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A numerical study on indentation properties
of cortical bone tissue:
Influence of anisotropy
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Purpose: The purpose of this study is to investigate the effect of anisotropy of cortical bone tissue on measurement of proper-
ties such as direction-dependent moduli and hardness. Methods: An advanced three-dimensional finite element model of micro-
indentation was developed. Different modelling schemes were considered to account for anisotropy of elastic or/and plastic re-
gimes. The elastic anisotropic behaviour was modelled employing an elasticity tensor, and Hill’s criteria were used to represent
the direction-dependent post-yield behaviour. The Oliver—Pharr method was used in the data analysis. Results: A decrease in the
value of the transverse elasticity modulus resulted in the increased material’s indentation modulus measured in the longitudinal
direction and a decreased one in the transverse direction, while they were insensitive to the anisotropy in post-elastic regime. On
the other hand, an increase in plastic anisotropy led to a decrease in measured hardness for both directions, but by a larger amount
in the transverse one. The size effect phenomenon was found to be also sensitive to anisotropy. Conclusions: The undertaken
analysis suggests that the Oliver—Pharr method is a useful tool for first-order approximations in the analysis of mechanical prop-
erties of anisotropic materials similar to cortical bone, but not necessarily for the materials with low hardening reserves in the

plastic regime.
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1. Introduction

Bone with its hierarchical structure has distinct
microstructures at different length scales. Cortical
bone tissue (CBT), for instance, at micro-scale level
(500 um to 1 um) consists of interstitial matrix,
long cylindrical fibres, known as osteons, cement
lines and lamellae. At nano-scale level (1 um to 1
nm) collagen fibrils, collagen and non-collagenous
proteins are the main constituents. The effective,
continuum properties of bone at a sub-millimetre
scale are governed by the properties of its constitu-
ents at lower length scales [17]. To predict its

behaviour under real-life deformations [15], me-
chanical properties of such micro-constituents are
required.

Micro- or nano-indentation is a widely used experi-
mental technique to determine mechanical properties of
thin films, small volumes and small microstructural fea-
tures at micron scales [5]. This technique has been ap-
plied to the measurement of mechanical properties of
biomaterials including bone [10]. However, elasticity
and plasticity in bone and its micro-constituents are
complicated by their anisotropic features. The extent of
anisotropy varies significantly for different bone types,
hierarchical levels and other factors such as age, injury
or disease [7]. For instance, for cortical bone, the nano-
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indentation-based values of elastic modulus of interstitial
matrix and osteons in the longitudinal direction, 25.7 and
22.4 GPa, respectively, are larger than those in the
transverse direction — 16.6 GPa (considered to be the
same for both constituents). This means the anisot-
ropy ratio (defined here as the ratio of a longitudinal
parameter to a transvers one) of 1.54 and 1.35, re-
spectively [21]. Rho and Pharr reported this value to
be 1.29 for the trabecular bone, which differs signifi-
cantly from that of macroscopic wet femoral cortical
specimens, 1.77 [20]. This correlates well with the
data on anisotropy levels obtained experimentally on
macroscopic specimens for various cortices of a bo-
vine femur — from 1.35 (for a lateral cortex) to 1.94
(for a posterior one) [1]. On the other hand, Liu et al.
[16] reported osteonal bone to be less anisotropic
with a value of 1.33. This was linked to the fact that
mineralized collagen fibrils in osteonal bone bundle
into layers with varying directions to form a ply-
wood-like structure unit in addition to rotation about
their axes within these layers [26]. Anisotropy of the
post-yield regime is respectively less explored. Only
Rho et al. [21], Wang et al. [25] and Carnelli et al.
[6] studied direction-dependency of material’s plas-
tic behaviour.

The objective of this study is to investigate the
influence of material’s anisotropy of elastic or/and
plastic regimes on direction-dependent properties
of cortical bone obtained by means of indentation
such as elastic moduli and hardness as well as to
study the size effect phenomenon. To achieve this,
a three-dimensional finite element model of micro-
indentation was developed. It should be emphasized
that numerical simulations enable elucidation of
complex deformation mechanisms in the indentation
zone affected by complicated boundary and kine-
matic conditions, microstructural size effects, anisot-
ropy and heterogeneity of strain and stress fields
[27]. Finite-element analysis provides deeper in-
sights into structural and mechanical features of the
tested material and underpinning deformation
mechanisms [19]. In the developed FE model, elastic
anisotropic behaviour was modelled employing an
elasticity tensor, and Hill’s criteria were used to rep-
resent the direction-dependent post-yield behaviour.
The Oliver—Pharr method was used in the data analy-
sis. Various hardening models of the post-yield de-
formation regime representing different material
behaviours were considered to assess the effect of
anisotropy on the indentation properties and under-
lying deformation mechanisms for materials other
than bone.

2. Materials and Methods

2.1. Modelling considerations

To obtain a thorough understanding of various
material models with different anisotropic ratios (4R)
of elastic or/and plastic regimes, four different finite-
element models were developed to implement a com-
parative analysis of numerical results. The indenta-
tion process for each modelling regime was studied
for the same magnitude of the maximum indenta-
tion depth into a target made of the material under
study, reflecting conditions of a micro-indentation
test.

First, an isotropic material model was considered
(referred to as type I), a scheme that has been tradi-
tionally used to simulate conventional indentation
tests. Additionally, three anisotropic material models
were studied: the first one represents anisotropy in
both elastic and plastic regimes (type A); the second is
characterised by elastic anisotropy while plasticity is
considered isotropic (type B); the third assumes ani-
sotropy in the plastic regime only, with isotropic elas-
ticity (type C). In all the modelling schemes — apart
from type I — the effect of the extent of anisotropy on
the obtained mechanical properties was investigated
by considering two different levels of AR to values,
1.25 and 1.67. A summary of the material models
used in the various modelling scenarios is listed in
Table 1. In the next Section, the Oliver—Pharr (O-P)
method is summarized.

Table 1. Anisotropy ratios (4R)
for different modelling schemes

Material |\ 1 a0 | By | B2 | €1 | @
model
Elastic | 1 | 125 1.67 | 125 | 1.67 | 1.0 | 1.0
Plastic | I | 125] 1.67 | 1.0 | 1.0 | 1.25 | 1.67

2.2. Oliver—Pharr method

The Oliver—Pharr (O-P) method was originally
developed to measure the mechanical properties of
elasto-plastic materials using depth-sensitive in-
dentation with sharp indenters [18]. This method
can also be applied in any axi-symmetrical indenter
geometries such as a spherical one [14], [18]. The
O-P technique was developed employing the as-
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sumption that the indented material possesses ho-
mogeneous and isotropic properties. The details of
this technique including its advantages compared to
other methods can be found in [18]. In fact, the
precision of the O-P method significantly depends
on accuracy of measurement of a contact area.
Therefore, the exactness of definition of the contact
area can be considered as a criterion for assessment
of closeness of the obtained numerical solutions to
this method. Fan and Rho [10] compared the accu-
racy of contact areas using the O-P method for dif-
ferent material models. It was observed that the O-P
method gave a better estimation for the models with
higher strain-hardening reserves.

In the Oliver—Pharr method, the elastic modulus is
calculated from the unloading curve, based on the
assumption that it is unaffected by inelastic phenom-
ena. Equation (1) was used to fit the top 40% of the
unloading curve, where P is the load applied to the
indenter, /¢ is the residual depth after unloading and B
and m are the fitting parameters. The indentation
modulus E; is calculated using equation (2), where S is
contact stiffness corresponding to the slope of inden-
tation unloading curve at the maximum indentation
depth (/ma) (equation (3)) and A4, is the projected
contact area calculated at /.. 4, can be obtained
from the known value of the contact area (4) using
geometry of the indenter. Apparently, equation (2) is
derived based on the assumption that the material is
homogeneous and isotropic elastically. However, in
an anisotropic material, the obtained modulus corre-
sponds to the average of the anisotropic elastic con-
stants biased towards the modulus in the direction of
loading [21]. The expression for the elastic moduli of
the specimen (F) in equation (4) is obtained from the
assumption that the indenter is a rigid body as its
elastic modulus (£;) is much larger than that of the
specimen.
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Hardness (H) is calculated using equation (5),
where P 1s the maximum load at Ay.c. The pro-
jected contact area using the O-P method, hereafter
denoted A,.op, is calculated using equation (6),
where R corresponds to radius of the spherical in-
denter, A, is the contact depth and &, is the geomet-
rical parameter. The main disadvantage of the O-P
method is that it does not take into account the pile-
up height in calculation of A; thus, this value is
underestimated. To quantify this deviation from its
true value, A4 is computed here using also the FE
simulations accounting for the pile-up height. In the
simulations described the Abaqus output variable
COPEN (contact opening distance) with a threshold
value of 10> was used to define the boundary of the
contact [23], where the area within the boundary (4)
was computed employing Plot Digitizer 2.4.1 [12].
The corresponding projected contact area is denoted
A,-pe here.

2.3. Finite-element modelling
of nano-indentation experiment

A schematic of the developed indentation model
is shown in Fig. 1. Dimensions of the workpiece
used in the FE model were 250 pm x 250 um x 250 pm.
A refined mesh with a characteristic element size of
400 nm in the vicinity of the indenter’s tip and
a coarser mesh for the remaining domain were used to
discretize the workpiece sample, resulting in 53488
eight-node linear brick elements (C3DS8) in total
(Fig. 1a). The spherical indenter used in the simula-
tions was modelled as a rigid body since its modulus
is much higher than that of bone; its geometrical pa-
rameter & = 0.75 [18]. The relative movement of the
workpiece and indenter was monitored by translation
of the latter in the negative z-direction for longitudinal
tests with a maximum indentation depth of 2.0 um
followed by a complete unloading. Kinematic
boundary conditions were imposed on the bottom
face of the workpiece by constraining displacements
in all directions, whereas its faces perpendicular to
x- and y-directions were constrained in x- and y-direc-
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Fig. 1. (a) 3D finite-element model of micro-indentation;
schematic representation of axial (b) and transverse indentation (c)
(arrow P demonstrates direction of indentation)

tion, The Coulomb’s friction law was used to model
fric-tional interaction between the indenter and the
surface of the workpiece material. It should be noted
that frictionless contact conditions were considered in
the simulations unless stated otherwise. As large dis-
placements and rotations are intrinsic to indentation,
the large-deformation theory was used. The simula-

e,| | VE, -9E, —-YE,
en| |-YE, VE, -YE,
é3| |-YE -YE, 1/E,
M2 0 0 0
3 0 0 0
ys) O 0 0

tions were performed using the commercial FE code
Abaqus/Standard [23]. Each model requires on aver-
age 8 h on 12 Intel quad-core processors with
48 GB RAM each to finish the analysis using High
Performance Computing (HPC) facility available at
Loughborough University.

In this study, all the anisotropic material models
were assumed to be transversely isotropic, i.e., identical
properties in the directions perpendicular to the longi-
tudinal axis with different properties on it (Fig. 1(b));
this is a reasonable approximation for the cortical bone
tissue. Here, it is assumed that 1-2 plane is the plane of
isotropy at every point in defining transversely iso-
trOpiC elaStiCity. Then, El = E2 = ET; E3 = EL: G13 = G23

= Gyr and G|, = Gyr can be written, where T and L
stand for “transverse” and “longitudinal” (or axial),
respectively. The schematic representations of the axial
and transverse indentations are presented in Fig. 1(b)
and Fig. 1(c), respectively. The stress-strain law for
such a transversely isotropic material in the elastic re-
gion can be written as follows

0 0 oy
0 0 %
0 0 O35 , ™
/Gy 0 0 a1y
0 VG, 0 Oy5
0 0 1/Gy | |ox

where Gy = E7/2(1+v) and it is assumed that G,7 =
GrrAR. In this study, Poisson’s ratio (v) in all
directions is assumed to be the same [17] in order
to eliminate its influence on the numerical results
obtained. Therefore, the total number of independ-
ent elasticity constants in equation (7) reduces
to 4.

Anisotropic plasticity, characterised by different
yield behaviours in different indentation directions,
was introduced employing user-defined stress ratios
that were applied in the Hill’s potential function. This
model assumes symmetry in tension and compression
yield stresses. The mathematical form of this potential
is reviewed below.
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The Hill’s potential function for 3D stresses in-
volves six anisotropy parameters — F, G, H, L, M, N
— obtained by tests of the material in different orienta-
tions, and can be expressed with respect to its ortho-
tropy axes (ej, e;, e3) as follows

To represent the post-yield behaviour for the refer-
ence stress ¢, the model based on the experiments in
[2] was considered (Fig. 2). In this model the maxi-
mum available plastic strain was limited to ~ 5% due
to unavailability of the data for larger strain values.
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o, 1s the measured yield stress value upon o;; applied

as the only nonzero stress component in a certain di-
rection, ¢° is the user-defined reference yield stress,

7 is equal to 00/ NE) , and R; are anisotropic yield
stress ratios through which anisotropic yield was in-
troduced, where they are defined as follows

0, o 0,
_%n _9» _ 033 _%n
Ry, 0 ° Ry, = 0 ° R33—_0 > Rlz__o >
o o o T
0, 0.
_9%13 _0x
R;= 0 Ry, __ro . (10)

In this study, as ¢° was assigned to the yield stress
in the axial (longitudinal) direction, i.e., R3; = 1. It
was assumed that the shear yield stresses in the lon-
gitudinal-transverse plane (&,5,7,; ) equals 7°, thus,

Rz = Ry3 = 1, whereas Ry, = 1/4AR. The elastic and
plastic constants used in the simulations are presented
in Table 2.

Table 2. Elastic and yield parameters of cortica bone tissue [2]
adopted in simulations

Elastic constants Plastic constants
E, = E, (MPa) 18000/AR | Ry =Rn 1/AR
E; (MPa) 18000 R33 1
Vi, i j=1,2,3 0.30 Ry 1/AR
G, (MPa) 5384.60/AR | Ri3=Rp 1
G13 = Gy (MPa) 5384.60

However, it was significantly less than the strain val-
ues, which the workpiece material experience during
deformation, especially in the vicinity of the inden-
ter’s tip, ~ 50-60%. As Abaqus [23] assumes stress
value to be constant outside the specified range of
plastic strain value, this model (denoted X in Fig. 2)
represented a perfect-plasticity regime beyond ~ 5%
strain in the simulations. Our first FE results, based on
this model, demonstrated that some amount of pile-up
with a maximum value of 155.76 nm occurred around
the indent. Fan and Rho [10] using atomic force mi-
croscopy (AFM) showed that a pile-up rarely occurred
in indentation of cortical bone tissue. To represent its
behaviour more adequately, we considered another
plastic model with strain-hardening acting along the
whole range of plastic strain (labelled “Present” in
Fig. 2). It was found that the pile-ups were diminished
reasonably in simulations with this model (maximum
pile-up height is 104.10 nm), representing the post-
yield behaviour of the CBT more accurately and,
hence, was used in the subsequent simulations.

Present

0 0.05 0.1 0.15 0.2

Fig. 2. Stress—strain relationships for different material models



8 M. DEMIRAL et al.

3. Results

In this Section, we evaluate different parameters
such as force-displacement curves, elastic moduli,
hardness and strain gradients for different modelling
schemes.

3.1. Force-displacement curve
and elastic modulus

First of all, the effect of material model was evalu-
ated for different combinations of elastic and plastic
anisotropy ratios by comparing the shape of the simu-
lated force-displacement (F-d) curves. Fig. 3(a), (c), (e)
and Fig. 3(b), (d), (f) demonstrate the loading—un-
loading curves calculated for indentation along the

longitudinal and transverse directions for different
modelling schemes, respectively. Apparently, as the
extent of anisotropy (value of AR) was changed
by keeping the parameters in the longitudinal direc-
tion constant and varying the respective values in
the transverse directions, the influence of AR on the
F-d curves is larger for the latter direction as seen
from the comparison of Fig. 3(a) and Fig. 3(b).

Figure 3(c) demonstrates that a change in the value
of AR for elasticity does not affect the F-d curve for
axial indentation significantly, whereas, an apprecia-
ble variation is observed when anisotropy of plasticity
was changed (Fig. 3(e)). Similar observations can be
made for indentations in transverse direction by com-
paring Fig. 3(d) and Fig. 3(f). This can be explained
by the fact that deformation in indentation is largely
a plastic one and contribution of elastic component is
limited.

0.14 0.14
|
012 - 012 Al
01 & 01 é ——A2
~ 008 Z 008 +
z I
T 006 8006
= 004 - 0.04 £
0.02 | 0.02 |
0 | | | 0%
0 0.0005 0.001 0.0015 0.002 0 0.0005 0.001 0.0015 0.002
Displacement (mm) Displacement (mm)
(a) (b)
0.14 0.14
—a—]
0.12 Bl 0.12
01 ——B2 0.1
— 0.08 Z 008
z =
T 006 80.06
~ 004 0.04
0.02 0.02
0 0
0 0.0005 0.001 0.0015 0.002 0 0.0005 0.001 0.0015 0.002
Displacement (nm) Displacement (mm)
© (d)
0.14 -
012 |
01 f
z Z 008 §
= = F
k g 0.06
0.04 |
002 |
08
0 0.0005 0.001 0.0015 0.002 0 0.0005 0.001 0.0015 0.002
Displacement (mm) Displacement (mm)
(e) (

Fig. 3. Load-displacement curves for indentation along longitudinal (a, c, ¢)
and transverse directions (b, d, f) of CBT for different modelling schemes
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Fig. 4. Elastic moduli of CBT obtained from FE simulations
of indentation in both axial and transverse directions
for different material models

Figure 4 presents the calculated magnitudes of the
specimen’s elastic modulus. An important observation
is that when the value of AR of elasticity increased,
i.e., AR was changed from 1.25 to 1.67 (in models A
and B), E decreased in the transverse direction from
16.5 GPa to 13.9 GPa and from 16.3 GPa to 13.5 GPa,
respectively; whereas it increased in the longitudinal
direction from 19.8 GPa to 21.0 GPa (model A) and
from 19.7 GPa to 20.8 GPa (model B). This, in turn,
led to an increase in the anisotropy ratio for Young’s
modulus, with approx. values of 1.51 and 1.56 for
models A2 and B2, respectively. These results dem-
onstrate that with a decrease in the elasticity modulus
in the transverse direction the material’s indentation
modulus increases in the longitudinal direction and
decreases in the transverse one. On the other hand,
E values in model C were found to be very close to
each other, with an average value of 19.4 MPa (Fig. 4),
proving the fact that anisotropy in plasticity does not
influence the indentation modulus significantly.

3.2. Hardness

Hardness is the resistance of a material to plastic
deformation. To describe its change appropriately for
different material formulations, firstly the influence of
AR on the projected contact area was investigated in
detail as A4, is one of the parameters in calculating A
(equation (5)).

It is well known that materials around the contact
area usually deform and do not remain flat; instead,
they flow upwards (pile-up) or downwards (sink-in),
which, in turn, causes the contact area to be larger or
smaller, respectively, compared to the cross-sectional
area of the indenter [24]. Figure 5(a) demonstrates
a profile of the 3D surface of the workpiece material

at maximum loading in the transverse direction ana-
lysed with model C2. As the properties in the re-
spective transverse directions (directions 1 and 3,
Fig. 1(c)) were different, the pile-up heights on those
axes were found to vary, resulting in a contact periph-
ery to be elliptical rather than circular (Fig. 5(b)), as in
the case of axial direction.

0.0010 - A
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0.0000
-0.0005

u2 (mm)

-0.0010 +

-0.0015 - £
#0.0000-0.0005  ~#

0005 0.0010
.0005-0.0000 =-0.0010--0.0005 #
.0015--0.0010 =-0.0020--0. 00155

.0025--0.0020 £

£0.0020 -
|
0.0025 =

£

Fig. 5. (a) 3D surface topography of indented surface
at maximum loading formed by indentation in transverse direction
with model C2; (b) respective contact surface

The pile-up profiles of the indented surface along
paths A-B and C-D for different AR for models B and
C in the indentation of transverse direction are com-
pared in Fig. 6. It was observed that with an increase
in the value of AR for elasticity, the pile-up height
decreased slightly on both paths (Fig. 6(a), (b)),
whereas, with an increase in the value of AR for plas-
ticity, this height increased significantly on path A-B
(Fig. 6(c)), but decreased significantly on path C-D
(Fig. 6(d)). The comparison between Fig. 6(a), (b) and
Fig. 6(c), (d) also demonstrates that the pile-up profile
is more sensitive to variation in anisotropy of plastic-
ity than that of elasticity. The corresponding pile-up
profiles in axial indentation are shown in Fig. 7. It was
observed that with a change in AR, the pile-up height
did not change considerably.

Table 3 presents different projected contact area
values including their difference (in per cent) for the
material models used. Obviously, for all the models the
value of 4,rg 1s significantly larger than that of 4, op.
The obvious reason is that the latter neglects the pil-
ing-up of the material [18]. It was also observed that
the variation in the value of AR caused a greater
change in the obtained 4, value in the transverse di-
rection compared to that for the axial one. For in-
stance, a transition from model I to A2 resulted in the
increased relative difference — from 10.7% to 13.1%
in transverse direction, whereas this parameter de-
creased only to 9.3% in axial direction.
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Fig. 6. Pile-up profiles of indented surfaces along paths A-B (a), (¢) and C-D (b), (d)
at maximum loading from indentation in transverse direction for models I, B and C
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Fig. 7. Pile-up profiles of indented surfaces along paths A-B and C-D
at maximum loading from indentation in axial direction for models I, B and C

In this study, the accuracy of the O-P method was
analysed for different model parameters such as dif-
ferent hardening reserves and contact conditions. The
post-yield behaviour for the reference stress ¢’ was
compared for the existing hardening model with the
model Y demonstrated in Fig. 2 that is characterised
by negligibly small hardening reserves (nearly an
elastic-ideal-plastic behaviour) for the modelling
scheme I. It was observed that model Y led to a sig-
nificant increase in the amount of piling-up around
the indent with a maximum value of 550.3 nm,
which, in turn, was a reason for the O-P method to
give a poor estimation for the 4, value with a devia-

tion of 26.0% from its value obtained with FE simu-
lations (Table 4).

The influence of friction on the obtained numerical
results was also investigated. Four different values of
the coefficient of friction — 0.0 (as in the above simu-
lations), 0.1, 0.2 and 0.4 — were used in the simula-
tions. Obviously, u = 0.0 represents an idealized fric-
tionless condition, considered as an extreme case of
friction reduction due to perfect lubrication, while ¢ =
0.4 accounts for significant friction, e.g., a lack of
lubrication. Table 4 presents the difference between
Ap-or and A,.rg as well as the pile-up height at maxi-
mum indentation loading for different 4 values and
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Table 3. Comparison between A, op and A pg
at maximum loading for different models

2 2 (AlrFE 7AD*OP)
Model | 4, 0p (pm”) | Appe (LmM?) 14, v (%)
Axial

1 567.8 636.1 10.7
Al 571.8 636.8 10.2
A2 576.3 635.6 9.3
Bl 569.6 633.4 10.1
B2 572.5 631.9 9.4
Cl 570.2 638.4 10.7
C2 572.0 639.4 10.5

Transverse

I 567.8 636.1 10.7
Al 569.8 650.3 12.4
A2 572.4 659.0 13.1
B1 560.6 629.1 10.9
B2 551.8 623.5 11.5
Cl 575.7 653.5 11.9
C2 583.9 669.3 12.8

hardening models for model I. It was observed that
with an increase in the coefficient of friction from 0 to
0.4, the difference between the values of 4, obtained
with the O-P method and FE analysis reduced from
26.0% to 20.6% for model Y, whereas a slight change,
from 10.7% to 10.2%, was found for the present hard-
ening model. Clearly, frictional effects are more im-
portant for the model with low strain-hardening,
where there is a strong tendency of piling up around
the indent. The pile-up was diminished in the strain-
hardening model due to the fact that localized hard-
ening near the contact periphery impedes plasticity in
the sub-surface layers, which, in turn, drives the plas-
tic zone deeper into the material rather than radially
outwards [13], [24]. It was also found that an increase
in the value of i from 0.0 to 0.2 influenced the pile-up
height and, hence, influenced the difference between
the A, 0r and A,re. A further increase in u did not
cause any additional reduction in the material’s pile-
up due to the fact that nonslip contact conditions were
already reached at = 0.2.

Table 4. Comparison between 4, op and 4, pg
at maximum loading for different material models
and contact conditions in model [
with respective maximum pile-up heights (in brackets)

Material
model ©=0.0 u=0.1 ©=0.2 u=04
Present 10.7% 10.5% 10.3% 10.2%
(104.1 nm) | (102.7 nm) | (99.7 nm) | (97.6 nm)
v 26.0% 22.0% 20.8% 20.6%
(650.3 nm) | (375.8 nm) |(331.2 nm) | (323.0 nm)

Having studied extensively the effect of various
model parameters on the projected contact area, the
next stage of analysis is linked with assessing hard-
ness for different material model. It should be empha-
sized that 4,z was used in calculations of hardness in
equation (5). As H represents material’s resistance to
plastic deformation, the variation in the value of AR
for elasticity, represented in model B did not change
the calculated values significantly for both indentation
directions (Fig. 8). This explains also the reason for
the similarity of the trends of H in models A and C.
On the other hand, an increase in AR for plasticity,
represented in model C, led to a decrease in H in both
directions, but by a larger amount in the transverse
one. It was demonstrated before that such a change led
to the decrease in the obtained level of Py, (Fig. 3(f))
and an increase in A,pg In transverse indentation
(Table 3), which, in turn, led to a natural decrease
in H. However, such a decrease in axial indentation
resulted in a smaller diminishment in P, (Fig. 3(e))
without any substantial change in A, (Table 3);
thus, a smaller drop in H was observed.

0.25

AXIAL ®mTRANSVERSE

0.2

= 0.15

0.1

H (GP

0.05

I Al A2 B1 B2 Cl1 C2

Material model

Fig. 8. Hardness of CBT obtained with FE simulations
of indentation in both axial and transverse directions
for different material models (see Table 1)

3.3. Strain gradients

Apparently, the indentation process caused consider-
able non-uniformity in strain distributions. Figure 9(a),
(b), (c) demonstrates the distributions of equivalent
plastic strains on different paths obtained for indenta-
tions in transverse and axial directions for models I
and A. It was observed that when a material was in-
dented in transverse direction, an increasing magni-
tude of AR resulted in change of relative positions of
graphs on paths A-B and C-D, with strain gradients
being less significant in the former case and more
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Fig. 9. Distribution of equivalent plastic strains (PEEQ) along paths A-B and C-D (Fig. 5)
at maximum loading from indentation in transverse (a, b) and axial directions (c) for models I and A

significant in the latter. On the other hand, a change of
AR for axial indentation did not affect the strain dis-
tributions substantially.

4. Discussion

It was observed that the slope of the unloading part
of the curve was identical for the material model C,
but it was changing for models A and B (in indenta-
tion along both directions) (Fig. 3). This is due to the
fact that as this slope indeed represents the capability
of the elastic recovery of the material upon unloading
(retraction of the indenter), only the variation in elas-
ticity AR affects the slope of this curve. These obser-
vations can also be apprehended from Fig. 4. These
values are related to the slope of unloading curves for
all the models.

The values of elastic moduli obtained from finite-
element simulations of nano-indentation employing
material model 1 (i.e.,, fully isotropic formulation)
were compared with that used as an input. Apparently,
in an ideal case these values should be the same; any
deviation means an effect of additional factors, e.g.,
anisotropy, pile-upping, etc. It was observed that us-
ing the O-P method, £ was found to be 20.28 GPa and
19.16 GPa, when the contact areas A,op and Apse

were used in equation (2), leading to overestimation
of the input value (18 GPa, Table 2), by 12.7% and
6.5%, respectively. This means that as the O-P
method is based on a strictly elastic analysis, which
does not account for pile-up, it fails to adequately
predict the elastic-modulus values. The results also
showed that, even if the accurate contact area was
used, accounting for the pile-up obtained, e.g. from
FE simulations, still some amount of disparity was
observed. The results confirm that plastic deforma-
tion in indentation affects the load-displacement
curve in such a way that an accurate analysis cannot
be achieved by means of the elastic solutions only.
Bolshakov and Pharr [4] reported that when the por-
tion of the indenter displacement, which is elastically
recovered during unloading, was high, i.e., the ratio
of K¢ t0 hyax Was less than 0.7, sink-in occurred around
the indent and the O-P method gave comparatively
better predictions. In our study, this ratio was approx.
0.9, with a lower extent of elastic recovery.

The underlying reason for the observations in Fig. 6
can be explained in the following way. Depending on
the relative amounts of elastic and plastic components
in the deformation process, characterized by the ratio
of elastic modulus to yield stress, E/oy, the surface
either piles-up or sinks-in [24]. Johnson [13] charac-
terized this ratio as the reciprocal of the level of elas-
tic strain at the yield point representing the amount of
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deformation accommodated elastically during inden-
tation. For instance, in the limit of £/oy = 0, deforma-
tion is purely elastic leading to a sink-in surface pro-
file, whereas in the limit of E/oy = oo, deformation
is rigid-plastic, with an extensive piling-up of the
material around the indent. Therefore, an increase in
the value of AR for elasticity in transverse indentation
caused the pile-up height to decrease on path A-B
(Fig. 6(a)) since the elasticity modulus along the trans-
verse axis became smaller. This resulted in a decreasing
pile-up profile on path C-D (Fig. 6(b)). On the other
hand, an increase in AR for plasticity in transverse
indentation resulted in the increased pile-up height on
path A-B as yield point related to the transverse axis
became smaller (Fig. 6(c)). This resulted in a de-
creasing pile-up profile on path C-D (Fig. 6(d)). As
A,re accounted for the pile-up heights in its calcula-
tions, the observations of the effect of different mod-
els on the surface profile might be linked to their ef-
fect on A4,.rg. For instance, an increase in the value of
AR for elasticity in transverse indentation led 4, g to
decrease (Table 3) due to the fact that this change
lessened the resulting pile-up heights (Fig. 6(a, b)).
On the other hand, an increased AR for plasticity led
to an opposite result, i.e. 4, g increased. This result
justified that the pile-up height increase on path A-B
(Fig. 6(c)) overcompensated the pile-up height de-
crease on path C-D (Fig. 6(d)) in the 4, rr obtained.

It is well recognised that indentation hardness of
a metallic material at the micron or sub-micron scales
is dramatically different from that at macro-scale,
known as the size effect. This phenomenon was at-
tributed to the presence of strain gradients associated
with non-uniform plastic deformation in small vol-
umes [8], [9], [11]. Hence, the change in the mate-
rial’s AR affected the character of strain gradients
when indented in the transverse direction. As a result,
a different extent of realisation of the size effect
should be expected for different models, and a similar
one for axial indentation. However, it should be noted
that in this study the value of AR was changed with
keeping the parameters in the longitudinal direction
and varying those for the transverse directions; hence,
strain gradients become important in the latter com-
pared to the former. Our detailed study on the influ-
ence of the model formulation on realisation of the
size effect will be reported in the future.

The present model can be used to assess the effect
of variation of constitutive parameters such as the
anisotropy ratio due to age, sex, injury and/or disease
on a deformational behaviour of bone under loading
conditions resulting in multi-axial stress fields such as
in drilling operations [3], [15], [22]. For this, the pres-

ent model needs to be enhanced by coupling it
thermo-mechanically (since thermal necrosis is a sig-
nificant concern in such cases) and activating its
remeshing module to cope with large deformations
in the process zone that causes element distortions in
simulations.

Numerical simulations provide a unique opportu-
nity to consider various material formulations, e.g.,
different extents of anisotropy of elastic and/or post-
yield regimes that cannot be achieved in experimental
studies. It is especially important, since, though corti-
cal bone is known as an anisotropic material, the
nano-indentation approaches used are still mostly
based on the isotropic theory. The results of this paper
quantify the effect of such oversimplified material
formulation on the parameters measured with inden-
tation.
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