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Behavior of bird eggshells—biominerals consisting of about 90% of calcium car-
bonate—under bending is examined. Eggs of several birds were used with two sets of
samples cut from every bird eggshell. Mechanical testing was carried out on dry and wet

samples in air. Cracks in eggshell samples under bending were studied in situ using a
light microscope. Eggshell exhibits brittle behavior on the macroscopic scale in both dry
and wet states. However, the crack width could be increased by increasing bending de-
flection similar to ductile metals under tension. Wet samples show lower bending
strength. The morphology of cracks in an eggshell under bending is close to the crack in
neck region of a flat aluminum sample. It may be concluded that a bird eggshell under
bending exhibits some features of ductile fracture on the microscopic scale.
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1. INTRODUCTION

Since ancient times, nature was the source of ideas that
promote an advance in structural materials. For example,
a copy of morphology of some biological tissues is con-
sidered as actual trend in modern materials science, which
could provide materials (sometimes called biomimetic)
with a unique kit of mechanical properties [1,2]. However,
the question how hierarchically organized structure of a
biological tissue makes certain combination of different
properties possible in a synthesized material is still open.
Bird egg provides the evolution of a bird from an em-
bryo to a chick due to protection by its eggshell. Basic
structural element of an eggshell is calcium carbonate of
the biological genesis that could be called a mineral com-
pound similar to a rock material. It is inorganic matter that
possesses the covalent chemical bonding and, hence, it
must exhibit the brittle deformation behavior. The me-
chanical properties of bird eggshells were extensively ex-
amined by many researchers [3]. The majority of these
works have studied the behavior of an egg in whole as an
object for application of mechanical loading [4]. It was

shown that egg exhibits high strength although eggshell
being prone to the brittle fracture [5,6]. Besides, eggshell
is a unique hard tissue because it possesses two natural
surfaces, which remain the same during preparation of
samples for mechanical testing. This circumstance may be
important for understanding the features of its deformation
behavior in comparison with other rock materials and min-
erals including tooth enamel.

It sounds quite unusual, but mechanical properties of
samples cut from an eggshell were not studied in detail
before. Our experiments have shown that samples cut
from hen eggshell behave in the brittle manner under
three-point bending both in air and water [7,8]. However,
dangerous cracks in them could start growing when the
bending deflection increases that is not inherent to the brit-
tle behavior of a solid. Is it a feature of its biological gen-
esis, when the structure of calcium carbonate includes
bioorganic inclusions? Or is there another cause? The aim
of this work is the detail examination of deformation be-
havior of bird eggshells under bending both in air and wa-
ter including crack growth under in situ experiments in a
metallographic microscope.
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2. MATERIALS AND METHODS

Eggs of several wild and domestic birds that were used
as the experimental biological material are: (1) black-
headed gull (larus ridibundus), (2) buzzard (buteo buteo),
(3) capercaillie (tetrao urogallus), (4) gray heron (ardea
cinerea), (5) goose (anser domesticus) and (6) hen (gallus
domesticus). They are shown in Figure 1. Hen eggs

(standard and giant) and goose eggs were obtained from
a retail outlet in Yekaterinburg. The soft biological tis-
sues of hen and goose eggs were extracted from egg-
shells before preparation of samples for mechanical test-
ing. Eggshells of the wild bird eggs were kindly supplied
by Dr. Svetlana Meshcheryagina from the Institute of
Plant and Animal Ecology of the Russian Academy of
Sciences at Yekaterinburg.

(d)

Fig. 1. Samples for bending cut from bird eggshells: (a) black-headed gull; (b) buzzard; (c) capercaillie; (d) goose.
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An empty egg was mounted on the substrate made from
polyurethane foam purchased in a construction supermar-
ket. This procedure guarantees powerful fixing and integrity
of an eggshell on the cutting device equipped with a dia-
mond disc saw (thickness 0.1 mm). Some important details
of sample preparation are given in Refs. [7,8].

Samples with a width of 2—-3 mm were cut from the mid-
dle part of an eggshell along an egg axis (Fig. 1). The thick-
ness of samples varied from 0.3 mm to 0.5 mm depending
on a bird kind. The samples in the undeformed state are
shown in Fig. 2. Three-point loading was chosen as the de-
formation scheme for mechanical testing. Shimadzu™ AG-
S 2kN testing machine was used in experiments. Rate of
movement of the traverse was 0.1 mm/min. Shimadzu's 3-
point bending device was used for testing. The distance be-
tween the lower prisms of bending device was 10 mm. The
length of the samples was about 15-20 mm. Shimadzu soft-
ware Trapezium™ was used for processing the data. Two
sets of samples from every bird eggshell (10 pieces in each
one) were prepared for the mechanical testing. The first one
contained dry samples, while the second one contained
samples exposed to water for 24 hours. Morphology of frac-
ture surfaces of tested samples was examined with scanning
electron microscope Tescan Vega LMS.

Crack evolution in the samples under bending was
studied during in situ experiments on metallographic mi-
croscope equipped with a digital camera. The loading ge-
ometry accepted for the experiment was close to the ge-
ometry of three-point bending used in the Shimadzu
device. The distance between the lower prisms was
10 mm, as well. The bending deflection was set with a mi-
crometer in increments of 10 pm. The working surfaces of
samples were preliminary painted in violet color to in-
crease the contrast of images.

The following testing procedure was used. The sample
was mounted by curved side over an objective of metallo-
graphic microscope. The bending of sample was applied
by means of increasing the bending deflection until the
crack appeared. The area in vicinity of crack was docu-
mented under magnifications of x100 and x500. Then the
procedure was repeated. As a rule, majority of samples
withstood two bendings when the crack appeared and
grew up. Topograms of the areas in the vicinity of the
cracks were obtained from the digital images of the work-
ing surfaces. The morphology of the cracks were exam-
ined using these topograms.

3. RESULTS

The typical deformation curves for the bird eggshells of
black-headed gull, capercaillie, gray heron, hen and buzzard
in the dry state under bending in air are presented in Fig. 3,
while their mechanical properties are listed in Table 1. The

engineering curves under bending of goose eggshell in both
dry and wet states are shown in Fig. 4. Mechanical proper-
ties of the samples in the wet state are also given in Table 1.
The common features of deformation behavior of the sam-
ples are: (1) tiny deformation prior to failure that varies
from 0.2% to 0.5%; (2) the engineering curve could be ap-
proximated by a straight line; (3) long time exposition in
water does not qualitatively change the type of deformation
behavior, while it somewhat decreases its strength and de-
formation prior to failure. The strength under bending of a
bird eggshell varies in the range of 15-30 MPa and it de-
pends on a kind of bird, while strength decrease in the wet
state is always in the range of measurement error. Such de-
formation behavior is estimated as brittle and it is inherent
to inorganic non-metallic solids having covalent chemical
bonding, for example, ceramics, glasses, minerals and
rocks.

Examination of fracture surfaces of tested samples con-
firms this conclusion inasmuch for all kinds of the birds
their morphology was close to the brittle transgranular frac-
ture with the river patterns being the main feature (Fig. 5).

However, there is circumstance that contradicts this
conclusion. Experiments have shown that majority of
tested samples do not fall apart when an engineering curve
passes the bending point, as it should occur in a brittle
solid. In so doing, cracks that crossed the sample from
edge to edge, are clearly detected on the surfaces of sam-
ples, while tested samples attain fractured profile as is vis-
ible in Fig. 2. It is surprising, but these samples do not fail
during transfer from the testing device to a storage box or
to a microscope table for metallographic examination. It
means that crack growth in these solids with covalent
chemical bonding could be effectively suppressed. More-
over, water environment does not qualitatively change the
fracture behavior of the samples cut from a bird eggshell.

This feature of the fracture behavior of a bird eggshell
is examined during in situ bending experiments with metal-
lographic light microscope. Crack that appeared under
bending in the sample cut from black-headed gull eggshell
is shown in Fig. 6. It crosses over curved surface of the sam-
ple from edge to edge following complicated broken trajec-
tory. The bending of sample with the deflection of 100 um
causes the growth of crack width by about two times, but
does not lead to the failure of the sample. The crack faces
are uneven and blurred similar to a pore surface in ductile
metals both at the moment of appearance and after addi-
tional bending. Fracture behavior under bending of the sam-
ples cut from black-headed gull eggshell that were exposed
to water during 24 hours is similar as is demonstrated in Fig.
7 with the exception of the value of bending deflection for
crack growth initiation, which is about 50 pm. Cracks in the
samples cut from eggshells of other kinds of birds behave
the same way as shown in Figs. 8-17.
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Black-headed gull Egg Shell Sample Buzzard Egg Shell Sample
Initial state

Initial state Bending

(b)
Goose Egg Shell Sample

Initial state

Capercaillie Egg Shell Sample

Initial state Bending

Bending

(c)

Gray chapel Egg Shell Sample
te Bending

(e)

Fig. 2. Samples for bending cut from bird eggshells: (a) black-headed gull; (b) buzzard; (c) capercaillie; (d) goose; (e) gray chapel;
(f) hen.
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Table 1. Bird eggshells mechanical properties under bending.

Bird eggshell Effective elastic Maximal strength, Deformation prior to
modulus, GPa MPa failure, %
Black-headed gull eggshell in air 10+5 1743 0.2
Black-headed gull eggshell exposed to water 1545 1443 0.1
Buzzard eggshell in air 10+3 1845 0.2
Buzzard eggshell exposed to water 73 15+3 0.3
Capercaillie eggshell in air 20+5 34+4 0.2
Capercaillie eggshell exposed to water 162 30+5 0.2
Goose eggshell in air 10+3 30+4 0.5
Goose eggshell exposed to water 10+3 2443 0.4
Gray heron eggshell in air 20+2 2045 0.1
Gray heron eggshell exposed to water 10£2 2042 0.2
Hen eggshell in air 15+5 2747 0.3
Hen eggshell exposed to water 15+5 2747 0.3
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Fig. 3. Deformation curves of the samples cut from bird eggshell
under bending in air in the dry state: curve 1 —black-headed gull;
curve 2 — capercaillie; curve 3 — gray heron; curve 4 — hen;
curve 5 — buzzard.

4. DISCUSSION

Obtained findings confirm that a bird eggshell behaves
like a brittle solid under bending on the macroscopic
scale. It meets with both its covalent type of chemical
bonding and its fracture mode, which was attested as the
brittle transgranular fracture. However, there are im-
portant distinctions between behavior of a bird eggshell
and behavior of a brittle solid under bending on the mi-
croscopic scale. The first feature is the braking of crack
growth under bending of the sample. It displays in the
visible increase of crack width under step-by-step bend-
ing. In other words, crack growth under bending in a bird
eggshell stops when the load is removed and resumes
when it is applied again. The second feature is the defor-
mation behavior of a bird eggshell in a water-containing en-
vironment. This feature is close to the Rehbinder's effect for

Deformation, %

Fig. 4. Deformation curves of the samples cut from goose egg-
shell under bending in air: curve 1 — dry state; curve 2 — samples
exposed to water for 24 hours.

a rock, when a liquid environment causes the strength de-
crease of materials, but without its embrittlement [9]. In-
deed, strength of a bird eggshell decreases under bending in
water as predicted by the Rehbinder's rule (see Table 1),
whereas the morphology of dangerous cracks and morphol-
ogy of fracture surfaces continue to be the same. It should
be noted that values of strength of eggshell under bending
in air and in water lay in the range of the measurement error
and, therefore, we cannot accurately determine this effect as
the Rehbinder's one on the basis of mechanical testing only.
However, in situ bending in the metallographic micro-
scope has shown that the bending deflection needed for
crack growth initiation in water two times lower than that
in air. Hence, the conclusion on the Rehbinder's effect in
a bird eggshell is supported by obtained experimental
data.
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Fig. 5. Fracture surfaces of samples after bending cut from bird eggshells: (a) black-headed gull; (b) buzzard; (c) capercaillie;
(d) goose; (e) gray chapel; (f) hen.

Step-by-step crack growth without sample failure
during step-by-step loading, is usually observed in a duc-
tile metal under tension. In both types of material, a dan-
gerous crack propagates in an area of localization of ir-
reversible deformation that sometimes is called “neck”
or “neck region”, which appears under tensile loading
[10,11]. Dangerous crack in the neck region of flat alu-
minum polycrystalline sample under tension is shown in
Fig. 18. It grows in the area with the maximal tensile
stress level and possesses a broken profile and rough
faces. Comparison of dangerous crack in polycrystalline
aluminum with dangerous cracks in minerals of both bi-
ological genesis (Figs. 6—17) and geological genesis, for
example, grey granite (Fig. 19) points to many common
features in their morphology, in spite of considerable dif-
ferences in their deformation behavior. These features
are: (1) trajectory of a dangerous crack is determined by
geometry of applied loading; (2) dangerous crack pos-
sesses a broken profile and rough faces; (3) dangerous
crack consists of both fully merged and almost merged
pore-like cracks.

The model of growth of a dangerous crack in a neck
region of a ductile polycrystalline metal is well-known

and thoroughly verified and, therefore, it is accepted as the
mechanism of ductile crack growth [12,13]. This mecha-
nism can be illustrated by in situ tension experiment of the
polycrystalline aluminum in the column of transmission
electron microscope (TEM) (see Fig. 20). Initially opaque
aluminum thin foil becomes transparent for electron beam
in a narrow strip oriented normally to the tensile axis of
sample under its stretching in TEM. This strip is the neck
region, where extensive dislocation motion is observed on
the TEM screen. It is clearly visible on the TEM screen
how mobile <110> dislocations leave thin light area of the
foil and come to thick dark regions of the sample. There
are many pore-like cracks in this thin light strip, which
have a trend to merge with one another (see 1st tension in
Fig. 20). As a result, dangerous crack appears and propa-
gates by means of pore-like cracks merging (see 2nd ten-
sion in Fig 20). It was shown that pore-like cracks grow
along low index crystallographic directions, such as
<100> and <110>. The dangerous crack obtains broken or
zig-zag profile sometimes called dragon teeth that is
clearly visible in the case when the plane of a foil is close
to low index crystallographic planes (see plane {100} in
Fig. 20).
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Crack appears under bending in
black-headed gull eggshell

Crack grows up under bending in
black-headed gull eggshell

Fragment of crack grows up under
bending in black-headed gull eggshell

Fig. 6. Evolution of the crack in the sample of black-headed gull eggshell under bending in air: bending 1 (crack appearance); bending 2
(bending deflection is 100 pm).

Crack appears under bending in
black-headed gull eggshell exposed
in water

Crack grows up under bending in
black-headed gull eggshell
exposed in water

4 ~ Fragment of crack grows up under
=i : | bending in black-headed gull eggshell
¢ ‘aj ; L, expnsel;g in water gl
* . 1

Fig. 7. Evolution of the crack in the sample of black-headed gull eggshell exposed to water under bending: bending 1 (crack appear-
ance); bending 2 (bending deflection is 50 um).
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Crack appears under bending
in buzzard eggshell

Crack grows up under bending
in buzzard eggshell

Fragment of crack grows up
under bending in buzzars

Fig. 8. Evolution of the crack in the sample of buzzard eggshell under bending in air: bending 1 (crack appearance); bending 2 (bending
deflection is 100 pm).

Crack appears under bending in
buzzard eggshell exposed in water

Crack grows up under bending in
buzzard eggshell exposed in water

Fragment of crack grows up under
bending in buzzard eggshell exposed
in water

Fig. 9. Evolution of the crack in the sample of buzzard eggshell exposed in water under bending: bending 1 (crack appearance); bending
2 (bending deflection is S0um).
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Crack appears under bending
in capereaillie eggshell

Crack grows up under bending
in capercaillie eggshell

Fragment of crack grows up
under bending in capercaillie
. eggshell

Fig. 10. Evolution of the crack in the sample of capercaillie eggshell under bending in air: bending 1 (crack appearance); bending 2
(bending deflection is 100um).

Crack appears under bending
in caperecaillic eggshell exposed
 in water

Crack grows up under bending
| in capercaillic eggshell exposed
| in water

Fragment of crack grows up
under bending in capercaillie
egeshell exposed in water

Fig. 11. Evolution of the crack in the sample of capercaillie eggshell under bending in water: bending 1 (crack appearance); bending 2
(bending deflection is 50 pm).
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Crack appears under bending
in goose eggshell

Crack grows up under bending
in goose eggshell

Fragment of crack grows up
under bending in goose eggshell

Fig. 12. Evolution of the crack in the sample of goose eggshell under bending in air: bending 1 (crack appearance); bending 2 (bending
deflection is 100 pm).

Crack appears under bending
in goose eggshell exposed in water

Crack grows up under bending
in goose eggshell exposed in water

Fragment of crack grows up under
bending in goose eggshell exposed
in water

Fig. 13. Evolution of the crack in the sample of goose eggshell under bending in water: bending 1 (crack appearance); bending 2
(bending deflection is 50 pm).
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Crack appears under bending
in gray heron eggshell

Crack grows up under bending
in gray heron eggshell

Fragment of erack grows up under
bending in gray heron eggshell

Fig. 14. Evolution of the crack in the sample of gray heron eggshell under bending in air: bending 1 (crack appearance); bending 2
(bending deflection is 100 pm).

' Crack appears under bending
in gray heron eggshell exposed
o in water

Crack grows up under bending
in gray heron eggshell exposed
| in water

Fragment of erack grows up
under bending in gray heron
eggshell exposed in water

Fig. 15. Evolution of the crack in the sample of gray heron eggshell under bending in water: bending 1 (crack appearance); bending 2
(bending deflection is 50 pm).
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Crack appears under bending
in hen eggshell

Crack grows up under bending
in hen eggshell
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Fig. 16. Evolution of the crack in the sample of hen eggshell under bending in air: bending 1 (crack appearance); bending 2 (bending
deflection is 100 um).

Crack appears under bending
in hen eggshell exposed in water

Crack grows up under bending
in hen eggshell exposed in water

Fragment of crack grows up
under bending in hen
' eggshell exposed in water

Fig. 17. Evolution of the crack in the sample ofhen eggshell under bending in water: bending 1 (crack appearance) bending 2 (bending
deflection is 50 pm).
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—S0mm_

Fig. 18. Crack in the neck of a flat polycrystalline aluminum sample under tension in air.

Fig. 19. Crack appears in gray granite under bending in air: (1) fragment of crack that crosses over the curved surface of sample; (2)
crack on the end surface of sample, which starts on the edge with the curved surface and ends in its middle part.

100 1

¥ x )

1st tension 2nd tension Plane {100}

Fig. 20. Crack growth in polycrystalline aluminum thin foil during in situ tension in column of TEM.
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It is important to note that no dislocation motion in the
thin light region of aluminum foil was observed on the stage
when pore-like cracks become merged into the dangerous
crack. It means that dangerous crack grows in the material,
which is not able anymore to deform plastically because de-
fects-carriers of plastic deformation are absent. This feature
may be considered as a property that is inherent to both met-
als and minerals at the moment of appearance and motion
of a dangerous crack. Indeed, a dangerous crack appears in
materials, which cannot be plastically deformed because re-
source of plasticity of metal is almost exhausted in neck re-
gion of a metallic sample or a mineral cannot be irreversibly
deformed in principle, at least on the macroscopic scale
[14,15]. In other words, dangerous crack, whose morphol-
ogy was described above, appears after considerable plastic
deformation in ductile metals, while it nucleates without
preliminary irreversible deformation in minerals.

Discussing deformation behavior of a mineral of biolog-
ical genesis (biomineral) containing bioorganic compo-
nents, it should be taken into account that bioorganics could
influence mechanical properties of its inorganic matrix, par-
ticularly ones related to cracking, as it occurs in a tooth
enamel [16]. Indeed, deformation prior to failure of samples
cut from a bird eggshell under bending is higher than that
for samples cut from grey granite or other rocks. The boil-
ing of samples cut from hen eggshell at 100 °C cardinally
changes the structure and properties of its bioorganic com-
ponent. However, this procedure was not reflected neither
in deformation behavior on the macroscopic scale nor in
crack growth in the boiled samples under bending in com-
parison with not boiled samples. Mechanical properties of

boiled hen eggshell do not change, while crack growth in
them is also similar to described above (Fig. 21). It means
that mechanical properties of samples cut from hen eggshell
do not depend on structural state of bioorganics in hen egg-
shell and, hence, an influence of bioorganic component on
deformation behavior of the samples should be minor. Sam-
ples for bending cut from hen eggshell possess two natural
surfaces in comparison with samples for bending cut from
granite or other rocks of geological genesis. These surfaces
could be estimated as almost perfect ones that contain min-
imal level of stress concentrators. On the contrary, mechan-
ically polished samples of minerals contain a lot of defects
that serve as stress concentrators. It seems that it is the dom-
inant cause for the difference between deformation prior to
failure under bending for samples cut from hen eggshell and
samples cut from rocks.

Findings presented above have clearly shown that dan-
gerous crack in a bird eggshell, has some features inherent
to dangerous crack in such ductile metal as aluminum, de-
spite its brittle deformation behavior on the macroscopic
scale. In so doing, the fracture mode of a bird eggshell is
determined as the brittle transgranular fracture. Is it an ar-
tefact or a native response of this biomineral?

Despite advance in understanding of the nature of brittle
fracture [17,18], some questions in this sphere continues to
be unclear yet. For example, the sole refractory FCC-metal
iridium exhibits the brittle transgranular fracture or the tran-
scrystalline cleavage after considerable elongation that can
reach few dozens of percents at room temperature [19,20].
The source of transgranular brittle fracture in iridium single
crystals under tensile loading, at least on the microscopic

Crack appears under bending
] in boiled hen eggshell

Crack grows up under bending
in boiled hen eggshell

Fragment of crack grows up
under bending in boiled hen
eggshell

Fig. 21. Evolution of the crack in the sample of boiled hen eggshell under bending in air: bending 1 (crack appearance); bending 2

(bending deflection is 100 pm).
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Fig. 22. Fragment of the crack in the thin sample of green serpentinite in the reflected light and in the transmission light.

scale, is V-shape cleavage cracks [21]. It was shown that
sometimes these cracks can behave as brittle cracks, while
sometimes they behave as a notch in a ductile metal [22]. In
the first case, the angle of crack opening is about few de-
grees as it should be for a crack in an intrinsically brittle
solid. In the second case, the angle of crack opening is in
the range of 10—15 degrees. In other words, even consider-
able plasticity of a material is not a-priori an insurmountable
barrier for the transcrystalline cleavage.

Hence, the brittle transgranular fracture as fracture
mode does not exclude an ability of a solid to exhibit some
ductility at least on the microscopic scale even if a mate-
rial possesses covalent chemical bonding as an eggshell or
a rock. Indeed, dangerous cracks in the bird eggshell sam-
ples under bending demonstrate the following features of
a ductile crack growth: (1) step-by-step growth under step-
by-step loading; (2) their morphology features certain sim-
ilarity to a crack in the neck region in a metal, such as a
broken or zig-zag profile.

As it was mentioned above, the plastic zone ahead of
dangerous crack, where pore-like cracks appear and merge
together, is the important feature of a ductile crack growth
[23-25]. Direct observation of the plastic zone in bulk
samples of rocks is difficult because of their poor deform-
ability. However, this problem is successfully solved in
the thin samples of a rock using an optical microscope op-
erating in the transmission light. Pore-like cracks in the
plastic zone in the thin sample of green serpentinite are
shown in Fig. 22. There are narrow white areas that look
like cuffs around pore-like cracks in the reflected mode
images, which are thinned areas of the material near the
cracks if the dangerous crack is observed with a help of a
light microscope in the transmission mode.

Therefore, it may be supposed that additional channel
for stress accommodation becomes active in the samples
cut from a bird eggshell under bending. Of cause, the con-
tribution of this channel to the deformation behavior of an
eggshell is much less than the contribution of the main
channel or the cracking. As a result, deformation behavior
of a bird eggshell under bending on the macroscopic scale
is governed by the covalent chemical bonding and can be
attested as brittle. On the other hand, its influence is large

enough that a dangerous crack in both eggshell and rock
look like a ductile crack on the microscopic scale. Perhaps,
this is the cause why mechanics of cracks as the part of
fracture mechanics meets with troubles when applied to
some rock materials. Also, it should be pointed out that
mechanism of stress accommodation for this additional
channel is not attested yet and, hence, it needs detailed
study and wide discussion.

5. CONCLUSION

It was shown that deformation behavior on the macro-
scopic scale of eggshell of such birds as black-headed gull,
buzzard, capercaillie, gray heron, goose, and hen under
bending is brittle as it should be in material with covalent
chemical bonding like minerals and rocks. The fracture
surface morphology of the samples agrees with this con-
clusion. However, the cracking of the samples cut from a
bird eggshell under bending has the features, which are in-
herent to cracking in neck region of the aluminum sample
under tension. The first feature is the morphology of the
dangerous crack in a bird eggshell which is close to a crack
in a neck of a ductile metal. The second feature is the abil-
ity of dangerous cracks in a bird eggshell to grow under
bending without failure of sample. Hence, a bird eggshell
under bending exhibits some features of ductile fracture
on the microscopic scale. Also, the Rehbinber's effect for
a rock manifests in a bird eggshell under bending in water,
when the strength decreases in comparison with testing in
air, but the morphology of dangerous crack continues to
be the same.

ACKNOWLEDGMENTS

The Russian Science Foundation supports this work under
grant No. 23-29-00253.

REFERENCES

[1] U.G.K. Wegst, H. Bai, E. Saiz, A.P. Tomsia, R.O.
Ritchie, Bioinspired structural materials, Nat. Mater.,
2015, vol. 14, no. 1, pp. 23-36.

Reviews on Advanced Materials and Technologies, 2024, vol. 6, no. 3, pp. 96-112


https://doi.org/10.1038/nmat4089
https://doi.org/10.1038/nmat4089
https://doi.org/10.1038/nmat4089

Peter Panfilov et al.: On some feature of deformation behavior of a bird eggshell

111

(2]

(3]

[4]

(8]

(9]

[10]

[11]

[12]

[13]

S.E. Naleway, M.M. Porter, J. McKittrick, M.A. Meyers,
Structural Design Elements in Biological Materials: Appli-
cation to Bioinspiration, Adv. Mater., 2015, vol. 27, no. 37,
pp. 5455-5476.

Z.Jia, Y. Yu, S. Hou, L. Wang, Biomimetic architected
materials with improved dynamic performance, J. Mech.
Phys. Solids, 2019, vol. 125, p. 178-197.

S.E. Solomon, The eggshell: strength, structure and func-
tion, British Poultry Science, 2010, vol. 51, no. supl, pp.
52-59.

A. Rodriguez-Navarro, O. Kalin, Y. Nys, J. Garcia-Ruiz,
Influence of the microstructure on the shell strength of eggs
laid by hens of different ages, British Poultry Science,
2002, vol. 43, no. 3, pp. 395-403.

D. Taylor, M. Walsh, A. Cullen, P. O'Reilly, The fracture
toughness of eggshell, Acta Biomater., 2016, vol. 37, pp.
21-27.

M. Mezhenov, D. Zheludkov, A.V. Kabanova, D. Zaytsev,
P. Panfilov, Deformation Behavior of Chicken Eggshell,
AIP Conf. Proc., 2022, vol. 2509, no. 1, art. no. 020131.
P. Panfilov, D. Zaytsev, M. Mezhenov, S. Grigoriev,
Bending Deformation Behavior of Eggshell and Egg-
shell-Polymer Composites. J. Compos. Sci., 2023, vol. 7,
no. 8, art. no. 336.

A.1. Malkin, D.A. Popov, The Rehbinder Effect in Frac-
turing of Metals and Rocks, Phys. Metals Metallogr.,
2022, vol. 123, no. 12, pp. 1234-1244.

R.W.K. Honeycombe, The plastic deformation of metals,
Edward Arnold, London, 1972.

A.S. Argon, Strengthening Mechanisms in Crystal Plas-
ticity, Oxford University Press, Oxford, 2007.

T. Yokobori, An interdisciplinary approach to fracture
and strength of solids, Wolters-Noordhoff Scientific Pub-
lications, Groningen, 1968.

R.L. Lyles Jr., H.G.F. Wilsdorf, Microcrack nucleation
and fracture in silver crystals, Acta Metall., 1975, vol. 23,
no. 2, pp. 269-277.

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

[23]

[24]

[25]

I.-H. Lin, R. Thomson, Cleavage, dislocation emission,
and shielding for cracks under general loading, Acta
Metall., 1986, vol. 34, no. 2, pp. 187-206.

A.S. Argon, Brittle to ductile transition in cleavage frac-
ture, Acta Metall., 1987, vol. 35, no. 1, pp. 185-196.
E.D. Yilmaz, G.A. Schneider, M.V. Swain, Influence of
structural hierarchy on the fracture behaviour of tooth
enamel, Phil. Trans. R. Soc. A, 2015, vol. 373, no. 2038,
art. no. 20140130.

M. Kachanov, I. Sevostianov, Micromechanics of materi-
als with applications, Solid mechanics and its applica-
tions, vol. 249, Springer Nature, Heidelberg, 2018.

D. Kiener, S.M. Han, 100 years after Griffth: From brittle
bulk fracture to failure in 2D materials, MRS Bulletin,
2022, vol. 47, no. 8, pp. 792-799.

C.A. Brookes, J.H. Greenwood, J.L. Routbort, Brittle
fracture in iridium single crystals, J. Appl. Phys., 1968,
vol. 39, no. 5, pp. 2391-2395.

C.A. Brookes, J.H. Greenwood, J.L. Routbort, High tem-
perature tensile properties of iridium single crystals, J.
Inst. Metals, 1970, vol. 98, pp. 27-31.

S.P. Lynch, Ductile and brittle crack growth: fractog-
raphy, mechanisms and criteria, Mater. Forum, 1988,
vol. 11, pp. 268-283.

P. Panfilov, Brittle fracture of iridium. How this plastic
metal cleaves? Rev. Adv. Mater. Technol., 2019, vol. 1,
no. 1, pp. 27-45.

S.M. Ohr, An electron-microscopy study of crack tip de-
formation and its impact on the dislocation theory of frac-
ture, Mater. Sci. Eng., 1985, vol. 72, no. 1, pp. 1-35.
[.M. Robertson, H.K. Birnbaum, An HVEM study of hy-
drogen effects on the deformation and fracture of nickel,
Acta Metall., 1986, vol. 34, no. 3, pp. 353-366.

P. Panfilov, R. Korovin, M. Mezenov, D. Zaytsev, N.
Efremovtsev, Some Features of Cleavage Cracks in Rocks
and Metals, Rev. Adv. Mater. Technol., 2023, vol. 5, no. 3,
pp. 9-23.

Reviews on Advanced Materials and Technologies, 2024, vol. 6, no. 3, pp. 96-112


https://doi.org/10.1002/adma.201502403
https://doi.org/10.1002/adma.201502403
https://doi.org/10.1002/adma.201502403
https://doi.org/10.1002/adma.201502403
https://doi.org/10.1016/j.jmps.2018.12.015
https://doi.org/10.1016/j.jmps.2018.12.015
https://doi.org/10.1016/j.jmps.2018.12.015
https://doi.org/10.1080/00071668.2010.497296
https://doi.org/10.1080/00071668.2010.497296
https://doi.org/10.1080/00071668.2010.497296
https://doi.org/10.1080/00071660120103675
https://doi.org/10.1080/00071660120103675
https://doi.org/10.1080/00071660120103675
https://doi.org/10.1080/00071660120103675
https://doi.org/10.1016/j.actbio.2016.04.028
https://doi.org/10.1016/j.actbio.2016.04.028
https://doi.org/10.1016/j.actbio.2016.04.028
https://doi.org/10.1063/5.0084267
https://doi.org/10.1063/5.0084267
https://doi.org/10.1063/5.0084267
https://doi.org/10.3390/jcs7080336
https://doi.org/10.3390/jcs7080336
https://doi.org/10.3390/jcs7080336
https://doi.org/10.3390/jcs7080336
https://doi.org/10.1134/S0031918X22601585
https://doi.org/10.1134/S0031918X22601585
https://doi.org/10.1134/S0031918X22601585
https://doi.org/10.1093/acprof:oso/9780198516002.001.0001
https://doi.org/10.1093/acprof:oso/9780198516002.001.0001
https://doi.org/10.1016/0001-6160(75)90192-3
https://doi.org/10.1016/0001-6160(75)90192-3
https://doi.org/10.1016/0001-6160(75)90192-3
https://doi.org/10.1016/0001-6160(86)90191-4
https://doi.org/10.1016/0001-6160(86)90191-4
https://doi.org/10.1016/0001-6160(86)90191-4
https://doi.org/10.1016/0001-6160(87)90228-8
https://doi.org/10.1016/0001-6160(87)90228-8
https://doi.org/10.1098/rsta.2014.0130
https://doi.org/10.1098/rsta.2014.0130
https://doi.org/10.1098/rsta.2014.0130
https://doi.org/10.1098/rsta.2014.0130
https://doi.org/10.1007/978-3-319-76204-3
https://doi.org/10.1007/978-3-319-76204-3
https://doi.org/10.1007/978-3-319-76204-3
https://doi.org/10.1557/s43577-022-00379-2
https://doi.org/10.1557/s43577-022-00379-2
https://doi.org/10.1557/s43577-022-00379-2
https://doi.org/10.1063/1.1656565
https://doi.org/10.1063/1.1656565
https://doi.org/10.1063/1.1656565
https://doi.org/10.17586/2687-0568-2019-1-1-27-45
https://doi.org/10.17586/2687-0568-2019-1-1-27-45
https://doi.org/10.17586/2687-0568-2019-1-1-27-45
https://doi.org/10.1016/0025-5416(85)90064-3
https://doi.org/10.1016/0025-5416(85)90064-3
https://doi.org/10.1016/0025-5416(85)90064-3
https://doi.org/10.1016/0001-6160(86)90071-4
https://doi.org/10.1016/0001-6160(86)90071-4
https://doi.org/10.1016/0001-6160(86)90071-4
https://doi.org/10.17586/2687-0568-2023-5-3-9-23
https://doi.org/10.17586/2687-0568-2023-5-3-9-23
https://doi.org/10.17586/2687-0568-2023-5-3-9-23
https://doi.org/10.17586/2687-0568-2023-5-3-9-23

Peter Panfilov et al.: On some feature of deformation behavior of a bird eggshell 112

YK 620.17:622.02:59.085

00 oxHoi1 0coOeHHOCTH 1eOPMAITMOHHOTO MOBEIeHUS CKOPJIYIbI
NTHYbUX SHI

ILE. anduaos!, M.E. Mexenos!2, J. Guo 3, I.B. 3aiines'?

! ®enepanbHOe rocy1apCTBEHHOE aBTOHOMHOE 00Pa30BaTeibHOE YUPEKIECHHE BBICIIEr0 00pa3zoBanus «YpaibCKuii (enepanbHblii
yHUBepcuTeT nMeHH nepsoro IIpesnnenta Poccun B.H. Enprunay, r. EkatepunOypr, Poccust
2 MenepanbHOE TOCYIAPCTBEHHOE OHOKETHOE 00Pa30BATENLHOE YUPEKICHUE BHICIIErO 00pa3oBaHus «Y pabCKuil
TOCYIapCTBEHHBII TOPHBIH YHUBEpCHTET», I. ExatepunOypr, Poccus
3 Hubei University, Yxanb, Kuraii

AHHOTamus. V3ydeHo nedopManioHHOE ITOBEAEHHE CKOPIYIBI SUIl PAa3HBIX NTHI[ IPH 3-X TOYeYHOM m3rube. CKopiryna NTHYBIX
SIAI] — 9TO OMOMHHepaJ, cocTosmii npumepHo Ha 90% u3 kapOoHara kansnus. B paboTe OblTa H3ydeHa CKOPITyIIA SIMI] HECKOIBKUX
BUJIOB NTUIl: U3 KaxJI0M OBUIO BEIpE3aHO IO JBa Habopa oOpa3roB. MexaHHYecKHe HCIBITaHUS IIPOBOAWIN Ha CYXHX M BIIAXHBIX
obpasmax Ha Bo3ayxe. TpemuHsl B 00pasnax 13 CKOPIIYIBl IPU M3TH0e M3ydJalIich in situ Ha CBETOBOM MHKPOCKOME. Y BCEX BHIOB
IITHI] CKOPJIyTIa IEMOHCTPHPOBAJIA XPYIKOE MOBEJICHNE B MAKPOCKOMTMYECKOM MacITabe Kak B CyXOM, TaKk M BO BJIQJKHOM COCTOSTHHU.
OpHaKo MIMPHHY TPEIIMHBI MOKHO YBEIMYUTb, YBEIHUHBAs CTPETy Iporuda, IMoJ00HO TOMY, KaK TO IPOMCXOJUT B IUTACTHUHBIX
MeTaJulax IpH pacTsDKeHUH. Boia BEI3BIBaeT HEKOTOPOE CHIDKEHHE IIPOYHOCTH SSIMIHO CKOPITyIIBI IpH u3rube. Mopdoaorust TpermmH
B SIMYHOH CKOpIIyIe IpH M3rude okaszanach Nogo0HOH MOP(OIOTHH TPEIIUHEI B 00JIACTH HISHKH IUIOCKOTO aJIFIOMHHUEBOTO 00pasIa.
Ha sTOoM OCHOBaHMU feTaeTCst 3aKIIIOUSHUE, YTO CKOPITyTa IITHYBHX SIUI] IIPH H3THOE B MUKPOCKOIMYECKOM MACIITa0e JEMOHCTPUPYET
IIPU3HAKYU BSI3KOTO Pa3pyIICHUs.

Knrouesvie cnosa: 6I/IOMI/IHepaIII)I; CKOpJIyIla NTUYbUX AUIL; I/I3FI/I6; ,I[e(i)OpMaHI/ISI; paspyuieHue
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