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ABSTRACT: Changes in the physical and mechanical behavior induced by two steriliza-
tion methods, gamma irradiation and ethylene oxide, were determined on two commer-
cial medical-grade segmented polyurethanes. The two materials have different chemical
composition: one is an aromatic poly(ether urethane urea), BiospanTM, and the other
an aliphatic ether-free polyurethane, ChronoflexTM. Properties before and after steril-
ization procedures were compared resulting in specific structural changes for each
formulation. The thermal and mechanical properties were examined using differential
scanning calorimetry (DSC), dynamic mechanical analysis (DMA), stress–strain mea-
surements, and its hysteresis cycle. Molecular weight measurements were performed
by gel permeation chromatography (GPC). Sterilized Biospan samples showed a de-
crease in the soft-segment glass transition temperature (Tg ,s ) and an increase in the
soft segment crystallization heat along the quenching process. Sterilized Chronoflex
materials showed the opposite behavior. The hysteresis percent and residual strain
percent increased after sterilization. The same effect was observed when irradiation
dose and strain level increased. Surface analysis performed by scanning electron mi-
croscopy showed magnification of original surface defects after sterilization. q 1997 John
Wiley & Sons, Inc. J Appl Polym Sci 65: 1193–1203, 1997

Key words: mechanical properties; segmented polyurethanes; biomedical polyure-
thanes; sterilization; irradiation

INTRODUCTION tend to mix or to segregate due to their immiscibil-
ity, and produce a phase-mixed or phase-sepa-
rated morphology of hard-segment-rich and soft-Segmented polyurethanes (SPU) have found a
segment-rich phases which are connected throughwide range of biomedical applications because of
urethane linkages. The hard-segment rich phasetheir appealing combination of physical and
provides physical crosslinks within the rubberychemical properties coupled with their biocompat-
soft segment matrix.ibility. Due to their outstanding blood-contacting

Biomer, a poly(ether urethane urea) developedperformance, coupled with excellent mechanical
by Ethicon, Inc., was most extensively studied inproperties, these materials became the choice for
the literature, being the first SPU evaluated asa wide variety of biomedical devices.
a biomedical material by Pierce et al.,1 in 1967.SPU are multiblock copolymers with a distribu-
Biomer has been used in a number of blood-con-tion of hard- and soft-segment blocks. Depending
tacting devices.2–4

on chemical composition the hard and soft phases
Wang and Cooper5 investigated the morphol-

ogy and properties of segmented polyether poly-
urethane ureas, the effect of the urea linkage,Correspondence to: G. A. Abraham.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/061193-11 hard-segment content and block length on the ex-
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tent of phase separation, and domain structure. able medical-grade SPU of appreciable different
chemical composition.Furthermore, infrared studies of hydrogen bond-

ing in SPU elastomers has been reported by Sey-
mour, Estes, and Cooper6 and Coleman et al.7

Physicochemical characterization of cast and ex- MATERIALS
truded Biomer has been presented by Lelah et al.8

and several studies dealing with in vitro surface The materials investigated were two solution-
degradation9–11 and in vivo degradation12 are grade polyurethanes in N,N-dimethylacetamide
available. (DMAc) consisting of 25% solids by weight. (1)

However, in 1992 several suppliers decided to BIOSPANTM (The Polymer Technology Group,
discontinue the manufacture and sale of some USA), is a segmented poly(ether urethane urea)
medical-grade polyurethanes, trying to avoid the derived from a linear block copolymer of 4,4 *-di-
potential liability costs such as those confronted phenylmethane diisocyanate (MDI) extended
by the producers of silicone raw materials.13 After with a mixture of ethylene diamine (ED) and 1,3-
the withdrawal of traditional SPU, new medical- cyclohexanediamine, and poly(tetramethylene
grade formulations were approved by the Food oxide) glycol (PTMO). The composition of Bio-
and Drug Administration (FDA), for the future span was reported to be similar to BiomerTM (Eth-
manufacture of blood-contacting devices. icon, Inc., USA).18 The chain-extended MDI is re-

For sterilization purposes, several chemical ferred to as the aromatic hard segment and PTMO
and physical procedures can be chosen. g-Irradia- is referred to as the soft segment; this polymer
tion with a dose of 2.5 Mrad has been found to be contained as additive a linear copolymer of diiso-
suitable to sterilize bulk materials for biomedical propylaminoethyl methacrylate and decyl meth-
applications. The only disadvantage is that irradi- acrylate 5% w/w based on dry polymer. (2)
ation of polymers results in either crosslinking or CHRONOFLEX ARTM (PolyMedica Industries,
chain scission, depending on the chemical nature Inc., USA) is a polyurethane-polycarbonate of
of the polymer and irradiation dose. Electron 4,4 *-dicyclohexylmethane diisocyanate (HMDI)
beam radiation is effective in sterilizing surfaces chain extended with 1,4-butane-diol (BD) and
and thin walled materials. Ethylene oxide gas polycarbonate-diol. It has an aliphatic hard seg-
treatment (EtO) has been successfully used as a ment of chain-extended HMDI and soft segment
bactericide, active at temperatures as low as 607C. of polycarbonate oxide. Chronoflex is an ether-free
However, when EtO is used for sterilization pur- polyurethane.19

poses, the presence of residual EtO may result
in cytotoxic action toward cells or tissues after
implantation. EtO is readily absorbed by many METHODS
polymers and it is not always easily desorbed. EtO
molecules can interact with the urethane and Sample Preparation
urea groups through alkylating reactions, which
can modify the hydrogen bonding interactions, Polymer films for physical and mechanical testing

were prepared by solvent casting from DMAc solu-and consequently thermal and mechanical prop-
erties. tions at 457C on a smooth silicone rubber surface

(one component, CF 1-6604, Nusil Technology,There is no universal answer to the question of
which process should be used to sterilize medical USA). The films were dried under vacuum at 607C

for 24 h in a convection oven to eliminate the lastdevices, because it depends on the particular com-
position of each material. A considerable research traces of solvent, cleaned in an ultrasonic bath

with a Sparkleen detergent in bidistilled water,effort has been directed toward understanding ra-
diation effects on polymer properties after expo- and then dried under vacuum at 607C for 12 h.

Subsequently, they were stored in a vacuum des-sure to extremely high doses,14,15 but only a few
studies are available concerning the effects of the iccator. The thicknesses of films were measured

using a ultrasonic gauge Panametrics modelradiation dose or the EtO used in sterilization of
biomedical polymers.16,17 22DLHR coupled to a microscan contact trans-

ducer.The goal of this article is to investigate the
changes in physical and mechanical behavior in- Polyurethane tubes were prepared in the same

way as films, but instead of being solvent-casted,duced by g-irradiation (2.5 Mrad and 5.0 Mrad g-
irradiation) and EtO, on two commercially avail- a 4.0 mm-diameter silicone-coated steel rod was
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BEHAVIOR OF STERILIZED SPU 1195

collected at 2 cm01 resolution. The absorbance of
each functional group was normalized by using
the absorbance of the asymmetric (at na : 2939
cm01) and symmetric (at ns : 2859 cm01) CH
stretching vibrations. To improve the precision of
the data, both normalized absorptions were calcu-
lated and averaged for each group studied.

Figure 1 SPU tube coupled to glass tube.

Gel Permeation Chromatography
dipped into DMAc solutions. Every tube was cou-
pled with a 6.0 mm diameter glass rod leaving a GPC was performed using a Waters 510 liquid

chromatograph provided with a refractometricregion under stress (dark area of SPU in Fig. 1),
and then placed in a dry atmosphere at room tem- (RI) detector and a set of ultrastyragel columns

with pore sizes of 500 Å, 103 Å, 104 Å, and 105 Å.perature. Some tubes were thermally treated for
2 h at 1407C, a temperature higher than glass The flow rate of degassed THF was 1 mL/min

at room temperature. Monodisperse polystyrenetransition temperature of hard segments to avoid
the stressed area above mentioned. standards, dissolved in THF, were used to cali-

brate the system.
A chemical modification with an excess of tri-

Sterilization Procedures fluoroacetic anhydride was used to dissolve SPU
in common solvents.20,21 The reaction was carriedFilms were sealed in polyethylene bags and were

exposed to 2.5 Mrad (25 KGy) or 5.0 Mrad (50 out at 457C in a 2% by weight THF solution. The
excess of anhydride provided a complete conver-KGy) g-irradiation 60Co source. After g-irradia-

tion the actual dose received was measured by sion to N-fluoroacetylated polyurethanes. The
mixture was refluxed until a clear solution waschemical dosimetry. The maximum values were

3.76 Mrad and 6.16 Mrad, respectively. The latter obtained. The complete trifluoroacetylation reac-
tion of Biospan samples required longer timesvalue is equivalent to the one used for re-sterilized

films. (10–12 h) than Chronoflex (4–6 h) due to the
difference between the two chemical structures.Ethylene oxide gas treatment was performed

using a standard EtO sterilization apparatus (601 The solvent was distilled off at 457C under re-
duced pressure and the product was allowed toHoguer Medical Industries, model 95). The sam-

ples were exposed to an atmosphere having a con- dry under vacuum to ensure complete removal of
unreacted trifluoroacetic anhydride and trifluo-centration of 310 mg/L of EtO for 4 h at 557C.

Biological indicators of Bacillus subtilis var. Niger roacetic acid formed during reaction. Solutions of
N-TFA derivatives at c Å 0.375 g/dL in THF werewere placed within each package as monitors of

sterilization. After three vacuum cycles the cham- prepared.
ber was aerated at atmospheric pressure for at
least 48 h to remove residual EtO. Nonsterilized
films were used as blank materials. Differential Scanning Calorimetry

The nomenclature used is as follows: the prefix
Bio- or Chro- indicates the starting material, and The low-temperature range (01107C–407C) was

scanned using a thermal analyzer (Du Pont 990)the suffix O, 2.5, 5, or EtO means original, 2.5
Mrad g-irrad., 5.0 Mrad g-Irrad., and ethylene with a Du Pont 910 DSC, purged with dry nitro-

gen, at a heating rate of 107C/min. Equipmentoxide, respectively.
calibration for heat capacity measurements was
performed by using an Indium standard.

Infrared Spectroscopy The higher temperature scans were conducted
from 257C to 3207C, using Shimadzu DSC50, atTransmission FTIR spectra were performed using

a Bruker IFS25 spectrometer. For original Bio- the same heating rate. Before each experiment,
samples were quenched from room temperaturespan, thin films were prepared. Chronoflex was

dissolved in DMF and then solvent cast onto CINa using liquid nitrogen. The glass transition tem-
perature was taken as the onset value of the tran-plates. The thin films were thoroughly dried un-

der vacuum at 507C for 48 h before spectra were sition.

/ 8E99$$4342 05-29-97 10:07:03 polaa W: Poly Applied



1196 ABRAHAM, FRONTINI, AND CUADRADO

Dynamic Mechanical Testing

A Perkin–Elmer dynamic mechanical analyzer
DMA-7 was used. The tests were carried out in
the temperature scan mode with a three-point
bending measuring system. The applied fre-
quency was fixed at 1 Hz. A 5-mm knife edge probe
and a span length specimen platform of 5 mm was
used. Scans were made from an initial tempera-
ture of 01207C to 607C at a constant heating rate
of 107C/min, operating under a dry nitrogen
purge. Samples were cut into rectangular pieces
of 3.5 mm 1 10.00 mm and 2–3 mm thicknesses.
Information about the polyurethane structure
was obtained from the loss tangent peak (tan d ) .

Stress–Strain Measurements Figure 2 GPC chromatograms of Biospan series. (a)
Bio-O; (b) Bio-2.5; (c) Bio-5; (d) Bio-EtO.

Uniaxial stress–strain data were obtained from
a 1122 Instron Tensile Machine with an exten-
someter for elastomers, at a crosshead speed of

samples. In the carbonyl region, the peak near50 mm/min. The samples were prepared following
1733 cm01 was ascribed to free urethane carbon-ASTM D638 standard recommendations.
yls, the peak near 1703 cm01 was assigned to
hydrogen-bonded urethane carbonyls, the peak

Stress Hysteresis Measurements at 1640 cm01 was due to hydrogen-bonded urea
carbonyls, free urea carbonyl peak at 1695 cm01Hysteresis analyses were performed in a 4476 In-
was not detected. Urethane carbonyl groups re-stron Tensile Machine at room temperature and
side in the border between hard and soft seg-the same type of samples and speed than for the
ments, because they are made from the reactionstress–strain test. This test provides data from
of the isocyanate groups of MDI and the hydroxy50 to 400% of elongation. Each sample was sub-
groups of macroglycols. The peak at 1110 cm01mitted to increasing amounts of strain, and al-
was assigned to the soft segment aliphatic etherlowed to relax at zero load for 3 min before start-
stretching.ing each loop. Reported data are averages of at

Chronoflex shows free urethane carbonyl peakleast three tests on different samples. The percent
at 1733 cm01 , carbonate carbonyl peak at 1743hysteresis for a given cycle was calculated from
cm01 , and C{O{C stretching from carbonatethe ratio of the area bounded by the loading–un-
and urethane at 1257 cm01 .loading curves to the total area under the loading

The NH groups of Chro-O were totally bondedcurve.
(the signal at 3440 cm01 was absent) and 76%
urethane and carbonate carbonyls groups were

Scanning Electron Microscopy (SEM) free.
Scanning electron micrographs were acquired
with a JEOL-JSM-35CF microscope. All samples
were vacuum dried at room temperature and

Gel Permeation Chromatographycoated with 60 Å of gold prior to scanning.

The GPC chromatograms of functionalized sam-
ples showed only one peak. This indicates thatRESULTS AND DISCUSSION the substitution degree was 100%.21

GPC measurements in the Biospan series evi-
Infrared Analysis: Original Films Characterization denced that the sterilization produced a displace-

ment to lower molecular weight from the N-fluo-The absorption bands in polyurethane systems
have been reported.9,22 In the Bio-O, the NH roacetylated original film as shown in Figure 2.

The changes observed for the Chronoflex seriesgroups were almost completely bonded for all
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BEHAVIOR OF STERILIZED SPU 1197

as an isolated hard segment domain morphology.
Hence, the hard segments solubilized in the soft
segment matrix restrict the soft segment mobility
and increase Tg ,s .

The endothermic peak at 57C was attributed to
the melting of the soft segment phase, while that
of the PTMO homopolymer was reported to be
247C for metaestable crystallites and 477C for
crystallites in the equilibrium state. The lowering
of the Tm ,s may be due to the small size of the
microcrystalline PTMO domains.23

The DSC scans in the high temperature range
are observed in Figure 5. The glass transition of
hard domains (Tg ,h) was found hardly discernible
at 1307C. The endotherm at 2807C was attributed
to the melting of hard segment, and it was imme-
diately followed by the decomposition tempera-
ture. Biospan-sterilized samples showed a de-

Figure 3 GPC chromatograms of Chronoflex series.
crease in Tg ,s and an increase in the soft-segment(a) Chro-O; (b) Chro-2.5; (c) Chro-5; (d) Chro-EtO.
crystallizing along quenching. Bio-EtO shows the
highest crystallinity. This may be due to some
disruption of hydrogen bonding by alkylation(Fig. 3) indicate a clear molecular weight de-

crease after irradiation with a 5 Mrad dose, but which produces more crystallizable soft segments.
Nonsterilized Chronoflex showed a soft-seg-did not show any significant effects on the molecu-

lar weight distribution for the others sterilized ment glass transition temperature at 0327C (Fig.
4). The hard-segment glass transition was barelysamples. The trend observed on molecular weight

suggest that some structural damage has oc- detectable in the range of 1207C to 1307C (Fig. 6).
The melting peak of soft segments was absentcurred along sterilization.
meaning that Chronoflex did not exhibit crystal-
lizable soft segments. DSC results did not show

Differential Scanning Calorimetry

DSC results in the low temperature range for
Biospan series and Chro-O are shown in Figure
4 (first scans of quenched samples). Results for all
samples are summarized in Table I. The percent
crystallinity of soft-segment phases of Biospan
was determined by assuming DHm ,s equal to 53
(mcal/mg) for 100% crystallinity of the PTMO-
2000 homopolymer, value reported by Wang and
Cooper.5 They also founded a Tg ,s value of 0797C
for the same pure homopolymer.

The DSC thermogram for nonsterilized Bio-
span shows the glass transition temperature of
PTMO soft segments (Tg ,s) at 0667C, an exother-
mic peak at 0407C due to the crystallization of
PTMO phase, and a heat of fusion (DHm ,s) of 21.9
J/g. Our experimental values compared with the
values reported by Wang and Cooper for the pure
homopolymer indicate a small degree of mixture
between soft and hard segments, due to the rela-
tively short hard segment length and content
(22%, based on their molecular weight and mole
ratio of MDI-ED-PTMO 2 : 1 : 1), which causes Figure 4 Low temperature DSC thermograms. (a)

Bio-O; (b) Bio-2.5; (c) Bio-5; (d) Bio-EtO; (e) Chro-O.partial hard to soft segment intermixing as well
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Table I Glass Transition Temperature (Tg,s), Heat of Crystallization (DHc,s), and Heat of
Crystallization along quenching (DHq,s). Melting Temperature (Tm,s), Heat of Fusion (DHm,s) and
Percent of Crystallinity of Soft Segment PTMO (Xs)

Tg,s Tg,s Tm,s DHq,s DHc,s DHm,s Xs

Sample (7C)a (7C)b (7C)a (J/g) (J/g) (J/g) (%)

Bio-O 066.0 050.0 5 10.8 11.1 21.9 13.15
Bio-2.5 069.0 050.0 5 18.3 6.4 24.7 14.84
Bio-5 069.0 059.0 5 24.7 6.8 31.5 18.94
Bio-EtO 070.0 052.7 5 25.3 6.0 31.3 18.81
Chro-O 032.0 032.0 —
Chro-2.5 032.0 022.6 —
Chro-5 032.0 020.0 —
Chro-EtO 032.0 011.7 —

a Determined by DSC.
b Determined by DMA.

significant changes of Tg ,s values with steriliza- the experiment and the presence of a different
fraction of crystalline segments. The presence oftion.
crystalline PTMO in DMA samples, absent in the
DSC samples quenched from the melt, was as-

Dynamic Mechanical Analysis cribed to the slower cooling rate used to obtain
the01207C starting temperature in the DMA pro-The dissipation factor (tan d ) of the Biospan and

Chronoflex series is plotted as a function of tem- cedure (three-point bending samples are thicker
than DSC ones). The higher temperature shoul-perature in Figures 7 and 8, respectively. Peak

maxima are summarized in Table I. der in tan d can be associated to the increase of
the crystalline fraction of PTMO.The low-temperature peaks that occur at

Ç 0507C for Bio-O and at 0327C for Chro-O were The tan d curves did not reveal the occurrence
of the melting process. This may be because theattributed to the soft-segment glass transitions.

The differences found between the higher glass viscoelasticity measurement is not as sensitive for
detecting the melting of microcrystalline domainstransition temperatures determined by DMA for

Biospan series and the lower values determined of PTMO in comparison with the DSC measure-
ment.23by DSC may be attributed to the time scale of

Figure 5 High temperature DSC thermograms for Figure 6 High temperature DSC thermograms for
Chronoflex series. (a) Chro-O; (b) Chro-2.5; (c) Chro-Biospan series. (a) Bio-O; (b) Bio-2.5; (c) Bio-5; (d) Bio-

EtO. 5; (d) Chro-EtO.
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BEHAVIOR OF STERILIZED SPU 1199

Figure 7 Dissipation factor (tan d ) versus temperature for Biospan series. Bio-O
( — – – —); Bio-2.5 ( — – —); Bio-5 ( — r—); Bio-EtO ( ).

The additional relaxation peak in the tan d The EtO treatment seems to affect the additive,
showing a decrease in the temperature of tan dcurve at Ç 357C exhibited by Biospan has been

attributed to a polymethacrylate additive.24 Other peak associated to it.
studies of this additive have been reported.25,26

As shown in Figures 7 and 8, after 5.0 Mrad g-
Tensile Propertiesirradiation and EtO sterilization, Biospan exhib-

ited a lower soft segment Tg ,s . The opposite behav- The tensile properties of thermoplastic elasto-
mers generally depends on the size, shape andior was found for Chronoflex. The carbonate group

has a much larger cohesive energy and the possi- concentration of hard domains, intermolecular
bonding within hard domains and the ability ofbility of forming a stronger hydrogen bond with

urethane group than the ether group. This pro- soft segments to crystallize under strain. Figure
9 shows the ultimate stress (su ) , while Figure 10motes mixing between soft and hard segments.

The increase of Chronoflex Tg ,s values may be due shows the elongation at failure (1%) of the Bio-
span and Chronoflex series.to the increase of mixing caused by the molecular

weight decrease as result of chain scission. The high tensile strength of the Biospan series

Figure 8 Dissipation factor (tan d ) versus temperature for Chronoflex series. Chro-
O ( ); Chro-2.5 ( — r—); Chro-5 ( — – —); Chro-EtO ( — – – —).
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Figure 9 Ultimate stress behavior for Biospan (j ) Figure 11 Stress-strain hysteresis in original Bio-
span.and Chronoflex (l ) series.

compared with the Chronoflex series is consistent
Stress Hysteresis Studieswith their higher urea content, which results in

more cohesive hard domains.27 The presence of In a multiphase system, the stress hysteresis be-
urea linkages substantially enhances the phase havior is closely related to the domain morphology
separation consistent with the lower Tg ,s values. and the phase separation degree.29,30 Hysteresis
Bio-EtO showed higher ultimate stress values was also reported to be composition dependent, so
than other samples; this may be due to stress- elastomeric properties preferably were obtained
induced crystallization,28 an explanation which is for samples containing isolated hard segment do-
in agreement with the presence of more free soft mains (25% hard segment).31

segments arising from the disruption of hydrogen Different mechanisms may be responsible for
bridges. hysteresis losses at different elongations. The

Both Biospan and Chronoflex samples did not stress-hysteresis is attributed to a yielding-like
show any significant changes in secant moduli at disruption of the system of hydrogen bridges in
50% of elongation and in the values of elongation the hard-segment regions with strain, leading to
at failure. However, EtO sterilized samples dis- a decrease in reinforcement of the rubbery phase
played lower values of the latter parameter con- upon strain cycling and promoting a permanent
sistent with visual observations which reveal long deformation.
extent of stress whitening due to crystallization Figure 11 shows typical stress hysteresis cycles
of free soft segments produced by chain scission. obtained with nonsterilized Biospan samples. The

hysteresis percent as a function of strain is shown
in Figure 12 for all materials.

The Biospan series initially shows a low hyster-
esis, consistent with a morphology of isolated hard
domains dispersed in an amorphous soft segment
matrix. At low elongations, i.e., õ50%, the rather
high level of energy dissipation was associated
with a non-affine deformation and a minimal ori-
entation of hard segment domains.31 After a 100%
strain level, hysteresis traces exhibit a rising rate
trend with the increasing strain level. The latter
result suggests some partial disruption of soft seg-
ment domains, alignment of hard segments into
the stretch direction and even the possibility of
some irreversible strain-induced crystallization at
higher extension ratios.Figure 10 Elongation at failure behavior for Biospan

(j ) and Chronoflex (l ) series. The residual strain percent followed the same
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Figure 12 Hysteresis behavior versus elongation
Figure 14 Residual strain as a function of elongationcurves. Biospan series: Bio-O ( ); Bio-2.5 ( — j —);
for Chronoflex series. Chro-O ( ); Chro-2.5Bio-5 ( — l —); Bio-EtO ( — m —). Chronoflex series:
( — j —); Chro-5 ( — l —); Chro-EtO ( — m —).Chro-O (rrrrr); Chro-2.5 (rrrjrrr); Chro-5

(rrrlrrr); Chro-EtO (rrrmrrr).

by introducing long alkyl chains of low polarity in
the interface. The formation of small pits about 5patterns displayed by the hysteresis curves (Figs.
mm diameter after implantation was previously13 and 14).
assigned to the leaching out of the additive pres-The hysteresis percent and residual strain per-
ent at the surface.12,24 Santowhite Powder wascent increased after sterilization. The same effect
also reported by Wu et al.32 to be present inwas observed when the irradiation dose and the
Biomer as an effective inhibitor surface cracking.strain level increased.

SEM micrographs of Biospan series are shown
in Figure 15. The lack of evidence of microcraking

SEM Studies in Biospan samples, may be due to the presence
of an antioxidant. However, the surface of Bio-Wu et al.32 found that the amphiphilic additive
EtO shows some microcraks. Extensive pitting isMethacrol 2138F (similar to the additive reported
also observed in Biospan series. The number andfor Biospan)18 is phase-separed as discrete do-
size of pits were highest in Bio-EtO and decreasedmain structures,Ç 0.5 mm in diameter. This addi-
from Bio-5 to Bio-2.5 samples. Magnification oftive can be regarded as a polymeric surfactant in
original surface defects after sterilization wasthe sense that it is enriched at the polymer/air
found for all samples. Then the generation of sur-interface, decreasing the interfacial free energy
face defects should be minimized by controlling
the solution-casting process conditions.

In the case of Chronoflex samples, the surface
appeared not affected by sterilization methods. In
both materials, the level of stress applied did not
introduce differences on surface appearance be-
tween performed tubes and those having a cou-
pled area under stress.

CONCLUSIONS

The sterilization process introduces specific struc-
tural and surface changes in polyurethane formu-
lations. The damage could be detected by the mo-
lecular weight decrease, the soft segment crys-Figure 13 Residual strain as a function of elongation
tallinity increase after quenching, and thefor Biospan series. Bio-O ( ); Bio-2.5 ( — j —); Bio-

5 ( — l —); Bio-EtO ( — m —). increase in hysteresis and residual stress values.
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1202 ABRAHAM, FRONTINI, AND CUADRADO

showed a significative decrease of the elongation
at failure. Bio-EtO sample showed a higher ulti-
mate stress.

The opposite trend in Tg ,s values determined by
DMA of two commercial formulations is a result of
their different chemical composition.

The prior device contamination and the partic-
ular materials composition should be taken into
account when selecting the appropriate steriliza-
tion method.

All Biospan samples analyzed by SEM showed
a magnification of original surface defects after
sterilization, whereas the surface of Chronoflex
did not appear affected by sterilization. The gen-
eration of surface defects and the bioburden
should be minimized by controlling the solution-
casting process conditions and the device assem-
bling procedures.
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