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Abstract

Fatigue properties of poly(aliphatic/aromatic-ester) (PED) multiblock copolymers were evaluated based on the hysteresis measurement

method. This method allows the digitalization of the hysteresis loop and beside the determination of stress and strain-related parameters,

stored energy, lost energy, damping and dynamic creep behaviour can be determined. The correlation between hard/soft segment

concentration of PED copolymers, and fundamental parameters, which derived during the cyclic loading (using stepwise increasing load

testing, SILT), has indicated a good load-carrying performance of polymers containing a high amount of the hard phase. PED copolymers

compare very well with commercially available poly(ester–ethers) and show a much better performance than poly(ester–urethanes) when

samples are loaded at the same fatigue stress level relative to their ultimate tensile strength. Softer PEDs and poly(ether–urethane)

copolymer show much higher values of dynamic modulus than chemically cross-linked silicone elastomer. Therefore, these multiblock

copolymers can be considered as good candidates for applications where materials are subjected to oscillatory deformations (for example

passive flexor tendon reconstruction).

q 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The characterisation of deformation and fracture proper-

ties of materials is of great interest, particularly if they are

subjected to cyclic loads (fatigue). Many loads are cyclic in

nature like in the case of tendons which experience loading

patterns in vivo and show time-dependent viscoelastic

properties in terms of change in stiffness, hysteresis loop or

creep behaviour [1].

When a polymer system is subjected to an applied stress,

a great variety of chemical and rheological events may

occur in a given polymer. The net effect of the several

competing processes depends on many factors, including

temperature, environment, and basic molecular properties of

the polymer [2].

In a conventional fatigue test, the specimen is subjected

to cyclic loading and the number of cycles to failure is

monitored [2,3]. The results are then presented as S–N

curves, i.e. stress versus number of cycles to failure.

Another testing approach is the hysteresis method which

additionally gives information about structural changes of

the material. Different properties can be determined

simultaneously—stress, strain amplitude, stiffnesses and

stored and lost energies, material damping and the cyclic

creep behaviour [4–7]. A wide range of different polymeric

systems like polymer blends, block and graft copolymers,

and also composites have already been investigated for the

evaluation of fatigue properties [8,9]. Especially, thermo-

plastic multiblock elastomers (TPE) are a very interesting

class of polymeric materials but their fatigue properties are

not widely studied via this new hysteresis measurement

method [9].

TPEs are composed from different blocks of macromol-

ecule segments which are alternated along the main chain.

They are connected through thermally labile connections

(often referred to physical cross-links). These junctions can

be glassy or crystalline; they might be ionic associations or

groups connected by hydrogen bonds. These groups have

features of physical cross-links and they are called as the
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’hard segments’. In contrast to chemically cross-linked

materials, the physical cross-links are reversible and can be

disrupted at elevated temperatures or in solvents, which give

the material its good processability. Increasing concen-

tration of hard segments contribute to an increase of the

Young’s modulus and the yield stress. Other segments

which are characterized by ‘small’ elastic modulus, low

glass transition temperature and low bond cohesion energy

are called the ‘soft segments’ and contribute to the

improvement of both the flexibility and extensibility of

TPEs [10,11].

Segmented copolymers such as poly(ether–ester)s (PEE)

or segmented polyurethanes (PEU) possess a high tensile

strain comparable to chemically cross-linked rubbers

ranging from 500 to 800%, while their tensile stress is

higher than that of chemically cross-linked rubbers, i.e. 20–

50 MPa for PEE or PEU and 10–30 MPa for cross-linked

rubbers [12–15]. By varying the hard/soft segments

composition and concentration, and additionally using

thermal and mechanical conditioning, the multiblock

copolymers are made to change their physical, chemical

and mechanical properties, as well as the morphology. They

behave as classical thermoplastics of high stiffness or as

polymeric materials of high elasticity, and change their

physical properties from crystalline to amorphous polymers.

Aliphatic, most frequently amorphous oligoethers, i.e.

poly(tetramethylene oxide) are used as building blocks for

soft segments. However, polymers containing aliphatic

units, derived from a long chain dicarboxylic aliphatic acid

and polyester hard segments, are also known [16–20].

These multiblock poly(aliphatic/aromatic-ester) (PED)

copolymers are composed of dimer fatty acid (DFA) and

poly(butylene therephthalate) (PBT). DFA imparts to the

materials excellent oxidation resistance and the processing

flexibility. PED copolymers show good biocompatibility

with no adverse biological effects after long term in vivo

experiments [21]. Their thermal and static mechanical

properties were already described [17] and match require-

ments to perform their function in the planned application as

temporary flexor tendon prosthesis.

To select appropriate material for the development of

artificial tendons as temporary devices until the neosheath

generation, important criteria in term of biofunctionality of

such prosthesis are not only tissue compatibility and

appropriate static mechanical properties (strength and

flexibility) but also fatigue behaviour during the dynamic

loading. Silicone rubber or so called Hunter prosthesis

(silicone-Dacron prosthesis) is the most popular material

which meets these criteria associated with biocompatibility

and flexibility, however, their fatigue properties, according

to the authors knowledge, have never been studied before.

Therefore, in this study, fatigue properties have been

investigated for new PED multiblock copolymers and for

silicone, a medical grade elastomer (Silasticw). Hysteresis

measurements were successfully applied in the study of

fatigue properties of these soft materials. This method is

very useful because it gives information about the structural

changes of the material as a function of the cyclic fatigue

loading conditions.

Since investigations on the fatigue properties of multi-

block thermoplastic elastomers are still rare in literature,

different commercially available TPEs have been included

in the testing protocol to give readers an overview on a

broader spectrum of elastomeric materials, which are

currently used in medical applications. These include

thermoplastic elastomers of poly(ester–ether) type and

medical grade poly(ether–urethane)s.

2. Experimental

2.1. Material

The synthesis method of PED copolymers, involving

transesterification and polycondensation from the melt has

been described in previous publications [17,18]. Commer-

cially available thermoplastic elastomers of Shore D

hardness 55 were also included: poly(ester–ether) thermo-

plastic elastomers of Arnitel 550, Arnitel UM 551 (DSM,

The Netherlands) and Elitel (Elana SA, Poland) as well as

medical grade poly(ether–urethane)s Pellethane 55 DE

(DOW Chemicals, USA). Soft PED copolymers were

compared to poly(ether–urethane) of hardness Shore A of

80 (Pellethane 2363-80 AE). Additionally, chemically

cross-linked medical grade Silasticw (Dow Corning,

USA) silicone elastomer has also been used.

2.2. Sample preparation

Samples for tensile and fatigue testing were prepared by

injection moulding at a pressure of around 50 MPa. The die

temperatures were approximately 3–5 8C higher than the

melting point of the polymers, while the mould temperature

was kept at room temperature. Samples were in a shape of

dog-bones (samples S-2) with a thickness of 3mm and

12 mm2 in the cross-section area.

2.3. Tensile testing

The quasi-static tensile data were collected at room

temperature with an Instron TM-M tensile tester, equipped

with a 500 N load cell, at a cross-head speed of

100 mm/min. The strain was measured as the clamp

displacement (the starting clamp distance was 25 mm).

The obtained results were averaged from 6 specimens (the

test was performed according to DIN 53 455 standard).

2.4. Fatigue testing

A servo-hydraulic test machine with a digital controller

(Instron 8400/8800) and a software package for the

evaluation of the hysteresis loop [22] was used to study
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the PED copolymers and other TPEs, including silicone

elastomers as a reference material. A servo-hydraulic test

machine was equipped with a 200 N load cell and 10 kN

cylinder. The strain was measured as the clamp displace-

ment. A possible phase shift between stress and strain signal

was minimized below 20 ms by the experimental set-up.

The experimental setup used for performing hysteresis

measurements is shown schematically in Fig. 1. It is

designed in a way that a possible phase shift between stress

and strain signal is minimized. The available software

package makes it possible that the hysteresis loop of any

polymer material, which is measured continuously, is

digitized and a mid-curve is calculated in the hysteresis

loop. The mid-curve is intersecting the hysteresis loop for

equal strain. By this it is possible, also in the case of non-

linear viscoelastic material behaviour, to determine strain-,

stiffness- and energy-related material properties. In

addition, very small changes in material damping can be

detected by this method and used as a damage criterion for

the understanding of the material behaviour.

For the hysteresis measurement method, the stepwise

increasing load testing procedure (SILT) is helpful as a

rapid test for the determination of the load-dependent

quantity changes [4,6,7]. In this procedure, the dynamic

load increases after a certain number of cycles, while the

load ratio remains constant. In other words, the amplitude of

the load is stepwise increased and held constant within each

step for a definite number of cycles.

The specimens were subjected to a stress controlled

sinusoidal oscillation. The frequency, f ; was in a range of

1–4 Hz and no hysteretic heating was detected at the

surface of the specimen. The SILT method was carried out

in order to obtain load limits for a long time dynamic

loading. The maximum stress was set at a value correspond-

ing to one of ten prescribed stress levels in the range 5–50%

of the ultimate tensile stress (UTS) at 5% increments. The

stress was kept constant during a period of 1,000 cycles and

set to the next higher-level afterwards. An interval of 100

cycles has been implemented between every step to allow

the controller to reach a higher loading level. The frequency

of the cyclic loading was varied according to the stress

levels such as:

– at stress levels of 5,10 and 15% of the UTS the

frequency was 4 Hz,

– at stress levels of 20, 25 and 30% of the UTS the

frequency was 3 Hz,

– at stress levels of 35 and 40% of the UTS the frequency

was 2 Hz,

– at stress levels of 45 and 50% of the UTS the

frequency was 1 Hz. The digital controller was used

to keep the load level constant at each stress level

with an accuracy of 5%.

The load ratio, R; was 0.1. This load ratio indicates that

sinusoidal oscillations are cyclic repetitious in tension

mode. The temperature of the sample was monitored with a

thermo couple and no effect of hysteretic heating was

observed.

3. Results and discussion

The formulations of the studied polymers and the results

from the quasi-static tensile measurements are given in

Table 1 and Fig. 2. The sr values (UTS) in Table 1 are the

baseline for the design of the testing protocol for the

hysteresis measurements.

Fig. 3(a)–(e) demonstrate the characteristic pattern of

changes at the maximum stress and strain, and the dynamic

modulus of PED samples during SILT. For all PED samples

the dynamic modulus exponentially decreases with increas-

ing load level. If the absolute change of the stiffness within a

single stress level drops up to 5%, then the load value, sL

(Table 2) ascribed to this step level can be used for another

experiment, such as long term dynamic loading (referred to

as ‘dynamic creep’) of polymers during a single load testing,

as reported in Ref. [23].

The comparison of the SILT results of samples,

characterized by different hard/soft segments ratio, and in

consequence in their physical properties as from flexible,

soft material (M2674, Fig. 3(a) to rigid polymer (M7030,

Fig. 3(e)), indicate that rigid samples reach the load limit at

higher stresses but after a lower number of steps compared

to softer polymers (semi-rigid samples show characteristic

necking during subsequent cyclic loading which is an

evidence of plastic deformation).

The influence of the hard segments content on fatigue

properties evaluated, by hysteresis measurements, is also

well demonstrated by the change in the shape of the

hysteresis loop (Fig. 4(a)–(e)). With higher hard segments

content (higher crystallinity), a lower displacement and a

larger area of the hysteresis loop were observed. The area of

the hysteresis loop increases with increasing load level for

each polymer. It has been found that displacement of the

hysteresis loop depends on the test frequency as demon-

strated in Fig. 4(e)), representing a copolymer tested atFig. 1. Experimental set-up for hysteresis measurements.
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1 Hz. It shows much lower values of displacement

compared with the same material tested at 4 Hz (Fig. 4(d)).

The stepwise increasing load test has also been

performed for the reference multiblock poly(ether/ester–

ester)s and poly(ether–urethane)s. Changes of the dynamic

modulus for copolymers, having similar hardness (Shore D

55) are presented in Fig. 5.

It can be seen that PED copolymer reveals very similar

characteristics to Arnitel type PEEs. The chemical modifi-

cation by the cross-linking agent [24] of PEE type Elitel

might be an explanation for lower values of the dynamic

modulus. The highest modulus is demonstrated by the PEU

multiblock copolymer (Pellethane), however, it drops very

fast with the number of cycles and the increasing load level.

A similar comparison has been made among the soft PED

copolymers (samples M2476 and M4060), PEU and

chemically cross-linked silicone elastomer (Silastic)

(Fig. 6).

As shown in Fig. 6, a significant difference in the

dynamic modulus patterns has been found between soft

materials, subjected to stepwise increasing load conditions,

Table 1

Static tensile properties and melting temperature of PED copolymers and reference copolymers. Sample geometry (S-2) according to ASTM D 1897-77. Cross-

head speed of 100 mm/min

Sample code PBT (wt%) DFA (wt%) Emod (MPa) sY (MPa) sr (UTS) (MPa) 1r (%) Tm (8C)

M2674 (19a) 26 74 14 ^ 0.7 – 5 ^ 0.2 502 ^ 59 152

M4060 (37a) 40 60 42 ^ 0.4 6 ^ 0.2 11 ^ 1.5 570 ^ 40 183

M5050 (47a) 50 50 78 ^ 2.3 9 ^ 0.2 21 ^ 0.7 540 ^ 45 196

M6040 (55a) 60 40 145 ^ 3.6 13 ^ 0.3 23 ^ 1.4 400 ^ 42 200

M7030 (60a) 70 30 216 ^ 7.0 17 ^ 0.8 26 ^ 1.7 330 ^ 59 220

Arnitel UM551 55a 180 ^ 6.3 14 ^ 0.2 24 ^ 1.3 400 ^ 45 195

Arnitel 550 55a 165 ^ 4.9 11 ^ 0.4 21 ^ 1.5 350 ^ 43 207

Elitel 55a 108 ^ 2.6 19 ^ 0.3 30 ^ 1.3 750 ^ 40 205

Pellethane 2363-55DE 55a 68 ^ 19.2 – 48 ^ 5.9 430 ^ 48 200

Pellethane 2363-80AE 80b 20 ^ 6.1 – 21 ^ 3.0 630 ^ 50 195

Silasticc 80b 3 ^ 0.4 0.5 ^ 0.2 6 ^ 1.5 750 ^ 10 –

sr—stress at break; sY—yield stress; 1r—elongation at break; Emod—Young’s modulus; Tm—melting point determined on a Böethius apparatus.
a Hardness shore D.
b Hardness shore A.
c Sample in shape of a rope (6 mm diameter).

Fig. 2. Stress–strain curves of PED copolymers (a) and reference materials

(b). Measurements performed on thin polymer films (0.5 mm), cross-head

speed of 100 mm/min.

Table 2

Load values, sL derived from SILT test corresponding to the dynamic

modulus drop up to 5% within a single load level

Sample code sL (MPa)

M2674 1.25

M4060 2.0–2.5

M5050 3.75–4.0

M6040 5.0

M7030 6.0

Arnitel UM551 4.0

Arnitel 550 4.0

Elitel 4.0

Pellethane 2363-55DE 4.0

Pellethane 2363-80AE 2.0

Silastic 0.5
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especially for the silicone elastomer. The ultimate tensile

strength (UTS) for considered samples: M2674, M4060,

Pellethane 2363-80AE, and Silastic is in a range of 5, 11, 21,

and 6 MPa, respectively. In spite of similar UTS values of

M2674 and Silastic samples, the last one shows a

significantly different pattern of Edyn changes. This can be

explained by the fact, that in the absence of chemical cross-

links, the structure of PEDs is stabilized by physical cross-

links (crystalline ester domains). The silicone elastomer,

which is chemically cross-linked shows an extremely low

dynamic modulus and can withstand the subsequent

oscillatory loading up to only 15% of its UTS while the

thermoplastic elastomer sample can be loaded up to 40% of

its UTS. Such poor mechanical properties in terms of

dynamic modulus, lost during subsequent loading, are an

important argument against the use of silicone elastomer for

load-bearing applications. It is known that silicone elasto-

mers have been used as flexible joints in the hand

Fig. 3. Patterns of change in the stress, strain and dynamic modulus for the PED copolymers containing a variable content of hard/soft segments: (a) M2674, (b)

M4060, (c) M5050, (d) M6040, (e) M7030, (f) loading pattern as a percentage of UTS increasing in a 5% increments. f ¼ 4 Hz: T ¼ 24 8C:
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arthoplasty for many years [25,26] and it is susceptible to

fracture. This susceptibility is usually explained by a fairly

low resistance to the tearing of silicone elastomers [27]. In

terms of the dynamic modulus changes as shown in Fig. 6 it

may be concluded, that such extremely low values of Edyn

during the oscillatory deformations can also be considered

as an important factor influencing the failure of silicone

implants for load-bearing applications. In conclusion,

thermoplastic flexible elastomers, especially PED multi-

block copolymers can be considered as good candidates for

applications where materials are subjected to oscillatory

deformations.

In Fig. 6, the multiblock PEU shows much higher

dynamic modulus values, but its modulus drop starts much

Fig. 4. Representative hysteresis loops for each load level (the numbers on the loops refer to the percentage of the UTS); (a)–(d) PED copolymers containing

26, 40, 60 and 70 wt% of hard segments, testing frequency of 4 Hz; (e) sample containing 60 wt% of hard segments tested at 1 Hz. T ¼ 24 8C:
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faster than its softer counterpart (M2674 sample). Pel-

lethane thermoplastic PEU also belongs to the group of

thermoplastic elastomers, its structure is additionally

stabilised by hydrogen bonds between adjacent macro-

chains. Therefore, the dynamic modulus change is more

similar to the PED sample which contains more crystalline

domains, i.e. 40 wt% of hard domains (sample M4060).

4. Conclusions

For the first time, the fatigue properties of thermoplastic

PED multiblock elastomers were evaluated by the hysteresis

measurement method. The stress-, strain-, stiffness- and

energy-related parameters were successfully evaluated

during a stepwise increasing load test. This procedure,

gives additional information about design allowances for

long time dynamic fatigue loading of thermoplastic

elastomers. As expected, poly(aliphatic/aromatic-ester)

copolymers with different composition (hard/soft segments

concentration) exhibit a different performance during the

load-carrying cyclic testing. Based on the hysteresis

measurement method it was possible to evaluate good

load-carrying properties of polymers containing a high

amount of the hard phase. These polymers compare very

well with commercially available poly(ester–ethers) and

show a much better performance than poly(ester –

urethanes) when samples are loaded at the same percentage

of the UTS. Softer PEDs and poly(ether – urethane)

copolymers show much higher values of the dynamic

modulus than chemically cross-linked silicone elastomer.

Therefore, thermoplastic elastomers, especially PED multi-

block copolymers can be considered as good candidates for

applications where materials are subjected to oscillatory

deformations (for example passive flexor tendon recon-

struction).
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