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(57) Abrégée/Abstract:
Processing methods are described for improving the physical properties of elastomeric materials including elastomeric tubing. The
methods include heating tubing In a post-cured step for a specified time and at a specified temperature. The methods also include
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(57) Abrege(suite)/Abstract(continued):
Irradiating the tubing with a desired dose of radiation. Embodiments can include treatment of silicon-based elastomers and/or non-
sllicon-based elastomers. The improved elastomers can be utillized in pumps.
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IRRADIATION AND POST-CURE PROCESSING OF ELASTOMERIC TUBING

BACKGROUND

TECHNICAL FIELD

0001 This gisciosure generally reiates 10 progessing of esiastomers. Mors
partictlarly, the present disciosureg rejates {0 ncreasing oross-inkng  petwaen

components of elastomers for producing improvements in mechanical properties.

LESCRIPTION OF KELATED ART

{00021 Silicone-based elastomers have bDeen used in the medical industry for
varnous medical device and machine components such as medical tubing. Generally,

inese malenals can present good durability, long iite, and are non-reactive with dodily

fiuigds anag issuss.

QG033  Some prior concerns with the mechanical properties of slastomers used for
applications such as medical Wwibing have inciuded susceptipiity {© bulging in

rasponse (o repeated or CyChic vanations in tuid pressure within the tubing.

SUMMARY

(0004 Processing lechnigues arg descriped 1or improving certain mechanical
properties of slastomerg. Such properties include, &.¢., radial or hoop strength, cychic
fatigue strength, eic. These improved mechanical characternstics may be realizen

with & combination of post-cure heat treatment and radialion, as described balow.

{0005 In accordance with an aspect of the present disclosurs, post-curing of
elastomers can nciude sieps of gradiation and healing, peyond that used or ntial
CUNNG, Tor improved physical properties of the siasiomers.  The second, or "post-
cura,” exposure 1o hgat can convert or activale aadiional cross-inking ingredisnts or
constituents, IorMING oF INCreasing Cross-inks betwesn constituent components of
the slastomer, 2.4., the highly reactive surface of stiica ang agjacent polymers. the

second exposure to neat can also fagiitate annealing of silica aggiomerates. Tne
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irragiation process further ennances aross-iinking.  oxempilary iiradiation fechnigues

include gamma ray radiation and k-peam irradiation.

TO008Y These, as well as olher components, sieps, features, benefils, and
agvaniages, will now become clear from a review of the folowing detailed description

of Hilustrative empodiments, the accompanying arawings, and the claims.

BRIEF DESCRIPTION OF URAWINGS

Q007 The drawings are of Hlustrative embpodiments. They do not iliusirate ai
embodimentis. Other embodimenis may De used in addition or instead. Detalis that
may be apparent or unnecassary may pe omitted 1o save space or for more effeclive
Hustration. Some emboediments may be practiced wilh additional components or
steps and/or without all of the components or steps that are jllustrated. When the
same numeral appears in different drawings, it refers o the same or like componeants

Qr sieps.
{00081 HiG. 1 Hustrates a structural siiicone eiastomer modsai.

{0081 HiG. 2A illustrates the structural sticon elasiomer modsel of Hig. 1 I 8
relaxed siate; i, 28 jHusirales the structural stlicon eiastomer meodel of Fig. 1 in a

siressed siate with positive axial strain shown,

{00107 Fic. 3 Hustrales a fiow chart for an exampie of a method of processing
giastomernic ubing to achieve improved radial strength according o the present

Jisciasure.

0011 FiG. 4 dlustrates a graph of pressure vs. ragiation gose 1or a segment of as-

received alastomernc tubing receiving a & mil injection volume of liguid.

(0018 Fis. & diustrates a graph of pressure vs. ragiation dose for a segment of

post-curad slastomenc Wwbing recaiving 8 & mi injaction volume of figuid.

0013 FiG. O illustrates a graph of cydiic faligus gata opiained aunng nydraulic
burst-ieak testing of examples of sitrengthened eslastomenc Wbing processed

SCCOrading o the present disclosure,

0014} FiG. 7 dlustrates a graph of pressure vs. ragiation gose 1or a segment of as-

received alastomernc ubing receiving a third-cycie & mi injaction volumes of iguid.

-
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{0018] FiG. 8 liusirates g grapnh of pressure vs. radiglion dose for a segment of

post-cured elgstomeric Wding receiving a third-cycle S mi injection volume of hquid.

O8] HiG. 9 Husirales a composite graph with the gdalg ol FIG. 4 and +iG. 7.
0017 i, 10 dlustrates a composiie graph with the data of HiG. & and FiG. 8.

O8] FiG. 11 18 a set of photograpns showing faiiure modes of tube segment
sampies having received & mi volumes as, respectively, received (a), iradiated only

(0}, post-cured onty {C}, and iradiated and posi-cured {4},

DETAILED DESCRIPTION OF {LLUSTRATIVE EMBODIMENTS

001987 lllustrative embodiments are now descriped. Other embodimenis may be

used in addition or insiead. Lelails that may pe apparent or unnecassary may oe
omitied 10 save space or for a more effective presentation. Some embodimenis may
De  practiced with adgiional components or steps and/or without all of the

components or steps that are described.

{0020 HiG. 1 iHustrales a structural silicone eiastomer model 100, The eiastomer
includes poivdimethyisiioxane (PDMS), which is highly siastic. The model includes a
number of PRMS polvmer chains 102, Fumed silica 104 is shown, which acls as a
filler and which adds 1o the ngidity of the elasiomer. As shiown, the model 100
NCiudes a number of Cross-inking agents 106, which act o chemicsaily bond adjacent
constifuents ¢of the elasiomer. A cataivsi may aiso de present, and can serve, with
the addition of heal, 1o ntiate cheamical bonding.  Two holding fixtures 1-2 are also

depiciad.

00211 Fis. 2A fllustrates the structural silicon elastomer model 100 of FIG. T in a
rataxed or unstrainegd state; Fig, 28 tlustrates the structural silicon slastomer maodal
100 of Fig. 1 In a8 stressed state with positive axial strain shown as induceg by
ension applied 1o fixtures 1-2. Figures JdA angd 2B #lusirate properiies of vanous
bonds within the elastomer: {1 silica-to-silica bonds 112, which are extremeily Drittle;
polymer-to-polymer ponds 116, which are extremely ductiie ang ead {0 or enhance

antangiement and oross-inking.
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{00227 In accordance with an aspect of ihe preseni disciosure, posi-cunng
reatment of eigstomers or elastomerc maleral can include steps of yragiation and
adaitionai heating, pevond the nheating reaiized dunng gl curnng, for obtaining
improved physical properties of the ciastomers. kExemplary embodiments ingciude
rradiation and heat reatment of silicon-basad eiastomers 10 realize improved purst

sirengih.

{00231 N general, the sacond exposure o heal can convert or aclivate adaitional
Cross-inKing ingredients {(or constituenis), forming cross-inks between, .g., e
highly reactive surface of silica and adjacent polymers, 2.¢., as shown in FiGs. 1-2B8.
1he second exposure 0 heat ¢an aiso faciiiiate annealing of siiica aggiomerates. The

irradiation process further enhances cross-inking.

100247 bExemplary iradiation tecnniques include use of gamma ray nradiation and
E-beam iradiation. Gamma ray iradiation can be obtained by use of Coball-80 as 8
radiation source, and typically operates in excess of 100 MeV. In contrast, &-beam
rradiation typicaily operates in the KeV © MeaV range. The response 0 a particuiar
radiation source 18 polymer and stabilization package dependent. Polymers prone o
oxidative degradation fare better {0 k-beam irradiation due 1o higher dose rates ang
shorter exposure timeas.  For exampie, it might take 271 minutes o atiain a desired
dosage of 25 kilogray (kgy) for gamma rays compared © under five {5 minutes for
C-Deam iradialion 1o accumuiate, where Kiogray (kisy) 18 8 derived melnc (&)
measurement unit of absorbed ragiation gose of onizing radiation, 8.g., X-rays. nse
iogray is egual 1o one thousand gray (10000Gy}, and the gray is defined as the
apsorption of one jouie of ionizing radialion by one kiogram {1 J/Kg) of matier, .g.,

aiasiomer.

100281 Fig. 3 illustraies g fiow chart for an exampie of a method 300 of processing
slastomernc matenal, e.¢., elasiomernic Wwibing, according o the present disciosure.
Miethod 300 inciudes a siep of providing a cured siastomer already having had a first
exposure {0 heal {(e.g., dunng an nital cunng process), and naving a iirst radial
strength, as shiown at 302, The radial strength can allemnately be Jdescribed as

noop” strength or "burst” strength, the atter refermng to a cylindsrs resisiance {o

-4 -
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pursting under applied pressure. Method 30U inciudes a step of healing ihe
giastomer with 3 second exposure 1o heat for a second-exposure time al a desired

neatl level or temperature regime, as described at 304,

{00267 Continuing with the description of method 300, a step of rradialing the
cured eiastomer with a tgrget dose of radiglion s inciuded, as shown at 30, VWhile
siep 306 18 shown as occurming after slep 34, (he step order may of course pe
reversed. Alternatively, the steps of healing and pradiation may occur
simuitansously in whaole or in part, further, the heating and iradiation steps may be
Droken up into sup-sieps, which may oCCur in any order or simuitaneously. Meihod
200 further includes a step of providing he cured elasiomer as a segment of Wwing
Naving a second radial strength greater than the first radial strength, as shown at
208, Exemplary embpodiments can nciude using or providing a silicon-pasead
elastomer, &.¢., polvdimsihyigiloxans (FPOMS), as the segment of tubing. Method
S00 ¢can pe used to make elastomernic matenals, &.g., pump tubing segments, which
can function with improved phyvsical charactenstics or propertias, such as radial
strength, in certain applications such as in medical devices,  OF course, other
embodiments can  mciuge  different  elastomers, including  non-sgicon-based

sjasiomers.

0047 Figs. 4-11 illustrale performance iesiing and comparnsons  showing
mproved physical charactenstics or properties of elasiomenc wubing prepared in
accordance with ine present disciosure.

10048 MG, 4 jllustraies g graph 400 of pressure v, radiation dose for a segment

Of as-received silasiomenc ubing receiving a8 o mi injection volume of iqug. The

matanal tested was BiosHo platinum-cured elasiomer, a Saint-Gobain frade name for
nolvdimethyisiioxang (FOMS), formed as tubing with inner diameter of 0.1307 and

wall thickness ¢of 0.037 and having a length of 5,727, Fiots are shown or yradiation

with Gamma rays (ine with diamonds) and for b-beam irradiation (dine with squares).
As mnaicated tube pressure, ndicative of wall radigl sirengih, increased with

nereasing ragiation dosages.
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{00281 FiG. & Hlustrates a grapnh 500 of pressure vs. radiation dose for a segment
of posi-cured elasiomernc Whing recaiving a 5 mi injection volume of liquid after

Naving been subiect 10 a healing treatment, a second healing treatment beyond hat

occurring for the inial curnng process. The malerial lested was Saint-Gobain Biosio
olatinum-cured eiastomer formed as wbing with inner diameter of 0.130° and waii
fhickness of 0.03"7 and having 3 lengtn of 5,757, Fiols are shown for iradialion with
Gamma rays {ine with diamonds) and for E-peam irradiation (line with squares). The
post-curing neat treaitment consisted of subjecting the twubing 10 heat at 400% for &
NOUrS I a convention oven.  As indicated fube pressure, ingicative of wall radia
sirengih, iNcreased with Ncreasing radiation dosages.  ne indgicated vaiues are
significantly greater that the values shown in FiG. 4, where ubing with the sams

maternial was subijected 1 just radiation treatment and not the second heaat treatment.

(00301 Fig. © diustrates a graph 00 of cyclic fatigus data optamed aunng
nydradlic burst-ieak testing of examples of strengthensd slastomsnc  wbing
processad according to the present disclosure. The elastomernic maternial wasg Sant-
Gobain Biosit platinum-cured slastomer, which was subject to a post-curg heat
reatiment with a duration of two hours at 400° | the matenal was iradiated with &
Cobalt 60 Gamma ray source such that the tubing was supplied with a8 75 Ky dose
of radiation. Peak pressure for three cycies of 5 mi injection volumaes 8 ingicated.

100311 Fig. 7 dlustrales a graph of pressure vs. radiation gose for a segment of as-

received algsiomenc uping recaving a thirg-gyclie o mi injection volume of quid. ns

material tested was Biosio platinum-cured slastomer, a Saint-Gobain trade name for

polvdimethyisiioxane (PDMS), formed as ubing with inner diameter of 0130 and

n
2

wall thickness of 008" and having a length of 2.75°. Plols are shown for rragiation

r“

with Gamma rays {line with diamonds) and for E-beam frradiation {ine with sguares).

AS indicaled tube pressure, indicalive of wall radial strength, mncreased with

n
i

increasing ragialion gosages.

{00327 o may be noled that in Fi. 7 (he Wbe pressure values for each type of
radialion souwrce appear 10 plaleau or actuaily dedline wilh an increase of ragiation

does to 75 Ky, This trend implies thal no additional cross-inking ¢an occur in the

-
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alastomer matenal, ieading 1o the conciusion that additional heat treaiment woulid not

improve the phvsical properties of the matenal, inciuding waill radial strength.

tO0337  FiG. 8 lustrates g graph of pressure vs. radigtion qose for a segment of
post-curad elastomernic Ubing recaiving a third-cycie o mi injection volume of Higuid.
The material tested was Saint-Gobain Biosio piatinum-cured elastomer formed as

tubing with inner diameter of 01307 and wail nickness of 0.037 and having a iengtn

of 5.75". Plois are shown for iradiation with Gamma rays (line with diamonds) and
for =-beam irradiation {ine with squares). 1he post-cunng heatl treatment consistad
of subjecting the Wbing © heal alt 400%F or £ nours in a convention oven. AS
ngicated Wibe pressure, indicative of wall radial strength, increased with incraasing
radiation dosages.  The ingicated vaiues are significantly greater that the values
shown in Fils. 7 {despite what FiG. 7 otherwise impiies), where tubing with the same

maternial was subiected o just radiation treatment and not the second haat treatment.
{00347 Fis. ©illusirates a composite graph with the data of FIc. 4 and Fia. 7.
0038 Fis. 10 Hiustrates a composite graph with the data of FiG. & and Fia. 8.

(00361 Fis. 11 18 a sl of photographs showing failure modses of tupe segment
samples having received o mi voiumes thal are, respechvely, as-recsived (8),
rradiated only {0}, post-cured only (¢}, and irradiated and post-cured {d). As can be

saen, e rradiaie and post-curead Wbe segment in (d) shows he best periormancs.

0037 Accordingly, embodimenis of the present disciosure ¢an provide for
benehis and advaniages over pror echniguss for making or providing suitabie
glastomernic maternals, e.g., for use in medagical appiications. txempiary eambodimeanis
can utlize such improved elasiomers in the form of ubing segmenis used i pumps,
& g, as shown and descrived in U.S. Patent No. 8,790,305, the entire content of

WHICH {§ Incorporated nerain by referencs.

10038] Uniless olherwise indicaied, the methods and steps of applying heal,
rragiation, and iesting thal have been giscussed herein ¢an be impiemented with

assistance of computer system configured {o periorm e funciions thal nave been

gescriped nerain. ach computer sysiem inciudas one or Mmore processors, tanginis

Memories {(8.Q., random access memories {(RAMS), read-only memories {(ROMs),

-7 -
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and/or programmable read oniy memories (FRUOMS), tangible slorage devices (8.9,
hard disk drives, CLD/DVD drives, andfor flash memories), sysiem buses, video
DroCessing componeants, nebwork communication components, inputioutpul ports,
and/or  user inerface devices (e.g., Keyboards, pointing devices, dispiays,

MICrophnones, sound reproduchion systems, and/or touch screens).

{00381 Bach computer sysiem may pe 3 deskiop computer or a poriable
computer, such as a iaptop compuler, a nolepook computer, a {abletl computer, a
FA, & smariphone, or part of a larger system, such 3 vehicle, appliance, and/or
lelephone sysiem. kach computer system for the control of radiation and/or healing
may inciude one or more computers at ihe same or different iocations. When at
different iccations, the computers may dDe configured 10 communicate with one

another through a wired and/or wirgiess network communication system.

{00407 Bach compiier system may inciude software (8.¢., one of more gperating
systems, device dnvers, applicalion programs, and/or communication programs).
ywhen software 18 inciuded, the software includes programming instruclions ang may
inciude associated data and libranes, When nduded, he programming instructions
are contigurad o implament one or more aigorthms that implement ong or mora of
ihe functions of the computer system, as reciiad herein. the descnption of sach
function that 1s parformed by each computer system aiso constitules a description of

the aigonthmi(s) thal performs that function.

100417 The software may be siored on of i ong or more non-transitory, tangible
storage devices, such as one or more hard disk drives, Cls, DVDs, andior fiash
memaornes. e software may De i souree code andg/or object code format
Associated datg may be stored i any type of volgtile ang/or non-volalile memory.
1he software may be gaded inlo a8 non-transitory memory and executed by one or
MOre ProCessors,

0042 The components, sieps, features, benefils, and advaniages that nave pesn
GisCussed are merely Hiustrative. None of them, nor the discussions reiating ¢ them,

are niended 0 Mt Ihe scope of protection i any way. Numerous olher

embodiments are aiso cortempiated. These mnclude empodimenis that have fewer,

-
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agailional, and/or differert components, steps, fealures, objects, benefits, ana
agvaniages. 1hese aiso inciude embodiments in which the components andior sieps

are arranged and/or ordered differentiv.

{00437 Unless otherwise slaled, all measurements, values, ratings, posifions,
magnitudes, sizes, and other specifications thal are set forth in his specification,
NCIUAIng in the claims that foliow, are approximate, not exact. they are intended {0
Nave a reascnabie range that is consistent with the Tunctions 1o which they relate and

with what is cusiomary in the art (o which they pertain.

{00447 All articies, patents, patent applications, and other publications that have

Deen cited i this disciosure are incorporated herein py reference.

t0045)  The phrase "means for wnen used in a claim is intended 1o and should be
interpreted ¢ embrace the corresponding structures and matenais (hat have peen
described and their equivalenis. Similarly, the phrase "step for’ when used in a claim
s intendad 0 and should be interpreted 10 embrace the corresponding acts ihat have
been descnbed and their equivalents. The absence of these phrases from a claim
meaans that the claim 18 not intendead {0 and should not be interpretad 0 be imitad {0

inese corresponding structures, matenals, or acts, or 1o their eguivaients.

{00481 The scope of protection 1s imited solaly by the claims that now foliow. That
scope is ntended and should pe interpreted 10 e as broad as s consisient with the
orainary meaning of the language that i1s used in the claims when interpreted in light
of this specification and the prosecution history that {oliows, except where spegific
meanings have been sel forth, and 10 encompass all structural and funclional
aguivaients.

0047 Relational terms such as "first’ and "second” and the ke may be used
sotely (o distinguish one entity or action from ancther, withoul neceassarily reguinng or
HNDVING any actual relationship or order belween them. The terms "comprises,”
‘compnsing,” and any other vanaton therest when used in connection with a list of

glements i the specification or claims areg intended 1o ingicate that {he st 8 not

exciusive and that olher elements may be inciuded. Simiarly, an slement preceded
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DY an 'a” or an "an’ does nol, without further constraints, preciude the existence of

aaggitionai elements of the igentical type.

t0048F None of the claims are intended {0 embrace subject matler that fais 1o
satisty the requirement of Sections 101, 102, or 103 of the Patent Acl nor should
ihey De interpreted i such a way. Any uniniended coverage of such subject matter is
nerepy disciaimed. Except as just stated in this paragrapn, nothing that has peen
siated or iustrated 18 infended or should e interpreied 10 cause a dedicalion of any
component, step, feature, object, benelil, advantage, or eguivalent o the pubiic,

regardiess of whether i1is or s not reciied in the claims.

100481 The abstract is provided o heip the reader quickiy ascertain the nature of
the fechnical disciosure. it 18 submitied with the undersianding that 1 will not be used
0 interpret or iimil the scope or meaning of the claims. in aqdition, various features in
the foregoing detalied descriplion are grouped together in varnous embodiments 1o
sireamiing the disclosure. This method of disclosure should not pe nterpreted as
rEQUINNG claimed embodimeants 1o reguire maore features than are exprassily recied in
each claim. Rather, as {he clowing claims refiect, invantive supjact matier ligs in
ess than all fealures of a singie disciosed embogiment. Thusg, the following claims
are neraby mncorporated into the detaied descrplion, with each dlaim standing on is

OWit a8 separately claimed subject matter.

- 10 -
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CLAIMS

1he invention claimeadg s

1. A method of processing eiastomernc matenal, ihe meinod cComprising:

Oroviging a segment of siastomenc uping aiready naving had a first exposure {0

neat, and having a first ragial strength;

neating the segment with a8 second exposure 1o neat 1or an exposure ime &l a

spacitied temperature;
rradiaiing the segment with 8 specified dose of radigiion; and

providing the segment ag a strengthensad segment of sigstomernc ubing having a

38COoNG ragial sirength greater than the first radigl strength.

2. The method of claim 1, wherein the specified dose is between 20 kKiGy and 80
K3y,

3. The method of claim 2, wherein the spegified dose is between 25 Ky and 75
K3y,

£

4. The method of claim 2, wherein the specified dose 18 20 ky.

o, the method of claim 1, wherein the exposure tme 8 fwo hours and the

speciied temperature is 440 degreeas Fanrennsit

. The methog of claim 4, wherein the exposure time 8 two hours and the

speciied temperature is 400 degreeas Fanrennsit,

7. ithe methog of claim 1, wherein providing a segment of sigstomerne wbing

NCiUdes providing a segment of siicon-pased siasiomernc ubing.

8 he method of claim 1, wherein proviging a segment of slastomenc wing

NCIUdes providing a segment comprising a sthicon-pased elastomer.

9. ihe methoeg of claim 8, wherein providing a segment of sigstomerne wbing

ncludes providing a segment comprising polydmethyi siloxane (PDMS)

- 11 -
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10. The method of claim 1, urther comprsing impiementing the segment in 8

OUMp.
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232

Proviging a cured elastomer already having had a first
exposure to heat, and having a tirst radial strength

204

Heating the elastomer with a second exposure to heat for a
second-exposure time at a desired heat level or temperature

regime

SUb

irradiating the cured elastomer with a target dose of
radiation

308

Providing the cured elastomer as a segment of tubing having 3
second radial strength greater than the first radial strength

310
/3

Providing the slastomer as a silicon-based elastomer
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FiG. 3

300
2

Proviging a cured elastomer already having had a first
exposure to heat, and having a first radial strength

U4

Heating the elastomer with a second exposure to heat for a
second-exposure time at a desired heat level or temperature

regime

3Ub

irradiating the cured elastomer with a target dose of
radiation

308

Providing the cured elastomer as a segment of tubing having 3
second radial strength greater than the first radial strength

210
/:3

Providing the slastomer as a silicon-based elastomer
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