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Abstract - This paper presents a theoretical model and experimental results to determine the
hysteretic damping coefficient and the energy losses from the indentation process. The
characterization of the ultra-high molecular weight polyethylene in terms of hysteretic damping
has an important role in the evaluation of the reliability of the hip arthroplasties subject to
vibrations and movement. This is done experimentally with the indentation technique. Following
the indentation tests, it is observed that for this material creep is present during the unloading
stage. In this study two types of ultra-high molecular weight polyethylene (UHMWPE): non-
irradiated (conventional) CPE and gamma-irradiated (cross-linked) XPE were analysed. The
hysteretic damping coefficient help in the evaluation of energy losses for the visco-elasto-plastic
deformations of the material. The hysteretic damping coefficient can be considered an essential
material parameter in assessing the state of stress and deformation of the material. This study
shows the comparison between the two materials and the effect that irradiation has on its damping
properties.

Keywords: Hysteretic damping, Micro-indentation, Creep phenomenon, Visco-elasto-plastic
behaviour, Ultra-high molecular weight polyethylene.

1. Introduction

The damping capacity that polymeric materials have
is one of the main reasons why they are used much
more than metal or other ceramic materials, when it
comes to damping vibrations for different
applications. [1]

The indentation method is usually used to study
the mechanical properties and the deformation
behaviour in small volumes of material and to
understand speed-dependent processes, such as
creep, which is a continuous slow variation of unit
strains and de-formations of materials subjected to
continuous stresses over a certain period. [2]-[5]

Indentation tests involve forcing an indenter of
known geometry on a flat surface, while the
indenter's displacement on the surface, the normal
load and the time of the experiment are continuously
recorded. The most common properties determined
with the help of indentation tests are Young's
modulus, hardness, and certain time-dependent

properties of the material, such as the strain voltage
exponent or the strain rate sensitivity. [6]-[9]

The creep process is considered to depend on the
rate at which the elastic/plastic boundary can pass
into the material. Because the radius of the
boundary is often related to the indentation radius,
instantaneous change of the contact area divided by
the surface of the instant contact area may be the
most appropriate definition for the indentation
stretch rate, as it is a direct measure of the
elastic/plastic limit progression in the material. [10],
[11]

When a material is deformed, energy is absorbed
and dissipated by it. The effect is due to the internal
friction of the material when deformation occurs.
When a body that has damping through the material
is subjected to vibrations, the load-strain diagram
shows a hysteresis loop. The area of this loop
denotes the energy losses per volume unit of the
body over a damping cycle. When the force
increases, the stress and the deformation in the body
also increase.
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The area under the curve denotes the energy
consumed per volume unit of the body. When the
force decreases, the energy can be recovered. [2],
[10], [6]

Due to its high biocompatibility, abrasion
resistance, high level of lubrication [12] and very
good mechanical and tribological properties [13],
[14], UHMWPE polyethylene is the most used and
investigated polymer worldwide. [15]

Ultra-high  molecular weight polyethylene
(UHMWPE) is the polymer most used in joint
prostheses, and its wear involves one of the biggest
post-operative problems. The manufacturing process
of UHMWPE polyethylene and the method of
sterilization can influence the wear resistance of the
material. The permanent deformation of the
implanted polyethylene leads to the dislocation of
the joint prosthesis. [16], [17]

The results of the study done by Deng [18] show
that UHMWPE polyethylene is significantly
influenced by temperature, penetration force and
indenter geometry.

2. Theoretical Model

To determine the total hysteretic energy losses in
the indentation process (W:) it is necessary to
determine from the load-deformation diagrams the
energy stored in the material during loading (W)

and the discharged energy during the unloading
(W,). The loading energy is the area under the

loading curve, while the discharged energy is the
area under the unloading curve, as shown in Figure
1. The difference between them (W, = W,, — W)

represents the total energy losses. When the creep
phenomenon occurs during de discharge stage, the
material continues to deform even though the load
decreases, so this energy (W,,) must be taken into
consideration.

The total hysteretic energy loss for a loading -
unloading indentation is W; = W,, + W, — W,

F.4

Figure 1: The energy in the indentation process when
the creep phenomenon appears.

For the creep energy determination, it takes in
consideration the maximum indentation penetration
§;, the maximum penetration §,.

&
Wer = 312 Fperdd (1)

where F,4 is the normal load from the creep period.

The total energy stored in the material because of
the penetration (WW;) is evaluated based on the load-
displacement diagram, presented in Figure 1.

The diagram has a lump caused by creep at the
beginning of the unloading stage, which will be
considered as a separate curve. The loading and
creep curves are analytically fitted as
E, = x62 + y§ + z order 2 polynomial function and
the unloading curve as F, = a.(6 — 6;)™¢ power
function, where . and m, are constants determined
from the theoretical model of the elastic contact
between the conical indenter with a spherical tip and
the indented layers, § is the penetration and &; is the

plastic deformation at the end of the indentation
test.[19], [7]

For the case of gamma-irradiated polyethylene,
where the creep phenomenon does not occur, the
energy diagram from the indentation process is
presented in figure 2 and the loading curve is
analytically fitted as F, = x82+y§ +z order 2
polynomial function and the unloading curve as
E, = a.(6 — 6;)™ power function.

F.4
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Figure 2: The energy in the indentation process when
the creep phenomenon doesn’t appear.

The energy stored in the material during loading
(Wep) is evaluated with the formula (2):

&
Wep = Jy* Fuds )

where Fy; is the loading penetration force.

From the analysis of the power function
a (6 — &;)™Me, itis considered that:

me =1+i (3)

thereby, for a sphere m, = 1.5, while for and ideal
conical indenter (without a rounded tip) m, = 2.

The experimental results of different researchers
[20]-[22] that used an ideal conical indenter prove
the m, exponent of the power function is not 2. This
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makes Pharr’s hypothesis, according to which the
actual form of the deformed area is not conical,
acceptable. A synthesis of the experimental trials
proves that the m, exponent varies between 1.5 and
2.51, [23]-[25] for a displacement measured in nm
and a force measured in mN (equation 3).

For example, for aluminium m.x1.38 and
a; ~ 0.265 mN/nm'3#, [24] where § and &; are

measured in nm.
The mechanical work produced by the unloading
force F,; is determined by integration and the

equation when the creep phenomena appear is (4):

)
Wp = ja‘; Fndda (4)

The mechanical work produced by the unloading
force F,; is determined by integration and the
equation when the creep phenomena doesn’t appear
is (5):

81
Wp = jaf Fndda (5)

The hysteretic damping coefficient is defined
when the creep phenomenon appears with equation
(6) and when the creep phenomenon doesn’t appear
it is defined with equation (7):

Wi
ﬁ - W8p+WCT (6)
B = 12, 7)

3. Tribological Tests

The experimental determinations presented in this
paper have been done with a CETR UMT II Multi-
Specimen Test System tribometer presented in
Figure 3.

Figure 3: The UMT Il Multi-Specimen Test System
tribometer setup.

The UMT II tribometer was equipped for these
tests with a DFH-5 2-dimensional force sensor that
has a range of 0.5 to 50 N and a resolution of 2.5 mN
and a capacitance sensor with a range of 254 pm and
a resolution of 0.01 um used to measure the
indentation depth. In addition, a suspension for the
DFH model force sensor was used to maintain the
loading force as stable as possible.

To determine the hysteretic damping behaviour
of ultra-high molecular weight polyethylene,
indentation tests were performed, using a Rockwell
indenter that has a diamond tip with a 120° angle
and a 200 um radius, at three normal forces: 3N, 5 N
and 7 N. The test procedure consists of a 40 s loading
step, in which the indenter penetrates the materials
from 0 to the specified force and a 40 s discharge
stage, in which the indenter is with draw at a
constant speed until it is not in contact anymore with
the sample. The recorded data is the normal load
force F, [N], the penetration depth § [um] and the
time t [s]. Because the time is the same for each test,
but the force varies, it means that each test has a
different load rate.

The mechanical properties of conventional
UHMWPE - CPE and crosslinked UHMWPE - XPE are
presented In Table 1 [26]. It can be observed that the
UHMWPE - CPE has slightly higher values for the
degree of crystallinity, tensile modulus of elasticity,
tensile yield strength, tensile ultimate strength, and
tensile ultimate elongation compared to those of the
gamma-irradiated UHMWPE - XPE.

Table 1. The mechanical properties of conventional
UHMWPE - CPE and crosslinked UHMWPE - XPE

Property CPE XPE
Irradiation 0 kGy 50 kGy
D f 4530+

esree ? . 53.6 6.2 530
Crystallinity [%] 5.3
Poisson’s Ratio 0.46 0.46
Tensile Modulus of =1 g, o, 423 | 8602206
Elasticity (MPa)

Tensile Yield Strength 256433 911425
(MPa)
Tensile Ultimate

231.1 157.7
Strength (MPa)
Tensile Ultimate 317 + 140 212+ 61

Elongation [%]
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Figure 4 shows the load vs. deformation diagram
corresponding to the maximum loading force F, of 3
N for the conventional UHMWPE.

——— Loading Creep ——— Unloading
--------- Power (Unloading) -+ Peli. (Loading) Peli (Creap)
53 y=-LT764x" + 168.03x - 3970.4
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Figure 4: Indentation test - 3N loading Force (E,) vs.
penetration (6)

The load vs. deformation diagram corresponding
to the maximum loading force F, of 5 N for the
conventional UHMWPE is presented in Figure 5.

——— Loading Creep ——— Unloadmg
--------- Power (Unlozding) Poli. (Loading) Poli (Cresp)
6 y=-1.0093x" + 139.01x - 47814
N B*=0.5654
= 3
4
g
8 3
4
g 2
k=1 s | - STy #
4 = 0.0008(x - 36,571+
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Figure 5: Indentation test - 5N loading Force (E,) vs.
penetration (6)

Figure 6 presents the load vs. deformation
diagram corresponding to the maximum loading
force E, of 7 N for the conventional UHMWPE.

——— Unloading
Poli (Cresp)
v=-12416x" + 247 18x- 12293
R*=0.9601

v =0.0002x" +0.0473x + 0.0097
R:=0.59596
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Figure 6: Indentation test - 7N loading Force (F,) vs.
penetration (6)

Analysing the curves illustrated in the load vs.
deformation diagrams for the conventional
UHMWPE, it can be observed that during the first
part of the unloading stage the penetration depth
continues to increase even though the loading force
decreases. The unloading curves have a bulge at the

beginning which is caused by the creep
phenomenon. Therefore, the unloading curve is
separated in two sections: one for the for the creep,
which is coloured in green and is fitted as an order 2
polynomial function, and one for the rest of the
unloading, which is coloured in red and is fitted as a
power function. The loading curve is coloured in
blue and is fitted as an order 2 polynomial function.
Figures 7-9 show the load vs. deformation curves

of the indentation process for the cross-linked
UHMWPE.

¥=0.0003 + 0.0386x+0.0726
15 RE=0.9992

Loading force F, [I]

= 0.0032(x - 20.526)" =54
R2=0.9970

1] 10 0 30 40 30 &0
Penetration depth & [um]

Figure 7: Indentation test - 3N loading Force (E,) vs.
penetration (5)

e

¥ =6E-03x" +0.0433x + 0.0336
RE=0.9%9

Loading force F, [N]

= 0.0027(x - 33,5321 7550
R=0.9906

1] 0 40 60 80 100 120
Penstration depth & [um]

Figure 8: Indentation test - 5N loading Force (E,) vs.
penetration (6)
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Figure 9: Indentation test - 7N loading Force (E,) vs.
penetration (6)

By analysing the indentation curves from Figures
7-9, it can be observed that the cross-linked
UHMWPE does not exhibit creep as the conventional
UHMWPE.

Based on the load-deformation diagrams, the
ultra-high molecular weight polyethylene exhibit
visco-elasto-plastic behaviour when subjected to the
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indentation process. As can be seen from the
diagram of the conventional UHMWPE, for the 5 N
test the penetration depth is §; 68.84 um at the end
of the loading period, but the penetration increases
to a maximum &, of 69.399 um in the first part of the
unloading (creep phenomenon), and afterwards it
decreases to a final plastic deformation &; of 36.571
pm (elastic deformation §, = §, — &, is 32.828 pm).

These deformations and the hardness are
presented in Table 2 for conventional UHMWPE and
Table 3 for crosslinked UHMWPE for the three
applied loads.

Table 2. The results for the indentation tests of the
conventional UHMWPE

3N 5N 7N
i 0.067 0.067 0.068
[GPa] ' ' '
6,
47.144 68.841 99.11
[um]
&,
47.548 69.399 | 100.094
[um]
&¢
23.254 36.571 53.632
[um]
Oe 24.294 32.828 46.462
[pm]

Table 3. The results for the indentation tests of the
cross-linked UHMWPE

3N 5N 7N
o 0.061 0.059 0.062
[GPa] ' ' '
&
55.873 99.962 113.667
[um]
8
20.526 33.532 44.764
[um]
R
wmy | 35347 66.43 68.903

The gamma-irradiated polyethylene at the end of
the load deforms more than the conventional one,
but the plastic deformations are relatively close,
which results in the fact that the gamma-irradiated
polyethylene has a much higher elastic deformation.
For the same normal loading force of 7N, the
conventional polyethylene was elastically deformed
(Table 2 and Table 3). As can be seen in the two
tables above, conventional polyethylene has a lower
hardness than the gamma-irradiated one. Although
conventional polyethylene has a much lower
hardness, gamma-irradiated polyethylene suffers
much higher elastic deformations.

The constants of the curve functions are
presented in Table 4 and Table 5. The square of the
Pearson correlation coefficient R? (the square of the
correlation between the fitted results and the

experimental results) for all fitted curves is between
0.9236 and 0.9996.

Table 4. The constants of the curve functions for
conventional UHMWPE

3N SN 7N
x | 0.0005| 0.0003 0.0002
Loading | y | 0.0415| 0.049 0.0473
vA 0.076 0.034 0.0097
x | -1.7764| -1.0093| -1.2416
Creep y | 168.03| 139.01 247.18
z | -3970.4| -4781.4| -12295
a. | 0.0031| 0.0008| 0.0003
Unloading
mq| 2.1002| 2.4418 2.5462

Table 5. The constants of the curve functions for
cross-linked UHMWPE

3N 5N 7N
X 0.0003 | 0.00006| 0.00007
Loading y 0.0386 0.0433 0.054
vA 0.0726 0.0536 | -0.0422
a; 0.0032 0.0027 | 0.0028
Unloading
me 1.8984 1.7650 | 1.8316

The values of these energies are calculated for the
three normal loading forces used and are presented
in Table 6 and Table 7 for all three loads. Also, for all
the indentation tests, the energy loss coefficient (3)
is determined.

As it can be seen from the experimental results,
the energies have an exponential increase with the
load. Only the creep energy has a lower variation. On
the other hand, the energy loss coefficient () has a
slight decrease with the increase of the load.
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Table 6. The energies and the hysteretic damping
parameter for the indentation tests for conventional

UHMWPE
3N 5N 7N

Wep
67.164 | 151.072| 298.173

[N-um]

WP
18.738 36.248 64.011

[N-pm]

We
0.24 0.553 1.994

[N-pm]

Wi
48.666 | 115.337| 236.156

[N-um]
B 0.722 0.764 0.787

Table 7. The energies and the hysteretic damping
parameter for the indentation tests for cross-linked

UHMWPE
3N 5N 7N

Wep
81.749 241.671| 378316

[N-pm]

WP
33.942 106.784| 158.59

[N-pm]

W;
47.807 134.887 | 219.724

[N-pm]
B 0.585 0.558 0.581

4. Conclusions

Furthermore, it is observed that creep occurs for a
short period at the beginning of the unloading stage,
which leads to an increase of the deformation
although the load decreases. This leads to a
separation of the unloading curve into two distinct
curves, one for the creep and one for the
deformation decrease.

The gamma-irradiated polyethylene suffers from
the indentation process elastic deformations greater
than the conventional polyethylene.

The gamma-irradiated polyethylene has the
energy stored in the material during loading (W)

and the discharged energy during the unloading
much higher that the conventional polyethylene,
however the total hysteretic energy losses have close
values.

The conventional polyethylene undergoes plastic
deformations greater than the gamma-irradiated
polyethylene at the same normal force.

Based on the equations of the curves determined
from the load-deformation diagrams, it was possible
to calculate the energy stored in the material during
loading, the creep energy, and the discharged energy
during the unloading. This enabled the de-
termination of the hysteretic energy losses (W;)

during the deformation process of the material. It is
observed that W; increase exponentially with the

load. The energy loss coefficient () is determined
based on W;. Subsequently, B can be used to evaluate
the reliability of the articular prosthesis which is
subjected to the fatigue. The visco-elasto-plastic
behaviour of the material must be well known for it
to withstand the problems generated by vibrations.

The theoretical model evaluates the creep effect
on the hysteretic damping. Here, the real contact
between a conical indenter with spherical tip is
analysed.

The theoretical model allows the evaluation of
the loading and unloading curves and the energies
during the indentation process, among others, based
on various parameters like plastic deformation,
indenter geometry or material properties.

With the help of the energy loss coefficient ()
defined in the theoretical equations, it is possible
evaluate the energy losses for the visco-elasto-plastic
deformation of the material.

In general, in the international standards, no one
considered the hysteretic damping, which is
nevertheless an important characteristic of ductile
materials.
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