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ABSTRACT: We have published previously initial results on
the application of the oxidative induction test to a w de
variety of nmedical polynmers. This is a continuation and
further elaboration on the earlier study.

For nedical flexible PVC conpounds, the traditional
measure of degree of degradation by color formation was
found to correlate to neasured oxidative induction tines.
Furthernore, three distinct regines were also detected. In
the initial phase of degradation, little color formation
was detected for significant decreases in the induction
time. This is followed by a nearly linear regine. Finally
in the termnal regine, where the stabilizer were nearly
exhaust ed t he col or i ncreased exponential ly. Thi s
observation is interpreted by the established nmechani sm of
PVC degr adati on.

In another series wth polyolefins, several subtle
phenomena that may have utility in either optimzing the

stabilization package or predicting long term shelf life
were observed. It was found at typical experi nent al
tenperatures above 200°C, significant antioxidant |osses
occurred. Mich Dbetter shelf |I|ife predictions can be

obtained by collecting data at |ower tenperatures. And the
inflection point on the activation energy plot corresponds
to the antioxidant volatilization tenperature.

These and other recent results will be presented to
illustrate the utility of this versatile test.
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| NTRODUCTI ON:

W have previously studied the wutility of the
oxi dative induction test applied to many of the nedical
polymers (1). It was found that in nunerous cases, if a
cl ear induction point can be found, inportant insights can
be generated on polyner stability, antioxidant fornulation

ef fectiveness, as well as in product and process
performances. In this study , we will continue by exam ning
several systens in further detail in the hopes of gaining
additional information about optimzing the product or
process.

EXPERI MENTAL:

ASTM Procedure D3895-80 is followed in the main,
except air is used instead the pure oxygen, and both the
i sothermal oxidative induction tinme (OT) and tenperature
scanni ng i nduction tenperature were used.

The oxidative induction test was conducted on a Dupont 1090
thermal analyzer with 910 differential scanning calorinetry
(DSO) cel |. Normally this test has two nodes of
measurement, that is, oxidative induction tenperature and
oxi dative induction time. Oxidative induction tenperature
neasures the onset of auto-oxidative reaction while the
tenperature is scanning at a preset rate. For this node
of testing, wusually a thin and flat specinmen, typically
about 2 ng or less, was prepared and placed in an open
al um num sanple pan and secured on the thernoelectric disk
of the DSC cell. The sanple was then scanned at a rate of

200C/ min from anbient to 3000C or higher in an air purging
stream of 100 m/mn. The second nethod, the oxidative
induction time, is a relative neasure of the degree or
| evel of stabilization of the material tested. The specinen
preparation is the sanme as in the continuous tenperature
scanning method, except for scanning in a nitrogen gas
environment to the preset isothermal testing tenperature.
Once tenperature equilibrium has been established, the
controller automatically switches purge gas to air or
oxygen at the sane purging rate. The changeover point to
air or oxygen purge is taken as the zero tinme of the
experinment. The oxidative induction stability of tested
sanples is assessed by nonitoring an abrupt exotherm or
endot herm departure from the baseline as indicated by
figure [1] (2).
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Fi gure 1, OT tracing from Differential Scanni ng
Cal orineter.

Oten, if the reaction follows a sinple zero order
kinetics, induction tine neasured at various tenperatures
can be used to construct an Arrhenius plot, expressed as

log(OT-1) versus T-1, to obtain information on the
oxidation reaction kinetics. Mathematically, the rate

const ant K, which is proportional to OT1l my be
expressed in the Arrhenius form as:

K=Koe( - DE/ RT) (1)

where Ky is the pre-exponential factor, DE the activation

energy of the reaction, Ris the gas constant, and T is the
absolute tenperature in degrees Kelvin. The slope of the

log Kvs. T1 plot is then the activation energy divided by
R.

Specinens less than 100 mcrons in thickness were used
t hr ough out this st udy to ensure honogeni zat i on.
| nhonbgenei ty coul d result in mul tiple oxi dative
transitions ,therefore, it should be avoided. |nhonbgeneity
usually arises from skin and core of nolded sections,
spatial variations in conposition or thermal histories.
Wth thin sections and snall sanple sizes, all of the
i nhonogeneities are likely to be resol ved, and
differentiation of skin and core, thermal histories made
possi bl e and neani ngf ul .

PVC FORMULATI ONS

Pol yvinyl chloride is a unique polymer providing wde
property spans in the nedical field by sinply adjusting the
| evel of plasticizers in the fornulation. In selecting
different base polyners, the intrinsic stability of the



neat polynmer is an inportant consideration. The intrinsic
stability arises from the perfection of the polynmer main-
chain, head to head additions, degrees of unsaturation and

is minly a function of the polynerization process
condi tions during manuf act uri ng. Si nce vari ous
inmperfections wll lead to greater tendencies toward
degradation and the formation of impurities and

extractibles, it is inportant for medical applications to
mnimze them

The degradation of the PVC is primarily a cationic
dehydrochl orination chain reaction [Eq. 2], and nost
stabilizing schenes are directed toward the elimnation of
labile reaction sites and the sequestization of the
hydrogen chloride as soon as it is produced to avoid
further catal yzi ng nei ghboring groups.

[-C C G G ]l p---5-CCCC]ln+2nHd (2)
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In a study to conpare suspension PVC resins from
different suppliers. W noted that based on various
factors, for exanple, polynerization tenperature, size of
the reactor and agitation, type of initiator and suspension
agents, and degree of conversion and whether chain transfer
agents are used to control nolecular weight, various chain
ends and chain inperfections would be created ( Figure
[2]). These factors should lead to neasurable differences
in the oxidative induction tine.
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Fi gure 2, Suspension PVC Chain ends, Ref (3).



As reported in the earlier study, the dependence of
the PVC thermal stabilities neasured as OT was found to
exhibit a rather sharp maxi num respect to the concentration
of the primary stabilizer, a Calcium Zinc stearate at about
0.2 phr or about 0.13% for the system studied, while an
extrenely linear relationship was found for the secondary
stabilizer, in this case an epoxidized oil (Fig. [3]). In
summary, the PVC stability function spanned a three
di nensi onal design space schematically depicted in Fig.[4].
The wutility of graphs such as Figure [4] in polyner
stabilization system devel opnent is readily apparent.
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Base (neat) PVC pol ynmer powder do not exhibit a sharp
O T onset. However, a sem-mcro scale solution formulation
of PVC, calcium zinc stearate, and plasticizers wth
epoxydi zed oil was found to sinulate PVC conpounds
produced on large scale mxers and nelt extrusion Ilines



Briefly, i denti cal formulations as in a comercial

formulation was replicated in a fractional gram scale,

except a solvent tetrahydrofuran was used to solution blend
all ingredients. After the solvent has been thoroughly
renmoved in a vacuum oven, the resulting film was nade nore
honmogenous by repeated fol ding and conpression nolding at a
relatively |low tenperature of about 180° C. The O T data
at 230 °C are show in Figure [5] wth the standard
devi ati on shown as the error bars.
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Figure 5, PVC Resin Stability Conparison

Figure 5 also conpares the fornulation stability from
resin supplier A prepared by two nethods, the sem-mcro
| aboratory method and a large scale extruded film The
slightly extended induction tine from the |aboratory
sanple clearly indicated the |less extensive thermal and
shear history conpared wth extrusion. However, t he
significantly greater standard deviation also reflected
| ess honpbgeneity. In a simlar way, one can state that
resins from suppliers B and C are significantly nore stable
i nherently w thout going through a |arge scale conpoundi ng
and extrusion step.

In anot her series suspension PVC powder from Supplier
A with different nolecular weights were simlarly conpared
for their inherent stability, and their OT at 230°C
plotted against the nolecular weight, or the nunber of
chain ends per unit volume. Wen the results in Figure [6]
were exanmined, it was noticed that the sanple at about 110K
dalton Mwv exhibited an anomalously high stability as the



one woul d expect from the concentration inperfections form
chain ends. However, an inquiry into the PVC manufacturing
process revealed that for this polynmer, the nolecular
wei ght was controlled by the addition of a chain transfer
agent. Since the chain transfer agent would invariably
"cap" the reactive chain-ends, enhanced inherent stability
was achieved. This exanple clearly revealed that when a
series of polyners of simlar conpositions were conpared
under identical conditions, very subtle, often chemcally
difficult to determne structural differences can be
obt ai ned by OT.
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Figure 6, Supplier A PVC OT vs Mv

In another series, PVC filns subjected to a standard
heat aging test were used. In the heat aging test, film
sanples were conditioned in a circulating hot air oven at
190 C for various times and the resultant color formation
is an indication of relative processing stability. In this
case ASTM test of yellowness index (4) was used as the
determ nation of color. The basis of color canme from the
cationi c dehydrogenati on degradation nechanism for PVC. As
hydrogen chloride is liberated from the PVC matrix, it
coordinates onto a neighboring tertiary carbon ( nost
reactive), formng a very stable allylic carbonium ion,
before elimnating another HO nolecule to propagate the
reaction. In so doing , a series of conjugated dienes (
pol y-enes) were forned. Since the O electrons on these
conjugated dienes can freely nove over the entire |ength of
the conjugated diene, an one dinensional electron well
resulted. As the diene increases in length, the energy
|l evel s and the absorption spectra of the free electron
begin to nove from UV toward the visible wavelengths. As
t he absorption spectra increase in intensity fromthe short
wave length direction, the originally clear PVC film



starts to appear yellow to dark yellow, orange, red, and
finally black as the degradation progresses.

When the yell owness index of these filnms were conpared
wth OT neasured at 230C, a very good correspondence was
obtained ( Fig[7]).

Not only one can uniquely determ ne the degree of the
degradati on conpared to the color formation as evidenced by
the fit of the data, subtle indications arising form the
mechani snms of the degradation are also evident. Figure [7]
clearly indicates that the degradation of the PVC proceeds

in three distinct phases.
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Figure 7, PVC QOT, COLOR CORRELATION

In the initial phase, significant induction tinme were |ost
w thout detectable <color formation. The second phase
indicated a nore or less |inear dependence of OT wth
color. And the final phase, as the stabilizer becom ng
exhausted and nunerous poly-ene sequences sinmultaneously
moving in fromthe ultraviolet, the color formation becones
exponenti al before total destruction. The first and initial
phase deserves further comrent. If, in the absence of
significant and detectable <color, extensive degradation
reaction can take place as neasured by O T, the consequence
on chem cal extractibles nust be extensive. This may offer
a rapid and effective screening nethod on chem cal and
| eachabl e testing.

In ternms of color formation, a sinplified nechanism
based on the poly-ene sequences can be fornul at ed.

POLYCLEFI NS



Due to their inherent cleaniness and cost/ performance,
pol yol efins are desirable nmedical polynmers. Since these are
the polyners the original OT test were established by
researchers in the Bell Telephone Laboratories, we are
taking a nore detailed examnation on the effectiveness.
Guganus(5) discussed the lack of correlation between OT
nmeasurenments on polypropylene and long term oven aging
results. The oven aging results were obtained by onsets of
enbrittlement over up to 14 weeks of oven aging at 135°C
However, a close examnation of the data ( Figure [8])
indicated that only a single data point was out of place.
Wth the offending data renoved, the data fit inproved from
a correlation coefficient of 0.49 to 0.69 (figure [9]), a
remar kabl e inprovement indeed. Since the enbrittlenent
assessnent are known to be subjected to large errors, npst
of the data scatter in figure [8] was expected to have cone
fromthe oven aging test.
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This conbined with the very rapid nature( in mnutes)
of the OT test, would tend to re-affirm the value of the
OT as a early predictor of the long termaging results.

In many of the OT tests on polyolefin sanples we have
conducted, as the induction tine is plotted in the
Arrhenius fashion, a curious inflection in the activation
ent hal py was frequently seen at relatively hi gh
tenperatures. On the low tenperature side of the line, a
normal activation enthalpy is neasured. On the high
tenperature high of the inflection, an anonal ously higher
activation enthal phy is neasured. W speculated that the
increase in apparent degradation rate is the volatilization
of antioxidants at these high tenperatures. For exanple, a
highly stabilized structural polypropylene, the inflection
occurred at 2.06 on the 1000/K scale, or about 210 C
(Figure [10]).
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Figure 10, PP O T vs. 1000/ K

However, since the stabilizer package is not known, we can
only suspect but not attribute the observation to the | ost
of antioxidants. In a simlar series where we have
specifically conmpounded 0.1% of | rganox- 1010 (7)
ant i oxi dant in high density polyethylene (HDPE), an
inflection point is clearly visible at about 2.015 x10-3 or
200 C. Below 200C, an activation enthal py of about 20 Kcal/
nole is seen, while above 200C, a nuch higher activation
ent hal py of about 60 Kcal/nole was seen. Bair(6) had



publ i shed rate of volatilization of I|rganox-1010 determ ned
by thermal gravinetric analysis. Indeed, if one replots the
data from the reference as a function of tenperature, a
strong upturn is seen at about 200 C (Figure [11]).
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Fi gure 11, Phenonic Antioxidant Volatilization

Based on this we can conclude that these high tenperature
OT inflection points are npst probably caused by
ant i oxi dant vol atilization. Fol | owi ng this line of
reasoning, O T data neasured below the inflection, those
free fromthe |loss of antioxidants should be used for |ower
tenperature property predictions.

In a simlar way, a polypropylene sanple with Ethyl-
330 antioxidant was found to have a deflection at about
190C.

POLYESTER ELASTOVER

Pol yester thernoplastic elastonmers (TPE) based on
pol ybutyl ene terephthalate (PBT) hard segnent (8) and
tetranethylene ether (PTMD soft segnents constitute an
i nportant class of nedical elastoners because of their wde
property range, solvent bonding capability, oxidative
stability and processing ease. In a series of experinents
film sanples of 40D hardness were prepared on a 11/2 inch
| aboratory extruder at simlar processing conditions but at
varying thicknesses. Fi gure[12] presents the OT
activation enthalpy plot of two of the filns. Both the 100
mcron (4 mls) and 200 mcron (8 mls) film exhibited
identical activation enthalpies, indicative of identical



chem stry. A two |layer conposite of the thinner film also
exhibited identical OT of the thinner film This indicates
that the sanple thickness of the OT sanple is not a
primary variable for the induction tinmes neasured. However,
between the two set of data, there was about a three fold
difference. An inquiry into the details of the film
extrusion process revealed that the thinner film was
processed at slightly higher tenperatures ( 193°C vs.
175°C). However, tenperature alone could not account for
the magnitude of the observed O T discrepancy. It was
concluded that the residence tinme in processing the thinner
film nust have been significantly longer than the 200
mcron film In other words, Figure [12] maps out a tine
tenperature envelop for processing this particular polyner
wi thout significantly depleting the antioxidant package.
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Figure 12, Pol yester TPE Processing

SUMVARY:

In this continuation of an earlier study, we have
exammined in detail the application of the oxidative
induction test to nore polynmer systens in the nedical
i ndustry. In the case of flexible polyvinyl chloride (PVC,
subtle effects of chain perfection were detected by using
identical fornulations. For polyolefins, it was found that
a high tenperature accelaration of the oxidation originated
from the volatilization of antioxidants. And in conparing

OTs from a polyester thernoplastic el astoner, t he
processing tenperature and residence tine conbination was
identified as the principal variable in mnimzing

processi ng degradati ons.

REFERENCES

(1) L. Wo, Mchael T. K Ling, and E. K Chan, Journal of
Vi nyl Technol ogy, vol. 13, No.4, p. 199 (1991).
(2) ASTM Standard D3895-80.



(3) T. Hertberg,and EE M Sorvik, J. Mkronol. Sci.Chem
Al7(6), 983, (1982).

(4) ASTM Standard Vol. 8.01, D 1925-70.

(5) F.GQuganus, Pr oceedi ngs of Pol yner Stabilization
Synposi um Manchester, Engl and, 1985.

(6) H E. Bair, Thermal Characterization of Polyneric
Materials, p. 869, E. Turi Ed., Academ c Press, New York,
(1981).

(7) Trade Mark, Ci ba Ceigy.

(8 N R Legge, G Holden, and H E. Schroeder, eds,
Ther nopl astic El astoners, Hanser Macm | | an, New York,
(1987).




