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Abstract: Bivalve shells exhibit extreme mechanical resistance despite using a minimal amount of
material. The shells thus represent an inspiration and a source of information for environmental, geo-
logical, and engineering sciences. In this study, two species of freshwater shells from the Unionidae
family, collected in the Czech Luznice River, were investigated with respect to their crystallographic
preferred orientation by means of X-ray and neutron diffraction. The observed texture was found
to be of a strongly uniaxial type, with the strength increasing along the shell growth direction. The
c-axis of aragonite does not change during growth and its alignment remains perpendicular to the
outer surface of the shell.

Keywords: texture; Sinanodonta woodiana; Anodonta anatina; X-ray diffraction; neutron diffraction;
TOF,; preferred orientation; pole figure

1. Introduction

Bivalve shells have a composite structure consisting of calcium carbonate CaCOs,
which can be present in three crystallographic variants—calcite, aragonite and vaterite [1].
It is known that the shells of the species Sinanodonta woodiana and Anodonta anatina consist
of three layers—periostracum, which is an organic protective layer, below which lies the
prismatic layer and the nacre layer [2,3].

Bivalve mollusks have received a great deal of attention in many scientific fields. For
example, from an ecological point of view, they are important indicators of pollution [4,5].
For paleontologists, they are an organism that undergoes a process of fossilization, of which
we still know very little [6]. In materials engineering, shells are important patterns for the
design of bioinspired material due to their unique mechanical properties [7,8].

Concerning the latter area, shells are characterized by anisotropy of physical and
mechanical properties, which is closely related to the preferred crystallographic orienta-
tion (texture) of the constituent crystalline grains [9]. Therefore, the characterization of
the texture and its correlation with the above-mentioned properties is a cornerstone for
understanding the properties of biological polycrystalline materials [10].

Few publications have dealt with the preferred orientation of shells. The majority of
the studies have examined the preferred orientation using the EBSD method. There are
very few neutronographic studies in this field—see [10,11]. In addition, regarding some
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details, the obtained textural results are rather inconsistent—for instance, there is some
discrepancy in the preferred orientation of the b- and c-axes of aragonite [12,13].

Our previous study of Sinanodonta woodiana shells showed a difference in the sharpness
of the texture of the young individual and the adult shell [14]. In our further research,
presented here, we address further questions related to the texture of shells: Is there a
change in the texture at different points of the shell? Is there any change in the texture of
shells within one family (Unionidae) of shells? According to our best knowledge, similar
textural research on these invasive shells has not yet been carried out. In addition, we were
also interested in the difference between the texture determined by X-ray methods and the
global neutronographic texture.

In our study, we focused on two freshwater representatives of the shells of bivalves
from the Unionidae family collected from the LuZnice River, Czech Republic:

(i) Anodonta anatina (Linnaeus, 1758) is one of the most abundant species of bivalves
in the Czech Republic. It inhabits most types of watercourses and is very sensitive to water
pollution [15].

(ii) Sinanodonta woodiana (1. Lea, 1834) is a non-native species in the Czech Republic
(and in the whole of Europe), and is spreading to an increasing number of localities and thus
oppressing the original species [16]. This species is also very sensitive to water pollution
and is an indicator of water purity [17].

2. Materials and Methods

X-ray texture measurements of the nacreous layer were performed on a SmartLab
Rigaku X-ray diffractometer (with Cu Ka rotating anode) located at the Institute of Physics
of the Academy of Sciences of the Czech Republic. Pole figures of crystallographic planes
(111), (021), (002), (211), (220) and (221) were extracted from the measured X-ray diffraction
diagrams. Texture data processing was performed using the SmartLab Studio II v4.4.208.0
software package from Rigaku. Complete pole figures were calculated using the orientation
distribution function (ODF) of the WIMV method [18].

The global texture of the shells was determined by neutron diffraction. Both con-
stant wavelength and time-of-flight (TOF) methods were used. The measurements with
monochromatic neutrons were performed on a KSN-2 diffractometer in the Laboratory of
Neutron Diffraction (located at the Nuclear Research Institute Rez plc, Rez, Czech Republic)
of the Department of Solid State Engineering, FNSPE CTU in Prague. TOF measurements
were performed on a SKAT diffractometer at Frank’s laboratory, Joint Institute for Nuclear
Research, Dubna, Russia. GSAS-II [19] and MTEX 5.7.0 [20] software packages (MATLAB
9.4) were used to analyze neutronographic data from lambda constant method measure-
ments. Pole figures from the time-of-flight measured spectra were extracted by the program
Pole figures Extractor (version 1) [21-23].

Note that the penetration of neutrons is significantly higher (up to millimeters) [24].
Therefore, the observed neutronographic results represent a global texture of the shells.
The X-ray diffraction results, by comparison, show the preferred orientation of only the
inner nacreous layer (local texture).

Table 1 summarizes the experimental method applied to the particular shell type. As
we previously showed [14], shell species studied here consist of the aragonite phase only,
which simplifies the crystallographic texture analysis.

Table 1. Tllustrative summary of methods used in the study of individual samples.

Method Sinanodonta woodiana Anodonta anatina

X-ray texture measurements YES YES

Constant wavelength YES YES
neutrons measurements

TOF neutrons measurements NO YES
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Shells of the species Anodonta anatina were ca. 5 cm long in the longest linear di-
mension. In the case of neutronographic measurements (for both used neutronographic
methods—neutrons with constant wavelength and TOF neutrons), it was not necessary
to cut the shell. In the case of X-ray measurements, a square sample with a side length of
about 1.5 cm was then taken from upper part of the shell.

Four samples (square shape with the edge length of about 1.5 cm) were then also cut
from the shells of the species Sinanodonta woodiana (the original length of the shells was
about 16 cm—see Figure 1) in order to map the texture development across the shell. For
neutronographic measurements (neutrons with a constant wavelength), a square sample
with edge of about 5 cm was then taken from the shell.

Figure 1. Shell of the species Sinanodonta woodiana with the marked sampling areas for X-ray texture
analysis. In addition, the growth direction is indicated. The direction of growth is identical to the
direction of sequence 4, 3,2, 1.

3. Results

Figure 2 shows ODF sections at ® = 90° for both species. Complete X-ray pole figures
of nacreous layer observed for both species (Sinanodonta woodiana and Anodonta anatina)
for planes (100), (010) and (001) are shown in Figure 3. Figure 4 then shows, for both
shell species, the neutronographic pole figures (002) and (102) measured by the neutron
diffraction methods used.

Sinonodonta woodiana - 2 Sinanodonta woodiana - 3

©=90.0 ©=90.0

- ;
4 .. “

Sinanodonta woodiana - 4

Anodonta anatina
©=30.0 ©=90.0 0

Figure 2. ODF sections (¥ = 90°) calculated from XRD pole figures for Sinanodonta woodiana (four investigated areas
1-4, cf. Figure 1) and Anodonta anatina (upper part of the shell) samples. The angles ¢ and @, vary within 0-90° and

0-180°, respectively.
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(100) (010) (001)

Sinanodonta woodiana

Figure 3. Complete pole figures (100), (010) and (001) obtained from X-ray diffraction measurements
for the indicated mollusk samples. Center and top of the pole figure, respectively, corresponds to the
normal direction and growth direction of the shell.
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Sinanodonta woodiana
(002)

Anodonta anatina

constant wavelenght neutrons

(200)+(102)

TOF neutrons

Figure 4. Full pole figures (002) and (102) measured by the indicated neutron diffraction method for the studied mollusk
samples. In case of the TOF method, only superposition of (200) and (102) pole figures could be obtained.

4. Discussion

In agreement with the results of previous studies [10,11,25,26], it follows from both
X-ray and neutron diffraction pole figures shown in Figures 3 and 4 that the c-axis of
aragonite grains is preferentially oriented parallel to the surface normal of the shells for
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both studied species. The preferential orientation demonstrates itself by a sharp central
maximum in (001) pole figures.

In particular, for the texture evolution of Sinanodonta woodiana studied in detail along
the positions 14 (Figure 1), we observe that this maximum widens slightly when moving
from 1 to 4 (Figure 3). This effect corresponds to a slight deviation from the pure fiber
texture when moving along the shell surface in the direction opposite to the direction of
shell growth. The latter result is in concert with the global texture data obtained by neutron
diffraction methods (Figure 4). The results obtained by both applied neutron methods
for both studied shell species are similar, showing similar global texture maxima, and
confirming the mentioned slight deviation from the ideal fiber texture deduced from the
X-ray pole figures.

A re-orientation of poles to {010} planes is evident with the Sinanodonta woodiana shell
growth, starting from the direction almost parallel to the growth direction, gradually chang-
ing to the perpendicular orientation, and returning to the parallel orientation (Figure 3).
ODF sections shown in Figure 2 confirm the presence of fiber texture in all tested areas (1
to 4) of Sinanodonta woodiana shell, and demonstrate its texture evolution with the shell
growth by the observed ODF maximum shift along the identified fiber texture component.

We can see that the nacre of Sinanodonta woodiana is not always perfectly aligned along
the entire shell (Figure 3). We even observe that the b- and c-axes of aragonite rotate along
the direction of shell growth. This observation contradicts the results found in [25]. In this
publication, the authors studied the textures of five Unionidae bivalves. They found that
the axis of aragonite is parallel to the growth direction. In our case, the strongest alignment
of the b-axis in the direction of shell growth is observed in area 3. The deviation from the
perfectly aligned structure is less than 10°.

When assessing the texture strength, we can use the pole maximum value in (001)
pole figures in place of characteristics. Regarding this parameter, we see that for the
tested Sinanodonta woodiana samples, there is a strong growing tendency along the growth
direction. At the point 4, the maximum value amounts to ca. 5 m.r.s., and growth towards
the point 1 reaches ca. 100 m.r.s. (Figure 3). Thus, the observed texture strength increases
ca. 20-fold along the analyzed growth path.

The features characteristic for the Sinanodonta woodiana texture hold also for the
preferred orientation of the Anodonta anatina sample. The observed texture is again of a
fiber texture type with the c-axis perpendicular to the shell surface. The maximum value
obtained for the (001) pole figure amounts to ca. 5, this value being in good agreement with
the value found at the testing point 4 of the Sinanodonta woodiana shell. The (001) confirms
the global fiber texture similarity between the two tested species’ pole figures obtained
from neutron diffraction (Figure 4) and ODF sections (Figure 2). However, as suggested by
other pole figures (Figures 3 and 4), the mentioned agreement apparently does not hold for
the details of preferential orientation of grains along the texture axis. The significance and
statistical reproducibility of these texture details in relation to the selected shell species will
be the subject of further research.

5. Conclusions

From X-ray measurements of the nacre, we found that during the growth of the shell
of the species Sinanodonta woodiana, the a and b directions of aragonite are reoriented.
Conversely, the direction of the c-axis does not change during growth and its alignment
remains perpendicular to the outer surface of the shell.

The latter statement was also confirmed by neutronographic measurements.

A detailed scan of the crystallographic texture evolution along the shell growth
direction performed for the Sinanodonta woodiana sample revealed that the texture strength
grows with the shell growth, the observed ratio of the increase in the texture strength
amounts to ca. 20, and changes in the orientation distribution involving the rotation of
grains occur along the texture fiber axis. Further research into these effects is required.
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For Anodonta anatina, which belongs to the same family, we confirmed that the c-axis
of aragonite is also oriented perpendicular to the outer surface of the shell. The texture
strength of both species is comparable and corresponds to the sampling site.
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