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Compression Fatigue Crack Growth in Nacre and Its Implication on the 
Mechanical Performance of Orthopedic Implants
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Abstract
The aim of the present review is to present some phenomenological observations on compression fatigue 

crack propagation of nacre samples. The first part of the paper reviews the characteristics of hierarchical structure 
and the mechanical properties of nacre, which characterize its specific properties. We have investigated the main 
chemical constituents of nacre and determined their mineral elements. Electron microscopy studies revealed that 
nacre is composed of a single-crystal aragonite. In the second part of the paper samples of nacre have been tested 
in compression-compression fatigue under cyclic loading and a Paris curve have been constructed at a fatigue ratio 
of about 10, subjected to a 30 Hz sinusoidal compressive load. It has been demonstrated that two driving forces ΔK 
and Kmax mainly govern the overall fatigue crack growth of nacre. Nacre shows considerable ability to stop cracking. 
By means of axial compression tests, we identified a single elastic and inelastic property. Measurements based 
on experiments were first done. Mean values of compressive strength and modulus of elasticity were obtained for 
several samples. A three-point bending test was performed on polished nacre samples according to the international 
standards for Young’s modulus, bending strength. An attempt is made to explain qualitatively the mechanical behavior 
of nacre in terms of its submicroscopic structure. It is concluded that the precise geometric arrangement of the plates 
is highly important. The results obtained provide a director for the design of orthopedic implants.
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Introduction
All engineering applications require the evaluation of, the fatigue 

behavior under various loading modes and the fast fracture strength, 
therefore conventional theory was established [1-4]. Observations of 
controlled crack initiation in cyclic compression of notched metallic 
materials were first reported in the 1960s. Hubbard reported a fracture 
mechanics based study of crack growth in a center-notched plate [5]. 
Similar observations have been made subsequently in ceramics [6-8]. 

The mechanism of a mode I fatigue is dictated by the development 
of a cyclic plastic zone ahead of the notch tip upon unloading from 
the far-field compressive stress. Its crack propagation is in the direction 
normal to the imposed compression axis [2,7]. As crack advance under 
far-field, cyclic compression is governed by a local tensile stress, the 
influence of microstructure on crack growth behavior is found to be 
similar to that seen under far-field cyclic tension [6-10]. However, 
several important points remain to be discussed.

The mechanical properties of nacre have been previously reported, 
although investigations to date concentrated on stiffness and fracture 
toughness [11-15]. In fact they clearly showed the superiority of the 
mechanical properties of nacre while focusing on its stiffness, however 
the fatigue crack growth in nacre remains significant, to propose its use 
for orthopedic implants.

Investigations have shown that stable fatigue crack growth in 
ceramics can occur on notched samples under compressive cyclic loads 
[16]. This result provides a convenient method to stuffy fatigue behavior 
in nacre, since it permits to avoid most of the difficulties associated 
with the brittleness of the sample during fatigue. Compression-
compression fatigue can also be used to introduce a sharp crack in a 
brittle material sample in order to perform more complicated fatigue 
cracking studies [9].

In tension-tension loading it is generally accepted that the crack 
driving force is calculated based on the full-applied stress intensity ∆K 

[10]. However, if compression-compression loading is introduced, in 
several articles [17,18], we have shown that the fundamental material 
behavior is represented by the constant amplitude fatigue loading 
results governed by the two driving forces, ΔK and Kmax. These two 
driving forces conditions must be satisfied simultaneously for any crack 
to grow. Compression fatigue tests were also performed on several 
other ceramics. In the present paper, this concept has been extended 
to analyze the compression-compression fatigue behavior. The analysis 
indicates that to characterize accurately the entire crack growth region 
of loading for R<0, one must include both the internal stresses and the 
applied stresses [10,19-21].

The formation of seashell nacre is a slow process in nature. Seashell 
absorbs mineral elements and organic matters in seawater to form 
inorganic nanoplatelets and macromolecules, which deposit alternately 
to form compact brick-and-mortar structure of nacre [22-24]. Nacre is 
a calcified structure that forms the lustrous inner layer of many marine 
oysters. This lustrous material has intrigued scientist for many years 
because of its sophisticated structure [25]. It is composed of calcium 
carbonate crystals organized in multiple layers of thin tablets of 
aragonite. Fragments of nacre from the bivalve Pinctada radiata elicit a 
biological response when implanted into the bone. Nacre is composed 
of 95wt% aragonite (CaCO3) and 5 wt% organic materials [26,27]. It 
is well known that it exhibits high fracture toughness, much greater 
than that of monolithic aragonite, because of its ingenious structure. 
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Moreover it includes columnar architectures and sheet tiles, mineral 
bridges, polygonal nanograins, nanoasperities, plastic microbuckling, 
crack deflection, and interlocking bricks, which exhibit a remarkable 
combination of stiffness, low weight and strength. Researchers studied 
the mechanical structure of nacre, the shiny layer on the inside of 
seashells, and tried to improve its mechanical properties [28,29]. 
Materials scientists have spent many years analyzing the structure of 
the aragonitic calcium carbonate layers, their crystallography, their 
defect structure as well as their growth mechanisms [30].

Nacre has the same density as bone, but its micro-hardness is 
greater than that of stainless steel 316L. Studies have provided good 
evidence of the biocompatibility and osteogenic activity of nacre and 
recent results have demonstrated that implants of nacre are suitable 
for replacing defective bone [28]. The long-term function and 
fixation of the implant depend on the biological, physical-chemical 
and mechanical characteristics of the whole structure and these 
characteristics change over time following the trend of tissue response 
and surface alterations [31].

This work gives an overview of our research that describes 
quantitatively the specific role of detailed nacre structure under a 
stress-strain test and how it responds to it. We detail the role of each 
nanostructure of nacre responsible of its mechanics and deformation 
behavior. Moreover we elucidate the key mechanisms responsible for 
the unique mechanical behavior of nacre.

Many studies have shown that strength degradation occurs at a 
faster rate than anticipated from the static loading test. In addition 
there is reliable evidence, particularly from studies [32-34], that crack 
growth takes place when notches are cyclically loaded in compression. 
The fatigue life of structure components is generally considered to be 
composed of the crack initiation life and the crack propagation life 
[35]. Given the relatively short crack propagation phase, due to fast 
crack growth and to give a conservative prediction, the fatigue crack 
initiation was defined as the fatigue life in this study.

Materials and Methods
Material

Shells of oyster, were freshly collected, soaked for 14 days in 5% 
NaOH, lightly scrubbed after soaking, then rinsed in distilled water and 
dried with N2 at room temperature. After they had dried completely, we 
cut the layer of nacre with a grinding wheel.

Nacre is the most aragonitic microstructure. It is a composite with a 
layered structure of brick (aragonite platelets) and mortar (protein-poly-
saccharide matrix). Its layered microstructure confers nacre its precious 
pearly luster [36,37]. Nacre can be used as bone graft substitutes for 
filling bone defects because of their similar chemical composition to the 
mineral part of bone and their excellent biocompatibility [28].

A total of twenty nacre samples from the shells of the mollusc 
(Pinctada maxima) were investigated. The samples were polished and 
the surfaces were examined for scratches by light microscope and 
corrected if required. During this entire finishing process, the samples 
were kept moistened. The nacre samples had no growth lines and 
only the white variety was used to avoid planes of weakness caused by 
inhomogeneities or inclusions. To confirm the orientation of the nacre 
samples, scanning electron microscopy (SEM) was performed.

Scanning electron microscopy and X-ray microanalysis

The microstructures of nacre were assessed using the Scanning 

Electron Microscopy (SEM). The observations were performed on 
gold-coated specimens and investigated at an acceleration voltage of 15 
kV for both samples. Micron-scale images were acquired using tapping 
mode, with a resolution of about 50 nm, into a computer-equipped tool 
with a resolution of about 1 to 5 nm and a wide range of applications.

The chemical characterization of the samples was performed 
using energy dispersive X-ray Microanalysis (EDS). EDS allows the 
determination of the type of calcium phosphate present in samples. 
EDS was recorded in constant pass energy mode and expressed as 
intensity on the Y-axis versus binding energy on X-axis.

Experimental design and mechanical tests

The used machine is of the type MTS 858 Mini Bionix servo-
hydraulic. The axial load is ranging between ±25kN with a standard 
displacement of ±50 mm. The computer controlling the machine 
determines the uniaxial compression, the three-point bending and the 
fatigue performance in ambient conditions. The range of forces between 
which the modulus was calculated to obtain reliable results was limited 
to 10% Fmax < Fmeasured < 90% Fmax.

Compression tests: The compression test specimens of nacre were 
tested in both parallel and perpendicular positions to shell growth 
bands of nacre under quasi-static strain rates. Five specimens were 
machined to the nominal dimensions of 5 mm in diameter and 10 
mm in length. These dimensions are conform to the “short” length-
to-diameter ratio of 2 per the ASTM E9-89A specification in order 
to minimize the likelihood of buckling under the compressive load. 
Specimens were first polished so that the two surfaces were parallel 
and flat. Compressive stress and strain were calculated and plotted 
as a stress-strain diagram. The stress-strain tests were performed at 
crosshead speeds of 0.05 mm/min. The yield stress (σe0.2) from each test 
was determined by the 0.2% offset criterion. The static Young’s modulus 
(E) was calculated and maximum compression stress were determined. 
All tests were performed in duplicate.

Bending strength: Ten specimens of nacre were performed by 
carrying out bending test in various loading directions. The specimens 
tested in bending had the same length of 40 mm and cross-sectional 
areas of approximately 5 × 5 mm. The support span is 34 mm. The test is 
stopped when the specimen breaks. With great attention and precision, 
parallel sides and uniform orientation of growth plans throughout the 
samples were obtained. The three-points bending tests were instructed 
as in ASTM standards D790.

The speed of the crosshead of the test machine was 0.1 mm/min, 
which was established in preliminary testing to achieve constancy and 
linearity. The samples were loaded until fracture, while the maximum 
force (Fmax) at the time of fracture was recorded. The force applied in 
the center allows the determination of flexural modulus and flexural 
strength.

Fatigue tests: Studies on compression-compression fatigue was 
carried out on nacre employing twenty compact specimens, were 
machined with a thickness, B=3 mm, width, W=21.5 mm and initial 
crack length, a=4.3 mm. They were all orientated with the nominal 
crack-growth direction (Figure 1). The specimens were sectioned 
and a notch was introduced with a circular diamond low-speed saw, 
which produced a notch tip radius ρ=0.5 mm in all the specimens. 
Before testing, both side surfaces of the specimens were polished up 
to 6µm finish, using diamond wheels. All the specimens used satisfied 
the ASTM Standard E647-00 test size requirements [38]. There are no 
“plane strain vs. plane stress” requirements for the measurement of 
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breaking at low nominal stress or broke abruptly by extending the notch 
plane through the thickness of the specimen. Due to the brittleness 
of these specimens, grinding of the two ends for obtaining better 
parallelism was difficult to perform. Therefore, the failure in obtaining 
fatigue crack propagation could be attributed partly to the poor 
parallelism between the two end surfaces of the specimen and partly to 
the brittleness of this material.

Fatigue crack growth formulation

Life prediction is defined in terms of the time or of number of 
loading cycles required for the largest crack to grow to a critical 
size, usually measured by the material’s fracture toughness KC. Most 
published research have confirmed that the crack-growth increment 
per loading cycle (da/dN), as a function of respectively, the linear-
elastic (mode I) stress intensity, K, or range of stress intensity, ∆K, in 
fatigue. In particular, in the midrange of growth rates, the dependence 
can be written as a Paris power law of the form [1]:

da/dN= C (∆K)m (1)

Where C and m are experimentally measured scaling constants, 
and ∆K is given by the difference between the maximum and minimum 
stress intensities for each cycle, ∆K=Kmax -Kmin. The stress-intensity 
factor, K, is a global parameter that fully characterizes the local stress 
and deformation fields in the immediate vicinity of a crack tip in a 
linear elastic solid, and thus can be used to correlate the extent of crack 
advance. It is defined for a crack of length a as [3,4,39,40]:

af (a / W)σ πappK =                (2)

Where, σapp is the applied stress and f(a/W) is a geometry function. 
f(a/W) can be expressed in a polynomial form as a function of the 
dimensionless crack length (a/W). The f(a/W) for the compact 
specimen can be represented as :

f(a/W)= (0.2960 (a/W) – 1.855 (a/W)2 + 6.557 (a/W)3 – 10.170 
(a/W)4 + 6.389 (a/W)5 )                     (3) 

The polynomial is accurate within 0.25% for W between 0.3 and 0.7 
[41,42]. The cyclic fatigue behaviors of brittle solids have been actively 
investigated in a wide range of ceramic [6,43,44]. Determination of 
fatigue crack inception/propagation resistance requires precise crack 
length measurement. Paris law can also be used to describe the crack 
growth rate in nacre.

However, compared to typical values between 2 and 4 for most 
metals in the mid-growth rate regime, the value of Paris exponent m 
can be higher (i.e., in the range ∼15 to 50) and above in brittle solids 
[41,45]. In actuality, the growth rates depend upon numerous factors 
other than ∆K.

da/dn=f(∆K, Kmax (or R),f, environment, wave form,…)   (4) 

One of the earliest and most popular modifications to Paris’s law 
was due to Forman et al [46] noting the requirement for the growth 
rate to become effectively infinite when Kmax exceeded the fracture 
toughness. It has been suggested that two driving forces ΔK and Kmax 
govern the overall fatigue crack growth behavior of any material which 
can be expressed as follow in terms of both Kmax and ΔK [6].

da/dN = C’ (Kmax)
n (∆K)p (5)

Where, C’ is a constant equal to C (1-R)n and (n+p)=m when 
compared to Eq. (1).

Combining Eqs. (1) and (2) give:

Figure 1: Specimen geometry of nacre and loading arrangement for 
compression loaded fatigue crack testing. Exact dimensions are given in the 
related sections.

growth rates, however ASTM standard recommends that specimens 
with W/20<B<W/4 should be used, consistent with the current 
specimen dimensions.

The specimens were subjected to cyclic compression-compression 
loading with the loading axis parallel to the long axis of the specimen 
using a self-aligning jig on a servo-hydraulic machine (MTS 858 Mini 
Bionix). Crack length measurements were periodically taken using a 
crack growth increment ∆a, about 0.1 mm. The degree of precision 
for the length measurement of the fatigue crack is approximately 0.01 
mm. Finally, the crack was stopped, and a plateau in the curve of 
crack length, a, versus number of cycles, N, was obtained for each 
specimen.

Load-controlled compression-compression fatigue experiments 
were performed at various stress ranges with R ratio (R = min

max

∞

∞

σ
σ

where min
∞σ and max

∞σ are the applied minimum and maximum stresses, 
respectively) of 10, cycling frequency (f) and the load ratio. Specimens 
of nacre were subjected to uniaxial cyclic compression to introduce a 
stable mode I fatigue crack at the root of the notch. The maximum and 
the minimum values of the nominal stresses were min

∞σ = -80MPa and 
max
∞σ = -8MPa, respectively. The cyclic sinusoidal compression loading 

frequency was 30 Hz. 

Fatigue tests were carried out until samples either failed or achieved 
“run out” at 106 cycles. After far-field compression stress cycling, the 
maximum compressive stress was increased by 5 MPa (about 5%) for 
samples in order to verify the overload effect on compressive fatigue 
cracking behavior. Observations at the notch tip during cycling were 
performed employing a video camera a travelling microscope. After 
the experiment the crack length was measured from the recorded video 
images and the crack growth characteristics were measured. The length, 
a, of the crack on the surface of the specimen is plotted as a function of 
the number of compressive load cycles.

No fatigue cracking was observed at the notch tip on the lateral 
surface. Specimens either sustained a very large cycle number without 
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(= app
mda / dN af(C a / W))∆ πσ                  (6)

By integrating equation (1) the fatigue lifetime prediction can be 
written as:

f f

i

N a

0 a

1
=∫ ∫

m
app

dN daaC( f( ) a)
W

∆σ π
                   (7)

Initial and final crack lengths are denoted by ai at t = 0 and af at 
Nf . Nf is the total number of cycles for failure; af is the crack length 
just before catastrophic failure. This can be estimated by performing 
conventional fracture toughness tests using the relationship KIC =σapp 
√ ∏ a f f(a/W) to determine the value for af for a given value of KC and 
applied stress σapp .

The solution to Eq. (7) in the determination of the initial crack 
length for a given life cycle is best done by numerical solutions. 
Such a solution will be useful for lifetime prediction of brittle 
biomaterials [15].

Results and Discussion
Chemical and structural characterization

The analysis of nacre composition with Energy Dispersive X-Ray 
Microanalysis revealed 57.58% calcium, 35.09% oxygen, 5.09% carbon, 
1.93% magnesium and 0.32% sulfur (Figure 2). Nacre consists of 
about 95% of aragonite (a mineral form of CaCO3) and a few percent 
of biological macromolecules. These results confirm the same analysis 
carried out by many authors [11-13].

Nacre is a layered composite consisting of highly organized 
polygonal aragonitic platelet layers of thickness of about 2-10 µm 
separated by thin 20 nm layers of organic composed mainly of proteins 
and polysaccharides (Figures 3a and 3b).

The microstructure of nacre is represented in Figures 4a and 4b. This 
region is composed of stacked sheets of pseudo-hexagonal aragonite 
platelets, which are separated by a thin sheet of organic matrix serving 
as viscoelastic glue between layers. This particular microarchitecture is 
similar to brick and mortar. These platelets are characterized by nearly 
perfect z-axis alignment normal to the plane of the tiles.

Compression testing

As shown in Figure 5 the stress-strain curves of compression 
indicated that nacre shows a linear (elastic) region to a maximum 
strength, followed by catastrophic failure. This region until a sharp yield 
point at about 0.2 percent strain followed by failure at about 0.8 percent 

strain. Compression tests of nacre show that the maximum stresses 
are typically about 128 MPa, although two of the samples shows an 
unexpected maximum stress of 140 MPa, it is slightly viscoelastic. The 
elastic properties are very similar to those of single-crystal aragonite 
[47]. The constant of proportionality between stress and strain is the 
Young’s modulus (E). The static Young’s modulus was calculated from 
the linear segment of the load-displacement curve per the ASTM E111-
82 specification a value of 162 MPa was determined.

Flexure testing

Three-point bending tests were also performed with the loading 
direction oriented both parallel and perpendicular to the layers. The 
average bending stresses were 54.4 and 60.2 MPa for parallel and 
perpendicular orientations, respectively. There was no significant effect 
of stress rate or orientation.

The bending strength of nacre, are comparable better than those 
reported in the literature for similar synthetic textured structure. 
Mineral bonds between platelets in our system would cause this 
difference. For moderate values of stress, the behavior is linear which 
correspond to elastic domain where the material obeys Hooke’s law. The 
results of the bending tests for nacre are shown in Table 1.

Figure 2: Energy dispersive X-Ray spectrum of nacre. It shows that Ca, C, O, 
Mg and S are present. This spectrum is typical of nacre samples after soaking 
for a number of days.

 
                                                                      (a)  

                                                                (b) 

Figure 3: SEM micrograph of natural nacre showing (a) typical hexagonal 
morphology (b) brick and mortar structure.
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crack growth occurred in a reasonably continuous manner. Once a 
sharp crack form at the notch tip the crack can remain fully or partially 
closed [48]. As the length of the crack gradually increase the fraction 
of the loading cycle where the crack remains partially closed would 
progressively increase. The increasing “crack closure” would then 
cause the crack to arrest completely over a critical crack length of a 
where the closure stress σcl ≈ σmax [10]. This is the current mechanistic 
understanding of the crack growth behavior under compression 
loading.

Crack length versus number of cycles for the notched samples 
presented in Figure 6. When the crack length for the notched samples 
is plotted against the number of cycles on log-log. A straight line 
can be drawn through the data and a power function can be used to 
represent the data from 103 cycles to 106 cycles. Note that the empirical 

A very important conclusion can be drawn from the comparison of 
the compression and flexure strengths: that nacre is more resistant in 
compressive stress than in tensile strength (measured by bending tests).

Fatigue tests

Crack length data: The cycle numbers required for fatigue crack 
initiation and for obtaining the plateau on the crack length versus cycle 
number curve are different for each specimen. The crack initiation 
might depend mainly on nominal stress, and the crack length at which 
propagation terminated appeared to depend both on the radius of the 
notch and on the nominal stress.

The relationships between the fatigue crack length and stress cycle 
number are presented in Figure 6. This relationship indicates that the 

(a) 

(b) 

Figure 4: Schematic illustration showing the ‘‘brick and mortar’’ 
microarchitecture of nacre. (a) Schematic diagram of nacreous structure. The 
organic thin film indicated between the layers also covers all other surfaces 
of each structural unit. (b) In nacre, the mineral platelet interlocks perfectly 
with its neighbors to form sheets which are stacked on top of each other in 
a staggered formation. The thickness of the mineral platelets is about a few 
hundred nanometers.

 Parallel 
Orientations

Perpendicular 
Orientations

Loading Velocity [mm/min] 0.01 0.01
Binding strength [mPa] 54.4 60.2
Maximum bending strength [mPa] 55.2 62.1
Deformation at maximum bending 
strength [µm] 8.6 9.1

Table 1: Mechanical properties of the three-points bending tests of nacre (Pinctada 
maxima).

Figure 5: Compressive stress-strain diagram for nacre.

Figure 6: Schematic showing the variation of crack length, measured from the 
notch-tip, as a function of number of cycles. Insert shows the sample and the 
loading cycle in compression load.
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relationships and equations described above are only estimates. 
The length a data can be plotted using a Basquin’s law type relation 
determined by a probabilistic approach by using the linear regression, 
a=B (N)-β where β is the slope of the line. The mean curves are expressed 
as follows: a=31.79 (N)-0,055 and R2=0.9849 where R2 represents the 
correlation coefficient.

The results show that growth of damage/cracks at the tip of the 
notch in a sample of nacre subjected to compression-compression 
fatigue is highly anisotropic. As a consequence of his the crack and the 
damage developed in nacre was similar to that observed for bioceramics 
[41,43].

We observe that the growth if cracks from stress concentrations 
subjected to cyclic compressive stresses is a mechanical fatigue effect, 
based on the following observations: Mode I crack advance from stress 
concentrations, perpendicular to the compression axis in simple of 
nacre and The crack length increases with an increase in the number 
of compression cycles.

Crack growth under compression-compression cyclic loading: In 
order to analyse the crack growth under cyclic compression loads, we 
have selected the results of Figure 6 shows the crack growth behavior 
curves (da/dN vs ΔK and Kmax). The relationship in Figure 7 can be fitted 
with a linear line, which is formulated as (2.4) da/dN=C (ΔK)m, where 
C and m are both materials constants, which should be determined 
experimentally. 

The relation as shown in Figure 7 appears on the log-log graph 
plots between da /dN and valid ΔK and KMax. Nacre structure has a 
combination of high strength both in compression and bending. The 
average three-point bend fracture toughness 10 MPa √m and strength, 
180 MPa values of nacre and pearl oyster are some 20 times those of 
synthetically produced monolithic CaCO3 polycrystals and are also 
better than most ceramics. Several toughening mechanisms operate 
depending on the loading conditions, and simultaneously contribute to 
the toughening of the nacre.

In contrast with more traditional brittle ceramics, such as Al2O3, or 
high toughness ceramics, such as ZrO2, the crack propagation behavior 
in nacre reflects its highly anisotropic structure leading to a high degree 
of crack. Many work were concluded that the increased path length of 
the cracks is responsible for enhanced work of fracture [44,49,50].

The crack profile and cracking behavior observed at the lateral 
surface in nacre exhibited considerable similarities with those observed 
for bioceramics [43,51]. Clusters of debris were observed at the 
notch tip during crack initiation and propagation. The fatigue crack 
observed on the lateral surface appeared filled with debris, which is an 
indication that debris also plays an important role in the compression 
fatigue behavior of nacre sample. For example, alumina has a fracture 
toughness of about 4–5 MPa√m and zirconia about 6–15 MPa√m [52].

Conclusions
It has been found from this study that the nacre contains calcium 

and many mineral elements as well as being rich in amino acids. From 
the observations and analysis within this study, it is clear that the micro-
structure of these samples of nacre plays a significant role in increasing 
the toughness of an otherwise brittle base material, CaCO3. It can be 
concluded that the microstructure of nacre determines the mechanical 
properties of each sample. Fatigue crack propagation retardation was 
observed after a sustained load cycling, and fatigue crack propagation 
acceleration was observed during minor cycling.

We have observed that nacre possesses impressive mechanical 
properties due to its unique architectural properties. These excellent 
mechanical properties make it interesting as an alternating structure 
for orthopaedic implants. The nacre can be reliably compared to 
existing medical bioceramics (Al2O3 and ZrO2), with the aim of 
producing implant biomaterials with favorable fatigue comportment in 
compression.
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