 boundaries,
while the lower cluster corresponds to the special ¥9 boundaries.

of OGB for both groups of 33 and X9 is rejected on
a 5% confidence level; see the first two lines of Ta-
ble 3. In the Lambert projection, see Figs. 19a,d, we
observe more OGB’s outside inner circle of equal area,
which means special grain boundaries prefer to form
low angles with the Z-axis of the specimen. This non-
uniformity is more apparent for group X9 as can also
be observed from the eigenvalues of the scatter matrix
(the differences between eigenvalues are higher in this
case). See the following interpretation of these results.

It was shown [22] that grains in HPT processed
materials are not fully equiaxed even after the appli-
cation of large strains. The grains after HPT are usu-
ally elongated in the HPT shear direction. It means
that the longest grain axes are more or less parallel
to the HPT shear direction in the microstructure af-
ter HPT. This structural feature may influence the

formation of special grain boundaries. It is generally
accepted that the grain boundaries are favoured nucle-
ation sites [23] for twin formation. It may be suggested
that special boundaries are predominantly nucleated
and grew perpendicularly to the longest grain axis of
original elongated grains formed during HPT. For this
reason, the faces of special boundaries can appear to
be close to parallel with shear direction (Z-axis). This
structural feature needs to be studied further.
Finally, we are getting back to the main topic of
this paper, that is segmentation, here in 3D. The
above described five-parameter analysis has been per-
formed on the same sample with two more misorienta-
tion thresholds, namely 20° and 25°, cf. Fig. 17. They
lead to 4394, 1830 grains, and 1112, 798 grain bound-
aries, respectively. These thresholds are below the mis-
orientation angle of both X3 and X9 special bound-
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Fig. 19. Equal-area projections of spherical data OGB for special boundaries in Cu sample C1 with three levels of

misorientation threshold 5°, 20°, and 25°. The cases are (a) 23 boundaries, 5°, (b) £3 boundaries, 20°, (¢) ¥£3 boundaries,

25°, (d) X9 boundaries, 5°, (e) 29 boundaries, 20°, and (f) 9 boundaries, 25° . In the diagrams, there is an inner circle

(“in”), which has the same area as the remaining annulus (“out”). In Table 3, there are numbers of points in both subareas
(in, out) that suggest in which way the uniformity of OGB is violated.

aries. In Table 3, there are results of the uniformity
testing of OGB in these cases, and in Fig. 19, there are
all equal-area projections. There is even more evidence
for the rejection of the OGB uniformity hypothesis af-
ter these unrealistic thresholds, since the inner circles
in Fig. 19 are getting almost vacant. For the misori-

entation threshold 25°, there is a large grain G such
that some very small grains are entirely contained in
G, and their OGB is not well defined. In this noise,
our procedure is able to find the right special bound-
aries with well defined OGB as conjectured from the
experiment in the previous paragraph.
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5. Conclusions

The segmentation into grains differs when making
2D and 3D processing, as was shown both in the sim-
ulation study (Section 2) and in the real data analysis
(Section 3). It has been found out that the segmen-
tation in 2D is more sensitive to the noise. This is
important, especially for the choice of low misorien-
tation threshold. Furthermore, there appear processes
that join more grains into one bigger grain for the same
misorientation threshold in the 3D case than in the 2D
case. This behaviour is important when at least 10—
15 % of the boundaries have the misorientation smaller
than the chosen threshold. This effect must be taken
into account in the case when working with a specimen
where low angle grain boundaries are predominant.
For such a specimen, the difference between segmen-
tation in 2D and 3D could be significant.

Moreover, we observed that also the thickness of
the specimen affects the difference between 2D and 3D
segmentation. It is not very distinct when the speci-
men is too thin, because there is not enough space for
joining the grains, which causes the difference. On the
other hand, we have noticed that the morphology of
the grains does not play an essential part in this sense.

The percentual expressions on misorientation
thresholds concluded in this paper may be specific ob-
servations. Generally, we can say that for the 2D seg-
mentation, the chosen misorientation threshold should
be larger than that one for the 3D segmentation.
Moreover, if we work with 3D data (for example, a
specimen from 3D-EBSD), we should respect the dis-
tribution of misorientations of boundaries when choos-
ing the misorientation threshold for the segmentation
into grains. As an additional result, using three levels
of 3D segmentation, we showed and interpreted that
orientations of special boundaries in the Cu specimen
are not uniformly distributed.
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