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Several common polymeric materials, including low-density

polyethylene, polypropylene, polymethylmethacrylate and poly-

styrene, were subjected to small amplitude cyclic flexure in

a simulated marine environment, and changes in crystallinity

and molecular weight were monitored by various means, including

dilute solution viscosimetry, melt viscosimetry, stress-strain

measurement, and wile-angle X-ray diffraction. Low-density

polyethylene was further subjected to cyclic flexure in other

environments in order to compare degradation rates therein to

that in marine water. The polyethylene resin tested was treated

by a variety of surface-modification techniques including

surfactant absorption, radiofrequency glow-discharge exposure

in air, post-treatment with diacid or triisocyanate to form a

cross-polymerized coating, and surface irradiation with partially-

shielded 500 keV electrons. Modified polyethylene surfaces were

characterized quantitatively and semi-quantitatively by tensio-

metry of treat solution and by examination of the surface under

ATR 1R and ESCA spectroscopy. Electron dosage was monitored

by gel content and cellophane dosimetry. Treated polyethylene

samples were then subjected to small amplitude cyclic flexure

in simulated marine water, and wide-angle X-ray diffraction

results indicated that each treatment method studied caused

retardation of degradation; however, the relative effectiveness

of the various techniques varied greatly.
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INTRODUCTI ON

One of the classic problems of materials engineering has been that of corro-

sion or degradation of mechanica1 performance through adverse chemical interaction

with the environment. A broad range of remedies has been applied over the years

to this problem, including the development of special impermeable coatings arid

bulk substitution by new materials with superior intrinsic resistance to the

corrosive agents in question. In recent years, various polymeric and composite

materials have been quite successfully employed to combat performance loss due

to corrosion.

There are limits however, even.to this approach, for even such relatively

inert polymers as po1yethylene suffer significant degradation, with consequent

failure of performance, when subjected to vigorous mechanical working in an ac-

tive chemical environment. An important case of such an environment is saline

water, which readily attacks aluminum and steel, and rapidly tarnishes brass.

Marine water also attacks, albeit more slowly, many important polymeric resins

such as polystyrene PS!, polypropylene  PP!, polymethyl methacrylate  PMMA! and

polyethylene  PE!. In the last decade, several workers  Jacobs, 1968; Hamner,

1966; Demchi k, Mandel'l, McGarry, 1973! have conducted studies on the degradation

of several resins in marine environment.

In the usage adopted here, "corrosion" is defined as chemical reaction  e.g.,

oxidation! of elemental metal, with consequent deviation of performance from de-

sign specifications. "Degradation" implies a breakdown of chemical structure;

for polymeric materials, such breakdown usually results in a loss of molecular

weight or undesirable change in some other property, e.g., crystallinity.

The aim of this research was twofold;  a! to establish baseline degrada-

tion behavior in seawater and in other environments for several major resin

classes  PE, PP, PS and PMfiA were studied!; and  b! to evaluate several classes
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of surface modification techniques as inhibitors of seawater-promoted polymer de-

gradation.

Alternative surface-modification methods studied reviousl

The variety and ingenuity of the various surface-modifications that have

been tried on polymers are almost endless. The primary motivation for this broad

exploration lies in the fact that alteration of the physical properties of a rel-

atively thin surface region leaves the vast majori ty of the total bulk of the

sample unaltered. In this way, the bulk phase and surface layer can be optimized
for different, often mutually exclusive operating parameters. The more important

procedures a]ready well-characterized include CASING  crosslinking by activated
species of inert gas!, radiation grafting, surface fluorination, and surfactant

adsorption followed by cross-polymerizing posttreat. Newer methods explored in

this work include partially-shielded high-voltage electron-beam bombardment and

glow-discharge plasma exposure followed by cross-polymerization posttreat.

CASING has been extensively studied by Schonhorn and Hansen; they used a

variety of working gases, including helium, argon, neon, hydrogen and nitrogen.

These species were excited usually in a radio frequency glow discharge or "cold-

plasma" environment, and allowed to come in contact with a polymer surface. A
thin crosslinked skin would then be formed for those polymers possessing a weak

 low-molecular-weight or unbranched! surface region. CASING was not found to

be effective on polymers  e.g., elastomers! already having a strong surface re-

gion  Schonhorn and Hansen, 1967!. The beauty of this technique lies in the
formation of a highly crosslinked surface region without materially changing

either bulk properties or such surface properties as wettabi lity and surface

conductivity.

A different process involves exposure of a polymer substrate to an element-

al fluorine stream  Lagow and Plargrave, 1974!. Depth of surface modification is

controllable by adjusting the exposure time, and the extent of fluorination of
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the treat region is essentially complete. Thus, one obtains a teflon-like region

on the surface of polyethylene. Lagow and Margrave studied a variety of additive-

free resins including amides, nitriles, aromatics, phenolics and branched hydro-

carbons, as well as PE. In each case hydrogen or hydroxyl was replaced with

fluorine; nitriles and carbonyl groups were found to be untouched, while aromatic

rings were fully saturated.

Llse of a helium-fluorine "cold plasma" to achieve formation of a teflon-like

coating on polyethylene is currently being studied by Anand et, al., at MIT. Infrared

 ATP,! and ESCA analyses clearly show formation of a C-F bond in high abundance

using a 5'X F2, 95%%u H   / ! plasma stream at around 10 cc/min and Q.l mm Hg.
e v

Radiation grafting consists of exposing a substrate to ionizing radiation

e.g., X-rays, electrons, gamma rays, alpha particles, ultra-violet, etc., while

passing a stream over it which consists of monomeric or polymeric species posessing

desired chemical moieties. Depth of treat is largely a function of dosage depth

and the swelling power of the grafting stream in the substrate polymer. St~eam

component molecules or fragments are actually "grafted" onto the backbone  us-
ually carbon skeleton! of the substrate  Ceresa, 1965!. Both radiation grafting

and fluorination bridge the gap between strictly surface-modification and actual

bulk alteration, since both have highly controllable treat depths.

A newer treatment method was explored by Ericsson and Lac ergren �971! and

pursued further by Lagergren, Qlsson and Swedenborg �974!. The abject was to

render polymeric biomaterials non-thrombogenic, and the 1971 work developed a

process in which a cationic surfactant was adsorbed onto the substrate, thus

providing binding sites for heparin. Heparin   a non-thrombogenic agent! was
allowed to bind onto the cationic surfactant si tes and was then crosslinked or

cross-polymerized to retard desorption in the blood environment.

The initial adsorption step was found by these workers to be a function of

substrate polarity and additive content. Also, the strength of the sorption is
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a function ot hydrocarbon chain length. An optimization between fast tail dif-

fusion into substrate bulk  short chain length! and low desorption rates  long

chain length! was found to be at about 16-18 carbon atoms. 8est substrates for

such adsorption were found to be additive-free and nonpolar. Semicrystalline

polymers such as PE also were found to be suitable. This method proved very

encouraging for biomaterial application; thrombogenic activity of treated shunts

in fresh blood was decreased by a factor of 50 to l00, as monitored by time re-

quired to become clotted over.

The present research extended the Lagergren-Olsson-Swdenborg surfactant-

adsorption concept to the problem of protecting the polymer substrate from the

fluid medium, the opposite case from that of the previous work. The idea was to

expose the polymer surface  low-density PE in the present work! to a dilute so-

lution of molecules which would probably physisorb onto the PE surface  see Fiq. la!,

and at elevated temperature, undergo diffusion of the long aliphatic "tail" into

the PE surface zone. Subsequent cooling of the PE + LDE surface to room temper-

ature would sterically anchor the LDE molecules against desorption, and the polar

"head" moiety would protrude into the polar aqueous phase above the PE surface.

The second step in this modification process would be cross-polymerization

with polyacid  to obtain polyester! or with polyisocyanate  to obtain polyure-

thane!, as shown in Fig. lb, The polyurethane should be more stable against

hydrolysis than polyester, but polyisocyanates are more difficult to handle  e.g.
they cannot be used in an aqueous system!. The cross-polymerization agents shown
in Fig. lb are representative, and were also the actual ones used in this work.

Two other relatively novel surface-modification methods were also studied,

namely partially-shielded high-voltage electron beam bombardment and radiofre-
quency plasma exposure in air followed by cross-polymerization posttreat with
diacid and triisocyanate. /1uch exploratory work has been done on the bulk ir-

radiation of various substances, including PE, with high-voltage electrons.





Good reviews on the topic are Harmer and Ballantine �971! and V.L. Lanza's

chapter in the anthology Cr stalline Olefin Pol ers �964!; both discuss elec-

tron-beam irradiation as well as treatment with other forms of ionizing radiation.

The area of plasma treatment is newer; work most relevant to the present

study is covered in Hollahan �969! and in a patent by Baird et al  Pat. No.

3,870,610; 1975!. Schonhorn, Ryan and Hansen's work �969! concerned CASING

rather than chemical modification, although they used an 02 glow discharge.

Battell Memorial Institute carried out in 1970-71 a study of scaled-up plasma-

treatment processes on polyolefins and other substrates in air and in selected
-4gases, and at a range of pressures down to 10 torr. The present study was

limited to air at 1.0 torr.

The present study extended the bulk high-voltage electron-beam irradiation

to a surface technique by partially shielding the polyethylene from the electron

beam, thereby achieving a half-thickness  at which radiation dose is 50% the sur-

face value! of less than 100 micrometers. The result is similar to that ob-

tained by the CASING process, namely a highly crosslinked surface shell around

an unaltered bulk region, Plasma treatment work first optimized the oxidation

and nitrification level of the surface  as monitored by ATR-IR and ESCA! and

then subjected the plasma-treated surface to a diacid and a triisocyanate to

form a cross-polymerized surface skin akin to that obtained by radiati on by

grafting  but avoiding the expense and hazard of high-energy radiation!.
To recapitulate, the present surface-modification work concerned itself

with the objective of demonstrating the effectiveness of several novel surface-

treatment methods for retarding seawater-promoted degradation of polyethylene,

Among those methods tested were  a! LDE adsorption followed by formation of

urethane or ester cross-polymerized surface networks;  b! exposure to radio-

frequency cold-plasma in air followed by the posttreat used in  a! above; and

 c! irradiation of a surface skin by partially-shielded 500 keV electrons. Each



method was found to be effective in retarding degradation, for different reasons.
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EXPERII'1ENTAL

Surfactant adsor tion ex eriments on ol eth lene owder.

In adapting the method of surface treatment developed by Lagergren and

Eri csson �971! to the conditions imposed by this research, the major problems

to be solved included the choice of surfactant, the selection of an appropriate

method to detect successful adsorption of surfactant, and determination of the

appropriate reaction to be performed on the adsorbed surfactant.

The adsorption studies focused on low density polyethylene as the polymeric

substrate and water as the solvent. To maximize adsorption the hydrophobic

tail of the surfactant should be "polyethylene-like" i.e. consist of methylene

groups.; in this way the polymer would "see" no difference between surfactant

tails and polymeric chains. The tail must have sufficient length to firmly

anch;r the surfactant in the polymer; a tail which is too short would have too

great a mobility to hold the surfactant in place, whereas one which is too

long requires excessive heating for adequate diffusion. The "ideal" length

was thought to be  Lagergren and Ericsson, 1971! 12-16 methylene groups.

To achieve an effective coating for the polymer, the hydrophilic head of

the surfactant is required to remain on the polymer surface available for further

reaction. A head which is polar would associate with the water, a polar solvent,

rather than the methylene groups of the polyethylene, thus remaining on the

polymer surface.

The achievement of a continuous skin for the polyethylene depends an a re-

action of the surfactant head with a monomer or prepolymer. Using a bifunctional

surfactant head would allow chain propagation along the polymer surface with a

bifunctional monomer as reagent. Alternatively, the use of a monofunctional

surfactant would require reaction with a prepolymer, later undergoing polymeriza-

tion, to result in a skin coating. Finally, the surfactant must be water sol-

uble.



Lauric diethanolamide  C11H23CON C H OH! ! was chosen mainly due to its
availability. The commercial product used was NINOL AA-62 EXTRA, obtained from

Stepan Chemical Company. The properties of 1auric diethanolamide are given in

Appendix I.

The methods to detect surfactant adsorption included quantitative as well

as qualitative determinations. gualitative methods involved staining the sur-

factant-treated polyethylene surface for the surfactant. The slightly basic

amide group in lauric diethanolamide could be detected with a water soluble

acid dye, Specifically, "Woodstain Scarlet" from E.I. duPont de Nemours and

"Pylam Rose Fink" from Pylam Products were used as stains. Untreated polyethylene
had no affinity for either stain and thus remained uncolored. The staining

procedures would show that some surfactant was tightly anchored in the polymer

even after vigorous washing.

The quantification of surfactant adsorption was accomplished by monitoring

the surfactant concentration in the remaining solution. Preliminary calcula-

tions  Appendix III! showed that 6.352 x 10 mo1es of surfactant could be ex-

pected to be adsorbed by one gram of polyethylene powder. Therefore any quan-

titative determination of concentration wou1d have to be extremely precise and

sensitive. The method of monitoring the surfactant concentration in the remaining

solution provides an upper bound to the surfactant adsorbed as a portion of lauric
diethanolamide removed from solution could be associated with the polymer sur-

face and not strongly adsorbed.

Surface tension measurements of the solution provided the link to solution

concentration; a surfactant significantly lowers the surface tension of water,

even when present in very low concentrations. The surface tension determinations
were sensitive to the amount of surfactant present as well as to the small changes

in concentration occurring upon adsorption.

Interpretation of the surface tension data required establishment of



a calibration curve relating the surface tension to log concentration of surfact-

ant  Appendix .IV!. Solutions of the surfactant in water were made up to known

concentrations in the range from 1 x 10 M to 1 x 10 N and the corresponding

surface tension measurements were made at room temperature �2 C + .5 C! using

a du Nuoy ring tensiometer.

Powder samples to be used in the dasorpti on runs were prepared by grinding

5 mm x 5 mm chips at liquid nitrogen temperature and sieving out the fine frac-

tion of largest dimension < 200 microns. The fines thus obtained were washed

with methylene chloride and acetone to remove organic contamination, and floated

on distilled water to remove heavy insolubxe particles, e.g. from the grinder.

Surface area was determined by the BET method, which makes use of the BET

Equation:

= � + :!   � !P 1 C-1 P
V -P VC VC P

m m o

where V=STP gas volume  krypton! adsorbed on powder, P=pressure on-sample when

Y cm or krypton has been adsorbed, P =vapor pressure at sample temperature,3
0

Y =volume of a monomolecular krypton layer on sample, and C=a constant dependent

on the heat of adsorption of krypton on sample. Use of a sufficiently large

sample enabled the specific surface area to be determined to about + lX. The

value found was roughly twice that predicted from a smooth-sphere model of the

mean diameter noted by microscopic inspection; hence about half of the area is

thought to be accounted for by pores and cracks on the particle surfaces.

In the LDE adsorption experiments, a 5.00g sample of powder was cha~ged to

a reflux apparatus containing 300 ml of LDE solution of the concentration being

tested. The ref luxer was immersed in a large   10K! water bath kept at the re-

action temperature. Adsorption runs were performed at 82'C 87'C, 90 C and 92'C.

Ten-milliliter solution samples were extracted from the ref luxer at various times

of interest, and the surface tension at ambient temperature was measured on a
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Cenco-DuNuoy 70535 ring tensiometer using a platinum ring of precisely known

circumference. The 10ml samples were then re-charged to the ref luxer. The re-

f luxer was vigorously stirred to maintain a high degree of mixedness of the powder

and solution phases, but allowed to settle completely before samples taken for

tensiometry. The adsorption runs were terminated after 70 to 75 hrs, to insure

that equilibrium had been achieved at the powder surface.

To evaluate the importance of desorpti on from the PE, treated powder samples

were immersed in distilled H20 for up to 14 days. No LDE was detected in the
water by either tensiometry or staining with Pylam Rose Pink dye, suggesting an

upper limit of 9 x 10 ~mol/hr for desorption as 20'C  i.e. negligible!.
Raw surface-tension data were converted to LDE concentration data by use of

the calibration curve in Appendix IV. In the initial adsorption studies, done

in the absence of ESCA facilities, it was found that the most sensitive monitor

of LED uptake was solution phase surface-tension increase; this restricts the

LDE concentration to values at or below critical mi celle density �.55 x 10 tII!
-6and above about 3.35 x 10 M. The linearity of the sur face tension vs. log con-

centration curve affords easy conversion of tensiometry data to concentrations.
From the concentration difference obtained and knowledge of total moles of LDE ini-
tially present, total LDE uptake is found. Plotting moles of LDE adsorbed against re-
flux time, and determining the slope of this curve at given times, gives adsorption-
rate data vs time. The general rate equation governing LDE adsorption can be repre-

sented by
dn
d = kSC

where n =males LDE adsorbed per unit area, C=LDE solution concentration, k is the

concentration-independent rate constant and S is a quantity known as the sticking

coefficient.

This last value is invoked for the following reason. Due to the molecular



-12-

nature of LDE and of LDPE  low-density po'Iyethylene! the adsorption mechanism

appears to cons~st of relatively rapid physisorption of the aliphatic LOE tails

onto the PE surface, followed by a much slower thermally-promoted diffusion of

these tails several molecular layers into the PE bulk, leaving only the hydrophilic

dial-amide moieties at the surface. This two-step process is best represented by

a precursor model, where the fraction of LDE collisions with the PE surface re-

sulting in prolonged  i.e. inelastic! contact is included in a value known as the

sticking coefficient, S. The sticking coefficient is related to T and the cover-

age; by

S = k exp  -E/RT! f  n !

where k =constant, E is the activation energy and n is related to n by
s s

s s
n 0

s mPEAPE

where 0 molar "packing area" of LOE, APE = the surface area per gram of PE, and

mpE 5 000 g

One can obtain ns from the relation

V
soln  C -C!

"s mpEApE 0
dn

s

where C -initial solution concentration; dividing dt by C gives the kS product.

Plotting this last quantity against n yields curves whose shape reveal the sort
s

of adsorption mechanism invoIved.

Other interesting properties can also be found if the adsorption is allowed

to proceed to equilibrium. The isosteric heat of adsorption q can be obtained

from equilibrium LDE concentration Ceq by

~~Bin Ce ~ 0

3   /T! coverage1
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in the fashion of an ordinary chemical reaction. This expression can be derived

from Kipling's �965! similar formula involving the activity, a, of adsorbate I DE

in solution. For dilute ideal solutions, ln Ceq approaches ln a, and Kipling' s

formula reduces to the above form. Ceq at constant coverage is obtained from a

plot of Ceq vs n . which yields the adsorption isotherm.
s
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Surface modification of ol eth lene sheet b various techni ues.

Several major surface-treatment processes were studied in this work:  a!,

LDE adsorption from aqueous solution;  b!, LDE adsorption followed by posttreat-

ment either with a dilute toluene solution of DN]00  a triisocyanate! or with a

dilute aqueous solution of adipic acid  AA!;  c! irradiation with 500 keV electrons

either on a surface skin or isotropically through the sample bulk;  d!, exposure

to a radiofrequency glow discharge  " plasma" ! at 1.0torr �35 Pa! in air and  e!

plasma exposure folio~ed by posttreatment either with DI'1100 or AA, in dilute

toluene or aqueous solution respectively. D<1100 is a biuret trimer condensation

product derived from hexamethylene diisocyanate and water; ti is essentially an

a'Iiphatic tri-isocyanate containing a biuret moiety and is marketed by Nobay Chem-

ical Co. under the name Desmodur N-100. Appendix I contains chemical formulas

for LDE, 08100 and AA; Appendix II details relevant physical properties.

In order to adsorb LOE onto PE sheet, the LDE solution must be ref luxed at an

elevated temperature near 90'C. The powder adsorption studies suggested that in

order to assure complete LDE tail diffusion and equilibrium adsorption conditions

at the surface, the solution should be refluxed for about 70 hours at 90 to 92'C, at
-5

an LDE concentration of 8.32 x 10 N. As in the powder-adsorption apparatus de-

scribed above  see also fig. 2a!, a 10-liter hot-water bath was required to main-

tain constant, isothermal conditions. Fig. 2b shows the strip-adsorption apparatus

design. Strips of the test PE were cut to the 1" x 3" size �.54 cm x 7.62 cm!

accepted by the vertical flex tank, discussed later. A coolant-water   10'C!

stream was run through a 400 ml reflux condenser at about 200-250 ml/min. The

strips were encased in a special nickel-mesh holder, to prevent flotation, in a

charge of about 850 ml LDE solution, in a reaction kettle with 4-hole top. Ports

were provided for condenser, stir shaft, thermometer, and the fourth port was un-

used. As in the powder apparatus, glass wool insulated the walls ot the tempera-

ture bath. At 90'C, evaporation of bath fluid was a serious problem, and it was ef'fec-
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ti vely solved by use of a 3 cm layer of PE pellets at the bath surface and a tightly

wrapped aluminum-foil hood over the bath, through which only the immersion heater and

reaction kettle protruded. Using a thermostatically-controlled immersion heater,

temperature was controlled to within +0.5 C, as monitored in the LDE solution.

It was found that the pre-cut PE strips tended to suffer about 1-2R linear shrink-

age; this can be regarded as a practical drawback to this process if dimensional

stability is important. The LDE-treated strip usually showed little difference in

visual appearance from untreated strip, other than a very slight creamy or bluish

cast, and a noticeable warp.

DN100 Posttreats: The second step in the surfactant adsorption-cross poly-

meri zation process involved exposure to dilute dry toluene solutions of DM100 tri-

isocyanate at ambient temperature for times ranging from 2 min. to 24 hrs. The

chemistry involved can be summarized by the equation 3nR OH! + 2nR' NCO!2 3

 R'NHCOOR!n. Three concentrations were used, all based on the estimated molar

LDE uptake of a standard 1" x 3" PE strip with a unimolecular LDE skin; Appendix
-8

V outIines the procedure used to determine that each strip adsorbs 2.78 x 10

mole of LDE. Therefore, a perfectly stoichiometric reaction between all adsorbed
-8

LDE and DM100 from the surrounding solution would involve 1.85 x 10 mole DM100
-6or 8.87 x 10 g. This is to say that a unimolecular ly coated PE strip exposed

-6to a charge of solvent containing 8.87 x 10 g of DM100 shouldconsume all of

the polyisocyanate, if the addition reaction proceeded to completion. Adding

in an arbitrary factor of 1.2 to provide a small surplus of isocyanate  in the

event that untrapped moisture in the solvent had destroyed some of the water-

sensitive DM100 molecules!, a concentration unit, hereafter known as "R", was de-

fined to describe the DM100 solutions used on LDE-treated strip and on all other

PE strips. Thus, a total of 1. 06 x 10 g DM100, dissolved in a solvent charge

of 500 ml, yields a concentration of 1R=4. 44 x 10 M.  The standard solvent

charge per '1" x 3" strip was 50 ml.! Three concentration levels were used, namely
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1R, 100R and 10,000R  i. e., 4.44 x 10 M, 4.44 x 10 M, and 4. 44 x 10 N!. These

three concentration levels will be referred to as "L", "H", and "V", respectively.

The choice of solvent for DN100 became a tradeoff between low water affinity

and low PE swelling ability. Toxicity was also considered as a secondary factor

The solvent also had to be non-reactive to isocyanate; any hydrocarbon was svit-

able in this regard. Toluene was finally chosen, since it swells PE less than

benzene, and is less volatile than either benzene or hexane, and relatively non-

toxic. Acetone also is chemically compatible, but reagent-grade acetone has

roughly ten times the moisture content. Even the 300 ppm H20 content of the toluene

reagent used was enough ta destroy the "H" solution af 4.44 x 10 N DN100, sa it
0

was passed through a 20-cm column af 4A Linde sodium aluminosilicate sieves at

about 1 to 5 ml/min. ESCA analysis of strip exposed to thusly dried DM100 solu-

tions showed activity at the "L" concentration, hence the sieves apparently were

successful in bringing the H20 level down under 0.'l ppm.

The choice of DN100 was based on its largely aliphatic chemical structure,

its trifunctionality and its coamercial availability fram Mobay Chemical. As

mentioned above, it is a condensation product of 3 males hexamethylene diisocyanate

and 1 mole water, and is expected to be sterically more flexible than an aromatic

diisocyanate such as MDI, or methylene di-p-phenyl diisocyanate. This flexibility

is probably due to the flexible hexamethylene chains linking the biuret and urethane

junctions, and comprising the backbone of the elastomer network. The trifunctiona-

lity of DM100 offers an opportunity to form a two-dimensional cross-polymerized

network over the PE surface, while a difunctional isacyanate would only form a

series of linear poly-urethane chains with insignificant degree of branching. The

presence af an extensive two-dimensional molecular network would seem an important

part of an effective barrier to salt-ion diffusion across the PE surface.

To react the LDE-treated strip, DM100 was prepared by successive dilutions

in dry toluene at the "L", "H", and "Y" concentrations defined above. One-half



strip was immersed at ambient temperature in 25 ml of solution for each of a range

of times from 2 min. through 24 hrs. under gentle stirring. All reaction beakers

were tightly sealed against atmospheric moisture. A similar series of such beakers

were run at each of the three concentrations. !n addition, a set of control strips

which had not been LDE-treated were immersed in the identical manner in the dry

toluene solutions of "L", "H", and "V" concentrations.

After DN100 reaction, each sample was quenched in running distilled HZO for

about 30 sec., to destroy unreacted isocyanate still on the strip surface. Full-

length strips were prepared only at the 100-min. and 24-hr. times. The half-strips

i.e,, 1" x 1.5"! were analyzed by ATR-IR and ESCA. Selected samples had contact-

angle determinations done on them. Strips were then placed under rough vacuum for

a minimum period of 3-5 days continuous pumping  mechanical!, even then there were

toluene outgassing prob1ems during ESCA analysis. The pump was isolated from the

samples by a lO-12 cm column of molecular sieve as a safeguard against back-diffusion

of oil.

AA Posttreats: LDE-treated strip was also reacted with adipic acid  AA! in

order to compare the performance of a Polyester coating to the polyurethane coating

just described. The reaction can be summarized as: nR OH! + nR' COOH! > R'COOR! n

+ Zn H 0. Conditions were nearly identical, except that AA was dissolved in dis-

tilled water, which is easier to work with and poses negligible swelling problems.

Again, 50 ml of solution was used per strip; and the same total equivalent weights
-8

of AA per strip were used as in the DM100 experiments, or 3.34 x 10 mole AA per
-81" x 3" strip, or 1.17 x 10 mole AA per 1" x 1.5" half-strip. The actual con-

centrations obtained at the "L", "H", and "V" levels, then, were 6.67 x 10 M,
-5 -36.67 x 10 M and 6.67 x 10 N, respectively. Again, a duplicate series of un-

treated contro1s were also exposed to each concentration. Reaction times again

ran from 2 min, to 24 hrs. Reacted samples were rinsed for about 30 sec. in dis-

til1ed running water. Almost all strips run were the "half" size, and all were
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examined by ATR-IR. Selected LDE + AA strips also were observed by ESCA. Full-

size strips were prepared at 24 hours only, for flexure testing.

Plasma-treated stri : The above posttreat procedures for DM100 and AA were

repeated for strip samples exposed to a radiofrequency glow-discharge plasma. The
plasma was standardized at 1.0 torr   135 Pa! of air, with a flowrate of 2.0
cm /min atm  i.e. measured at P = 1 atm!. Power delivered to the plasma region3

was kept at 50W, for a power density estimated to be in the 3-4mbl/cm range. For3

an initial study, blank PE strips were plasma-exposed for times ranging from 0.1

sec to 200 min. For times longer than about 20 min, power levels higher than the

50M used tended to overheat  and melt! the samples. The other parameters were

suggested by the work of Hall, Westerdah'l et. al. �969!. The 6-min. samples
were chosen for posttreatment with DM100 and AA. Other samples were run at a high

�5 cm./min atm! flow rate.3

The plasma reactor used was a commercial model, the LFE Corporations's PFS/
PDE/PDS 501 with an operating chamber about 22 cm diameter by 37 cm long. At '1.0
torr the inductively generated 13.56 MHz discharge fills isotropically the entire

chamber; the samples were supported so that both sides received equal exposure.

After about two min., samples became noticeably frosty in appearance, probably due

to etching effects. Frosting is excessive beyond about 20 min. The discharge it-
self is a diffuse pinkish luminous region of static appearance when operating nor-

mally. About 8 full strips were reacted at one time; this allowed for wide spacing
between strips to insure free flow of plasma gases between them. Gas was injected
to the chamber by four rows of inlet ports spaced equidistant from each other a-

round the circumference. A single exit port opposite the access hatch was connected
to the pump. Figure 3 shows the layout of the LFE reactor as used in this work.
Plasma treatment was found to alter the PE almost to the extent of LDE treatment,

and in far shorter reaction time.
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Electron irradiation; A radically different approach from the above methods
was 1rradiation of the surface by shielded 500-keV electrons. Sheets of test PE
were mounted on a special conveyor wh1ch passed under a 500 kV electron accelera-
tor at the Cryovac Division, E. R. Grace 5 Co, Duncan, SC pilot plant. The beam
from this accelerator is about 4 cm wide and 60 cm long; the sample passed perpend-
icular to the long dimension and to the beam axis. Conveyor speed was 25 cm/sec,
for a dwell time 1n the beam of about 10 sec. Dosage received by the sample is
linear in both beam current and residence time  hence, number of passes under
beam!; dosages as low as 0.1 megarad �.0 NR = 10'/g or 10kJ/kg! were possible with
this system. Dosage levels of 2.0 MR, 0.6 NR and 0.1 MR were administered to three
large samples of test polyethylene; for the 2.0 NR sample the beam current was 4
ma and the sample was exposed for 8 passes or roughly 80 sec. For the 0.6 HR
sample, the same current was used. and exposure time cut to about 20 sec. The low-
dose sample was exposed for about 10 sec. at lma beam current. Fig 4a shows the
el ectron-beam irradi ati on layout.

Two independentmethods of monitoring dose were used. Cryovac has developed
a special blue-dyed cellophane which bleaches when exposed to radiation in a well-
characteri-zed way. The cellophane 1s prepared in 25 pm film, and this enables one
to stack layers of this film to any multiple of 25 pm thickness. Dosage is monitored
by determining the decrease of absorbance at the characteristic wavelength of the
dye chromophore. Using a stack of this cellophane, one can plot electron-beam dose
vs. depth in the stack, to a resolution of 25 pm. In this way, experiments with
varying thicknesses of aluminum foil shielding showed that 500 wm �.5 mm! of foil
blocked out all of the dose curve from the cellophane except a tail region, where
the dose was seen to drop to half its cellophane-surface value at a depth of 75 um
into the plastic  see Fig. 4b!. This was the desired dose profile, since the over-
all thickness of the polyethylene sheet was 1.58 mm or 1580 pm. With this sh1elding
in place, the exposure times and beam currentsmentioned above gave the desired sur-
face dosages of 2.0 NR, 0.6 NR and O.l NR.
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To obtain some idea of the extent of crosslinking that these measured dosages

actually generated in the test PE, gel-content measurements were done on samples

actually removed from various positions in the PE sheet's bulk. Chip samples

thus taken were refluxed in toluene for 24 hrs. and the non-dissolved residue

was vacuum dried under gentle heat for 48 hours. Totally un-dosed PE would show

zero gel content; totally crosslinked PE would show near 100% gel. The actual max-

imum gel possible at infinite dose tends to be less than 100'5; usually near 755
for LOPE resins similar to the test PE resin. For the 2.0 HR sample, surface

scrapings  sampling perhaps 100-150 pm of surface region! showed 1.0% gel; sim-

ilar samples from the center of the sheet. were un-gelled. These figures are con-

sistent with the cellophane-stack data  see Figs. Sa and 5b!. Since the detection

limit for reasonably small samples  i.e. 0.5g! is about 0.5% gel, the 0.6 I1R sample

was just at this limit, and the 0.1 NR sample well below it. The gel-dose curve

in Fig. 5b is insensitive to doses below about 0.7 NR. lt was thus necessary to

invoke the linearity of the dose vs exposure time and dose vs beam current relation-

ships to infer from the 2.0 l% sample data the probable dose profiles found at low-
er exposure times than 80 sec. The cellophane dosimeter also unfortunately becomes
inaccurate below about 1 NR; it was designed for industrial applications which lie

in higher dosage regimes.

The choice of beam voltage was strongly dictated by available industrial in-

stallations; Cryovac exclusively uses accelerators at or above 500 keV. The ideal
voltage is actually closer to around 150 keY, as seen in Fig 4b; the lower voltage
tends to yield a sharper dose-depth distribution. Below 150 keV, air resistance

severely degrades beam output at the sample surface for air pathlength generally
in use   5-10 cm!. However, the desired depth profile for this work was found to

be well within the capacity of the Cryovac 500 kelt machine, rendering thi s question

'Iargely moot.

Finally, bulk-irradiated strip was also tested; this work actually preceded
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the more involved surface-irradiation work as a pilot experiment. Dosages of

11,5 NR, 5.9 NR and 2,9 MR were utilized. Polyethylene dosimeters were used in
-1this work; here the 930 cm transvinylene IR band was quantitatively monitored

for radiation-induced increase in intensity. Again, gel contents were determined

and found to be consistent with the dosimeter data.



-26-

Accelerated testin of ol mer stri b c clic flexure.

Since in a typical marine environment, polymer samples would most likely be

subjected to a repetitive loading due to wave action, the dominant failure mode

is thought to be fatigue failure. This defined as "a reduction I by degradation]

of the ability of a [of a polymer] to withstand cyclic or repeated stresses."

 Perry and Chilton, p. 23!. In accordance with this reasoning, two cyclic flexure

systems were designed and built for this work, referred to hence forth as the ver-

tical apparatus and the horizontal apparatus.

The vertical c clic flexure a aratus designed by Garry was used as a way

to telescope a typical degradation time regime   years! to a more manageable range

  days!. As seen in Fig. 6a, torque from an adjustable-speed gearhead motor

system  a fluid drive was used for 400 rpm work! was converted to reciprocal

plunging action by a simple crank and lever arrangement with a so1idly anchored

fulcrum. The plunging action was conveyed to the test strips by an eight fold

plunger bar, which was carefully aligned to insure uniform amplitude across the

entire row of eight sample positions. Each 1" x 3" �.54 cm x 7.62 cm! strip was

firmly bolted into a special brass holder  fig. 6b! by the two short sides, and

the plunger pushed down on a 2.5 cm x 2.5 cm region at the strip's center. The

plunger geometry was intended to distribute the load reasonably broadly over the

entire flexed portion of the strip. Plunger amplitude when fully loaded with

eight strips was 1.0 mm with the original Garry 60 rpm motr. r system, and slightly

less �.6 mm! with the 400 rpm configuration, The difference was largely due to

design limitation imposed by the much more demanding high-speed load regime. While

PE was flexed primarily at 60, 70 and 400 rpm, most work on PP, PS and PEA was

done at 30 rpm.

The vertical apparatus used a 15-liter lucite tank sealed with silicone rubber.

For paralled baseline runs featuring salt water, distilled water and air environ-

ments simultaneously, lucite partitions were installed as shown in Fig. 6a. The
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tank was filled with about 7 to 7.5 liters of synthetic seawater  Aquarium Systems,

Inc.'s "Instant Ocean" salt formula was used as directed by the manufacturer!. The

entire tank and moter/flex arm assembly were braced to vertical supports extending

from floor to ceiling to eliminate plunger-induced slippage or "walking".

The original vertical apparatus was designed to be run at about 70 rpm or less,

that is, 70 cycles flex/min or less. This meant that flex-duration regimes out to

about 10 ' or 10 cycles were conveniently accessible, However, it became6.1 6.2

clear that much interesting flex behavior occurs beyond 6.1 or 6.2 log cycles

flex, so a higher-speed apparatus was constructed which used a larger motor and

and a Vickers fluid transmission infinitely variable over a speed range of 1800 rpm

backwards to 1800 rpm forward  with respect to the motor!. The use of high flex

cycling rates meant that flywheel effects and centrifugal tensions were to be-

come excessive at the crank end of the flex arm; as a result the entire shaft,

disk and crank assembly was cemented together as an intergral uni t after experience

showed that this measure was necessary. Even with these precautions, it was found

that flex-cycling rates higher than about 400 rpm required delicate balancing of

the entire flex-arm system, and it was feared that the bearings, already worn out

by continuous duty at 60-70 rpm, would fail altooether. Even so, at 400 rpm the

conveniently avaiIable flex regime extends out to as far as 7.0 log cycles flex.

To reach 8 log cycles would require 174 days vs. 17.4 days at 7 log cycles. High-

er cycling rates would have been the only practical answer � e.g. to 1800 rpm

 and even then it would require 39 days to reach 8 log cycles!. Thus it was con-

cluded that the point of diminishing returns in this respect was reached at about

400 rpm.

The Vickers transmission proved to be remarkably stable, when adjusted by

strobe to 400 rpm +0.3/, the drift in speed after 24 hrs never exceeded 1.5'X.

The plunger was capable of being leveled to +0.1 to 0.2 mm across its length;

when loaded fully with strips the actual leveling difference was evened out to less
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than 0.1 mm by the elastic rebound of the strips themselves. Assuming a roughly

linear relationship between flex amplitude and degradation extent for a given

number of flex cycles  for small amplitudes!, this implies an error of around

10/ or less in the total amount of, say, crystallinity loss measured. This

fortunately was smaller than the size of most retardation effects observed.

The horizontal flex a aratus  Figure 7! consisted of a standard bottle

shaking apparatus outfitted so that it will accept a 2.5 gallon lucite tank fill-

ed with sea water. Inside, on the bottom of the tank is a clamp for samples. The

samples can be of varying width and thickness but must all be approximately 12

inches long so that they extend out of the top of the tank. Above the tank and

shaker is a fixed apparatus to hold the ends of the samples. When in operation,

the ends of the samples are affixed to the moving bottom of the sea water tank

and to the stationary clamps above the tank, thereby achieving a gentle, repeti-

tive flexing of the samples. The frequency of the shaker was set at approximately

60 rpm for all tests. To inhibit evaporation, the tank was also fitted wi th a

cfear plastic top which did not interfere with the protruding samples. Finally,

the tank was also fitted wi th baffles to retard splashing and to promote moderate

circulation of the solution.

For all flex runs, the solution was constantly monitored to insure that a

specific gravity of 1.020 and a temperature of 20'C was maintained. Evaporation

occurring during the experiments was compensated for by the addition of distill-

ed water in such amounts as were required to keep the specific gravity constant.
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Characterization of modified ol er surfaces. Characterization of the mod-

ified surface layer poses especially difficult problems owing to its extreme thin-

ness, probably less than 100nm. Hulk analytical methods such as transmission IR,

NOR, visible/UV or X-ray diffraction tend to generate a signal whose surface-

region component is swamped out by the vastly larger bulk component. Related

techniques to the above which preferentially sample a surface layer of the sample

are ATR-IR, ESR, ESCA  X-ray photelectron spectroscopy! and X-ray fluoresence, As

mentioned above, ATR-IR and ESCA were both extensively employed in the effort to

characterize the results of the various surface-modification methods studied in

this work. The sampling depth of ATR-IR, as discussed in N.J. Harrick's book

�973! is of the order of the illuminating wavelength, i,e. several microns. This

is probably at least two orders of magnitude deeper than the LDE layer, for example;
-1

nevertheless, significant carbonyl signal does appear at 1720cm, which is absent

in blank polyethylene samples. However, the crass-polymerized DM100 or AA region
-1

must be thinner, as it appears only marginally  as a shoulder near 1620cm for
-10/1100, and a noticeable enlargement of the 1720 peak for AA!. The characteristic

sampling depth for ESCA signals is a function of the penetrating power of the soft

X-rays used to excite the sample, and of the ejected inner-shell electrons which

are electronically dispersed and counted in the detector. The value falls in the

10nm range, which is comparable to the expected depth of the LDE layer. Signifi-

cant signals do show up here; the N/0, 0/C ratios are all noticeably different for

posttreated LDE samples and LDE-only str~ps  the ls peak was used in all cases.!
All the above discussion, however, is based on the cavalier assumption of

the existence of a sharp, smooth PE boundary. Such is not the case. In reality,

there is a density gradient which varies from near zero  i.e. atmosphere! to 0.918

 the density of the test PE resin! in some small fraction of a micron. The grad-

ient effect is result of surface porosity and on a much smaller scale, the amor-
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phous molecular nature of the surface.

On a larger scale  i.e., microns!, the surface of the Garry resin is scoured

with fine milling grooves, and sti'll larger random scratches, pits and other deformitie

show up in the 10 to 100um size range. All of these irregularities degrade the spec-

ularity of reflected light, hence degrading ATR signal. ESCA is less affected by

this problem as it does not depend on optical reflection of the incident radiation.

Mhile ATR-IR is principally useful in qualitatively characterizing the chem-

ical moieties present in the surface region, ESCA sheds light on elemental abun-

dances for atoms possessing inner shells  e.g., C,N,O!, and some degree of chemical

information is obtainable from examination at hi gh resolution of element-peak shifts.

Hence the two methods are somewhat complementary. In this research the principal

advantage of ATR-IR over ESCA was the ease of obtaining spectrograms. ESCA re-
-8 -6

quires a high �0 torr or 10 Pa! vacuum, necessitating elaborate procedure and

posing a significant sample-processing bottleneck, since about two full days are

absorbed in the complete operation, from loading to reloading of specimen chamber,

for only about a dozen samples. At least 4 or 5 times that number could be processed

in fast-scan mode on IR, using the available micro-ATR module and a Perkin-Elmer

grating instrument, in those two days.

Given the circumstances of the modified surface layers encountered in this re-

search, it was found that ATR-IR was best used to qualitatively characterize broad

classes of surfaces; e.g., all the PE + LDE surfaces, all the PE + DM100 samples,

and all the PE + plasma exposure surfaces. Each of the major categories, including

the above ones and PE + AA, PE + LDE + DM100, PE + LDE + AA, PE + plasma + DM100,

and PE + plasma + AA, were all discernible from one another, if only barely in

several cases. To obtain such information as concentration effects and time de-

pendence of reaction extent, ESCA was used to monitor the 0/C, N/C and N/0 ratios.

The N/C ratio was found to show the greatest sensiti vity to class of surface and

ta the more detailed rate and concentration phenomena. Rough conclusions as to
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kinetics thus seem possible if these reactions are carried out a variety of temp-

eratures so as to obtain information about thermal behavior.

Mention should be made of error sources and their importance. ESCA element-

al abundances are calculated from peak-area ratios on the same sample location

at the same machine settings; the detector has a built-in error, conservatively

estimated at 10/ to 20% but typically found to be closer to 5X or even less. Added

to this is the problem of determining baselines, which can be a small error source

 -1%! for large, noise-free signals, but major  -50% or more! for faint, broad

peaks  such as N ls, which was important to this work!. The peaks are usually

photocopied onto standard Kerox paper stock, which is reasonably  to 1 l! un-

iform in thickness and densi ty. They are then cut out and weighed to the near-

est 10 g. Neighing errors are again small for large cutout masses  «1%! but

significant  up to 10$! for the tiny slivers which usually resulted for nitrogen

traces. For chemical-shift determination, resolution in the fast-scan mode suit-

able for elemental-ratio work was too low  about 0.6X of the pass energy was found

to be typical for the instrument used!. The pass energy  analogous to slit width

in IR work! was usually set at 200 eV, hence the resolution was 1.2eV, which is

s1ightly less than most shifts. Reducing the pass energy also reduces this fig-

ure, and also reduces the input to the detector. The compromise was made at 25eY,

for a resolution of about 0.15eV, which was adequate for rough chemical shift

assignments in all of the samples examined under high resolution.
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Monitorin of ol mer de radation. Actual degradation of the resins studied,

and the retardation effects on polyethylene degradation of the surface treatments

studied, was assessed by several means. Destructive-testing methods included

yield-stress measurements on an Instron stress apparatus, dilute-solution vis-

cosity determination of molecular weight  for so1uble resins!, and melt-viscosity

determination. The non-destructive method used was crystallinity determination

 for semicrystalline resins! by wide-angle X-ray diffraction.

Each resin studied required the use of different properties as degradation

monitors. For PMj"N, dilute-solution viscosity was used; for PP and PS, melt vis-

cosity was employed. X-ray diffraction and yield-stress were useful monitors for

Solution Viscosit . In the case of polymethylmethacrylate, an amorphous

polymer, the parameter to monitor degradation was molecular weight since dilute

solution viscosity measurements easily lend themselves to use with PMMA. Samples

of PMMA were taken from the center portion of the flexed specimen and dissolved

in chloroform to concentrations of approximately 0.2 grams/deciliter. Dilutions

of 0.1- g/dL, 0.05 g/dL, and 0.025 g/dL were then made and the respective viscosities

measured at 25. 00'C + 0. 05PC using a 100 cm Ostwald viscometer. Upon obtaining

the intrinsic viscosity, [r], the molecular weight was calculated for each sample.

Appendix VI details the theory and includes the data obtained.

Stress-Strain: For polyethylene, stress-strain measurements were made on the

flexed samples, as detailed in Appendix VII. Instron experiments were done on

1 1/2" x 5/16" x 1/16" polyethylene samples. The crosshead speed was 2 inches per

minute and measurements were made until the yield point was reached. The yield

stress was found to be an effective monitor on the stability of polyethylene.

d

of molecular weight were obtained on the Mechanical Spectrometer manufactured by

Rheometrics, Inc., available in the Polymer Rheology Laboratory of the Chemical
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Engineering Department. Throughout the current work, the 25 mm cone and plate

geometry was used with the environmental chamber.

Uiscosity tests were run on low density polyethylene at 150'C which is well

above its experimentally-determined melt peak near 107 C. This insures that the

polymer is completely amorphous during testing so that all variations in vis-

cosity from sample to sample result from molecular weight variations. The tests

an polypropylene were conducted at 180'C, 190'C and 200'C compard to its experi-
mentally determined melt temperature of 160'C. The polystyrene tests were a bit

more difficult because the test sample was an adulterated  i.e., not pure poly-

styrene! high impact version. At 200 C the samples were obviously melts and the
experiments yielded reasonable viscosities. At lower temperatures, the melt was
also obvious, but the higher viscosities introduced greater instabilities to the

melt and measurements were not possible at the upper range of shear rates.

Each of the polymer groups was subjected to a number of tests. First, base

line curves of identical, untreated samples were taken to insure the reproduci-

bility of known results. For polystyrene, an untreated blank was run before or

after each of the altered samples to insure valid comparisons. This was because

of difficulties in the operation of the mechanical spectrometer at the time of

these runs, Samples were tested thatwere subjected to a wide range of treatment

conditions. The most extreme cases were tested first to determine if any detect-

able change was made at these conditions before go~ng on to the milder conditions.

The experimental geometry and associated rheological equations for viscosity

measurements are shown in Figure 8. Only the shear viscosity data were required

in this work although the measurements necessary to calculate the first norma1

stress difference were also made and may be examined at a later date. The melt

viscosity can be calculated directly from the data according to the equation:

3Hgn= =9,6�
2zR ,
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where:

t4 = Neasured Torque [gm/cm] ~ = Input Angular Velocity I Rad/secj

8 = .04 Rad R = 12.5 cm q = Viscosity IPoisej

The chart below shows some sample calculations:

N Gm/Cm

6.84 x 10

6.11 x 10
5

3.75 x 10
5

,Ool

10.0016

15. 0025

FLEX ALAN

2 2
FLEX ' SLANK

The numerator is simply the difference between the viscosity at a given shear

rate of a treated sample and a standard sample. The denominator is one standard

deviation  s.d.! for the data involved at this shear rate. This s.d. can be cal-

culated in a number of ways depending on the data available. Optimally, the square

root of the sum of the squares of the s.d.'s for both the flexed and the blank

samples is the composite s,d. Unfortunately, since only one run is made for a

degraded sample, degraded s.d.'s are not directly obtainable. This problem was

tackled in the following two ways.

Upon completing this data reduction, the log melt viscosity is plotted against

the log angular velocity, This is the format used for all melt-viscosity plots

appearing later.

Some additional reduction of this data was considered necessary to determine

the statistical significance of differences in the measurements. The following

ratio as a measure of the statistical significance was used:
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The easiest way was to assume that the s.d. for the treated sample was the

same as that for the blank. The composite then becomes:

s d v"2 s de bl

This seems like a valid assumption since all measurements are made in roughly

the same range and should therefore be subject to similar experimental error.

A second approach that was used for some samples was to estimate the s.d. for

the flexed samples based on observed osci llations and other instabilities during

the measurement process for each data point. In this case, the composite s.d, be-

comes:

s,d. = v d 2
8LA[Iy

This is admittedly a slightly more subjective method than the first but in

those cases where both forms were applied, the s.d. values came out reasonably

close together.

The ratio of the actual deviation to the s.d. reveals how close to the 68K

confidence limit the data has come. Each of the viscosi ty graphs in the next sec-

tion is accompanied by a plot of the above defined ratio against the log shear rate.

Theoretically, for large sample sizes, 68% of the data should fall between l and -1

on the error correlation graphs in the next section. 95K should fall between

approximately 2 and -2. The main assumption in the above analysis is that the

data is subject to a normally distributed error scatter.

All samples of polyethlene and polypropylene were measured for crystallinity

before viscosity tests were macle since the melt viscosity is a destructive test.

An unflexed sample of polystyrene was also tested to insure that it was in fact

amorphous.

X-Ra Diffraction; The best monitor of degradation for semicrystalline resins
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was found to be the quantitative determination, by wide-angle X-ray diffraction,

of the bulk crystallinity of polymer strip  PE or PP! subjected to the desired

test conditions. The ~nitial step was to determine the crystallinity X of thec

test PE and PP resins by several independent methods, including wide-angle diffrac-

tion. First, the densities of several samples were accurately determined by set-

tling in a density-gradient column with resolution of about 0.0001 g/cm . From
3

this the specific volume V was obtained, and from there it was only a matter of

applying the formula of Helmuth and Munderlich �965!:

V -V
� X

c V-V

where V = 1.172 cm /g and V = 1.001 cm /g are the extrapolated amorphous and3 3

a c

crystalline specific volumes for PE according to these workers,.

A second method involves determining hH  the enthalpy of crystallization!
c

from differential scanning calorimetry  DSC! data obtained for the Garry resin.

Mandelkern, Gopalan and Jackson �967! found that

X = 1.49 hH
c c

for polyethylenes: the value for hH is obtained from the area of the "melting"
c

peak from the DSC trace referred to a known standard melt curve  In was used in

this work!. Values for X found by DSC usually are several percent law due to
c

contamination of sample by exposure to oxidizing environment  the test PE resin

had considerable surface oxidation, and the DSC X values were about 10K low!.
C

Ride-angle X-ray diffractograms show a number of sharp crystalline diffrac-

tion maxima and several broader maxima due to amorphous regions. Reasonably con-

sistent data for PE can be obtained by use of the amorphous hump between 2e = 30

and 2e = 12', and the 110 and 200 crystalline bands which appear in this region,

Appendix VIII discusses the actual deconvolution and peak-area-ratio computation

algorithms used. As mentioned earlier with regard to processing of ESCA data, a
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prime error source is definition of baselines. Fortunately, this can be kept low

 <1'f. of peak area! due to large signal to noise ratios usually achieved on the dir-

fractogram. Errors from planimeter tracing are insignificant; the error is pri-

marily due to the accuracy of the readout scale itself.
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RESULTS

Baseline De radation Studies. Extensive investigations into the baseline de-

gradation behavior of PE, PP, PNMA, and PS were done prior to the surface-modifi-

cation experiments on PE. Crystallinity and melt viscosity were moni tored vs.

cycles of flexure for PE and PP; molecular weight vs. cycles flex was determined

for PMMA, and melt viscosity vs. shear rate studied for PE, PP and PS. In addi-

tion, yield stress and crystallinity change with flexure were correlated for PE.

The effect of flex environment on crystallinity loss was also studied for PE.

The PE and PP resins used in this work were in addition subjected to a series

of tests, the results of which are contained in Table 1, in order to characterize

them more completely,

The initial flexure ex eriments were conducted in air and in seawater on PMMA

and PE. Through viscosity measurements it was possible to monitor the molecular

weight of a polymethylemethacrylate sample as a function of flexure cycles  Appen-

dix IX!. For PMMA flexed in air at 60 cpm, as shown in Figure 9, the molecular

weight steadily decreases with an increasing number of flexure cycles. The plot

of molecular weight in gram per gram-mole as a function of log cycles indicates

no appreciable degradation occurs up to 1000 cycles �7 minutes!. During the

course of 10 cycles �1.5 days! the molecular weight decreases from the blank6

value of 1,520,000 to 1,050,000 representing a 30% change.

Similarly, Figure 10 is a graph of molecular weight versus log flexure

cycles for polymethylmethacrylate flexed in synthetic seawater at 30 c.p.m. The

same characteristics are present in this plot although the molecular weight de-

creased from 1,520,000 to 1,065,000 after 10 flexures �3 days!. There is some6

incongruity in the PMMA data because of a frequency change from the flexures in

aire �0 c.p.m.! to those in seawater �0 c.p.m.!. Further details are provided

in Appendix IX.
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An additional finding in the experiments involving polymethylmethacrylate

flexure in synthetic seawater indicated that degradation was decelerated when

samples experienced significantly lengthy rest periods from flexure. For in-
stance a sample which was flexed for 25 hours, removed from the flexure appara-

tus for 10 hours and then flexed for 10 hours showed less degradation than ex-

pected. From figure 8 the molecular weight after 6.3 x 10 cycles {35 hours!4

should be 1,293 000 whereas for a sample exoeriencinq the above history the

molecular weight was 1,471,000, close to that for 10 hours flexure.

Experiments with low densi ty polyethylene were performed in air as well as

synthetic seawater {figures 11 and 12, respectively!. Figure 9 shows the per
cent crystallinity of the polyethylene as a function of log cycles for flexures
in air at 60 c.p.m. The initial crystallinity of about 52» was unchanqed after 100,000
cycles �.2 days!; however, after 800,000 cvcles  9.2 days.! the crystallinity has decreased
to 44.5". For identical tests performed in a sea environment at 60 c.p.m., Fig. 12
shows the crystallinity decreasing from 52K to 41K after 1.5 x 10 cycles �7 days!.6

Raw data for crystallinity studies of polyethylene are presented in Appendix VII.
As a further confirmation that degradation of polyethylene was in fact

occurring, stress-strain tests were made on the flexed samples. The relative
Young's modulus  ratio of moilulus of flexed sample to that of the unflexed! is
plotted as a function of log cycles in figure 13 for polyethylene flexed in syn-
thetic seawater. The relative modulus decreases from 1 at zero flexures to 0.86
after 1, 1 x 10 flexures {13 days!. A similar behavior is seen in Figure 14 in6

which the relative yield stress  ratio of yield stress of flexed samples to

yield stress of unflexed! is plotted against log cycles. The relative yield
stress decreases from 1 at zero flexures to 0.87 after l.l x 10 cycles {13 days!.6

The stress-strain data can be found in Appendix VII.

Thus, in view of the results presented concerning flexure experiments, it is
clear that over the range of flexures studied the parameters investigated are
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Table 1 ~ Characterization of the PE and PI' .".esins by Various t',ethods

PP

0.905g/cm
3

PE

0.9182 g/cm
3

1.089 cm /g
3

Density  gradient column method!

Volume

X , crystalline fraction  volumetric!c'

X  wide-angle X-ray diffractometry!
c

X  di fferential scanning cal orimetry!
c

bMf of crystallites  DSC!

Nelt Index

Sheet Thickness

Yield Stress  Garry, Instron method!

Young's Nodulus  Garry, Instrom method!

1. 105g/c

0.486

0.51 to 0.52, 0.50 to 0.52

0.418 to 0.428

$19 + 1 5 kJ/kg 83 1+1 5kJ/kg

0. 571 ~ 8

1.58 ren

8.460 + 0.070 NPa

63.4 + 3 NPa

1.67mm

160'C

106 C

160'C

107 C

90 C

108 C

53', 96 C

53 C

DSC Peaks: 1st Nelt

Recrystal 1 ization

2nd Mel t

Shoulders: 1st Melt

Recrystallization

2nd Melt

144 C

none

none none

CH2 stretch at 2910 cm , 2860 cm
CH2 bend at 1470 cm , 1380 cm

CH2 rock at 730 cm , 720 cm

CH3 bend at 1310 cm
Oxidation: CO at 1720 cm , OH ~ 3600 cm

PE Transmission IR Absorbances:

ESCA Atomic Ratios on Surface: 0/C = 0.135; N/C = 0.0014; N/0 = 0.0077

-1
PE ATR IR Absorbances: Same as transmission plus H20 spikes in the '1800 cm to

-1
1350 cm region.
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approximately linearly related to the log of flexure cycles. Furthermore, 1.5 ta

2.5 hours of flexure time at 60 rpm must elapse before appreciable degradation occurs.

Additional flexure ex eriments on polyethylene served to extend these early

findings. To better understand the effects due to the flex environment, a three-

way run featuring seawater, distilled water and air was done, both with the Garry

70 rpm  Fig. 15! motor and the newer 400 rpm. rig  Fig 16!. In each case it was

found that while actual onset of degradation occurred roughly at the same time

 within about half a log cycle of flex!, the degradation rates were actually dif-

ferent in each environment. Degradation rates were fastest in seawater in both

cases, and noticeably slower for fresh water. The air environment showed still

slower degradation. Because of the irreducible magnitude of data scatter  in part

due to inherent polymeric inhamogeneities!, it is risky to make more than qualita-

tive statements about the magnitude of the degradation-rate differences involved;

such analysis awaits more precise  or more numerous and hence statistically treat-

able! data. No basic change was noted between 70 and 400 rpm other than the im-

portant observation that onset of degradation occurs near 3.0 to 3.5 'log cycles

flex at 400 rpm, but did not occur until 4.5 to 5.0 log cycles flex at 70 rpm.

This significant finding may shed light on the mechanical contribution to the de-

gradation process. Tables 2 and 3 give the crystallinity and log-cycle data as

well as flex time in hours.

Since LDE-treated strip is brought close to the softening point for extend-

ed periods, crystallinity was monitored as a function of dwell time at 87'C and

92'C. In figure 17 the crystallinity of annealed strip is plotted against dwell

time in distilled water at. 87'C and 92'C. Crystallinity was found to be unchang-

ing throughout.

In addition, strips annealed for various periods at 87'C and 92'C were flexed

for 6.33 log cycles at 400 rpm. Figure 18 shows the effect of annealing for various

periods at 87'C and 92'C on degradation rate, relative to unannealed resin. Cry-
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Table 2. X-Ray Diffraction Data for Blank PE Flexed at 70 rpm in VarioUs
Environments

EnvironmentX 100No.

Seawater
ll

II
4

II

Disti1 1 ed Mater

D-1

2 3
4 5 6
7 8 9-

10
ll
12
13.
14

'15

16
17

Standard
4,06
4. 'So
5. 07
5,29
5.71
6.15
4.06
4.50
5. 07
5,29
5,71
6.15
4.06
4,84
5,51
6.15

52.0
51.8
51.2
50.9
48.7
46.4
44.2
51. 9
51.3
51.2
49.9
47.7
45,8
52.6
51.5
49.7
47.'0
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Flexed at 400 rpm in YariousTable 3,- X-Ray Data for Hlank PE
Environments

X 100 X 100
ko. No.

Standard f2
6.0651.0

Standard Pl
Standard 02

6.94

0 Distilled Mater

E-1 Standard Pl g
2 Standard 42 j
3S 4,20
4S

5S
6A
7A
8D

90
100
11S 5.23
12S
13S
14A
15A
169
17D
180
19 Standard 81

S ~ Seawater; A = Air;

50.8
49.9
49.8
49.6
49 ' 5
49-, 6
49.6
49. 9
49.9
49.3
48,6
49. 6
49. 3
49. 0
49. 8
48. 6
51.0

E-20
21S
22S
23S

24A
25A
260

270
28D
29
30

31S
325
33S

34A
35A
36D

37D
38D

50.7
47.3
46.7
46.5
48.0
47.8
47.4
47.5
47.6
50.4
51.1
44.9
45,9
45.'0
47.2
47.1
46.5
45.5
45.8
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Table 4. Data for Blank PE Annealed at 87'C and 92 C.

No. Anneal Time ~XI~100 T=87 'C

T=924C

Run B suffered from noise-promoted data scatter .

A-1

2 3
4

5

6 7 8
9

B-1

2 3
4

5 6 7 8

Standard
2,8 hr.
9.5

22.25
30,5
36,7

,46,8
58.7
73.1

Standard
1.5 hr.
4,5

14.8
25,2
43.2
53.8
72,3

52. 0
50.9
51.3
51.2
52.2
50.6
50.9
50.7
50,7
52,8
50.7
51.2
51.0
47.9
48 ~ 1
48 ~ 8
51,2



X 100No. Anneal Time Temp.

Standard fl

N g2

50. 8

50.7

51. 5

49,1Untreated Blank fl

II N 48.6

870C49.52.8 hr

22.25 48.6

48.258. 7

924C4.5 48.6

10 49.225.2

72. 3

Table 5. X-Ray Data for Blank PE Annealed at 87 and 92'C, then Flexed
at 400 rpm for 6,33 log cycles.
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Stallinity is plotted against log cycles flex. The shallowness of the baseline

degradation slope, relative to the slope observed for the seawater curves in Fig-

ure 16, is an artifact due to fatigue in the shaft coupling between motor and f'lex

arm assembly  which was solid steel!. This fatigue degraded flex amplitude output

to the plunger, and hence decreased the total flexure working received by the strips.

Tables 4 and 5 were used to generate Figures 17 and 18 respectively. Again, within

limits of scatter, no effect on degradation rate relative to unannealed PE was

discernible, This tends to rule out the theory that any surface smoothing due

to annealing over the temperature range studied retards the degradation process.

Melt Viscosit studies on PE PP and PS. The toelt viscosity vs. shear rate

behavior was studied for both unflexed. and flexed samples of each resin. Crystal-

linity vs. log cycles flex was also studied for polypropylene.

PE: Two sets of data for the melt viscosity tests have been analyzed and

are presented here. Fig. 20 shows the data for one of the samples used in ob-

taining crystallinity data for Fig. 19. Fig. 22 is the second sample plotted and

is representative of the data generally obtained for all polyethylene samples. The

accompanying error correlations are given in Figs. 21 and 23. Oata for Figs. 19,

23, 22, 24, 25, 28 and 30 are contained in Appendix X.

Fig. 20 shows results of tests on the sample corresponding to the final data

point in Fig. 19 with crystallinity of 45K after 1.00 x 10 flexure cycles. This

sample was used because it was assumed that it was subjected to the greatest degree

of degradation as indicated by the crystallinity data. The unflexed sample in

Fig. 20 corresponds to the first data point from the crystallinity test with 52.8%

crystallinity after 0  zero! flexures. These data indicate the pseudoplastic be-

havior of polyethylene specifically and of polymers in general. There is a good

deal of overlap and as can be seen in Fig. 21, in most instances, differences be-

tween flexed samples and unflexed samples can be explained entirely by experimental
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error. That is, the-error correlation points lie within or very close to the

standard deviation region described earlier. Therefore, there is no significant

change in the melt viscosity between samples tested in this set of data.

Fig. 22 gives data for low density polyethylene sample that was flexed 6.31 x

10 times and the unflexed data are the average of three separate runs with fresh4

samples. Overlap of the data is again prevalent. The accompanying error correla-

tion, Fig. 23 shows that some of the differences between the unflexed and the

flexed samples are outside the assumed area of experimental error, but also that there

is no consistent positive or negative direction of these differences. There is,

however, an apparent cyclical dependence of the melt viscosity deviation on the

shear rate.

In general, the cyc1ic variation exhi bi ted in Figs 22 and 23 was not reproduced

in other tests. There were, however, a number of cases in which the difference

variations ranged well outside of the assumed region of experimental error. Since

there was no overall correlation in the direction of these differences among the

samples tested, it seems reasonable that there are other error terms which have not

been included in the present analysis. Another explanation may be that the stan-

dard deviations used were the resu1t of an average of only 3 or 4 values. This

small sample size could have easily been biased to one extreme or the other of

the actual error range. In general, it seems that low density polyethylene does

not exhibit any change in the melt viscosity resulting from flexure in sea water,

PP: Polypropylene samples flexed in sea water using the vertical flexor

provided the data for this section. The crystallinity data are plotted on Fig. 24.

As can be seen, the scattering of the data is much more severe than in the case

of polyethylene. As a result, it is impossible to draw any conclusions about

trends in crystallinity with respect to flexure. The possible reasons for this

scatter are many. One of the drawbacks to this technique of measurement is the

"by eye" fitting of a base line curve to the x-ray scans. It was felt that this

is probably the major source of' error here.



-67-

]oct:og] g



ICh

Pl I I
sequoia'a:>era! uotqt'yvxzcg zo:aq



-69-

35.5

!

]-!

Fig. 27; Outline of Pcly.;tyxcne X-!By Seal.
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Figure 25 shows melt viscosity vs. shear rate at 180'C for polypropylene.

The degraded sample was flexed 8.50 x 10 cycles and is the same sample as was5

used for the final data point of the crystallinity tests. The blank datum was

provided by an average of two unflexed polypropylene samples. Once again,

as with polyethylene, there was a lot of data overlap between the degraded and

the fresh samples. This is also indicated in the error correlation, Fig. 26,

where many of the changes in the data points could be accounted for by experi-

mental error. There is some data scatter outside of the estimated error region,

forming again an apparent cyclical dependence of melt viscosity deviation on

shear rate. Again a possible explanation is the incomplete definition of error

region and not any real change in the polymer melt viscosity. In this case,

polypropylene does not exhibit any statist~cally significant changes in vis-

cos i ty resulting from the f 1 exure treatment.

PS: The polystyrene used was atactic which means that it was totally

amorphous with no crystalline regions. This is shown in Fig. 27 which is a

direct reproduction of the wide angle X-ray scan of an unflexed sample. Note

the single broad peak and the absence of individual spikes in the scan which

normally denote the presence of crystalline regions. There is one small glitch

in the scan which shows up as a small spike at around 26.5 degrees. Since it

does not correspond to any of the normally observed peaks, it is assumed that

this is coming from one of the other materials added to the polystyrene and

not an indication of crystallinity.

Two sets of viscosity data are analyzed and shown for polystyrene degradation.

Samples subjected to 5.46 x 105 and 8.86 x 105 cycles are compared to unflexed
samples at two different melt temperatures. In this case, the horizontal flexor

provided the samples.

Fig. 28 compares the sample flexed at 8.86 x 10 cycles with an unflexed
sample at a mechanical spectrometer test temperature of 200'C, The separation
between the two curves is striking when compared to the overlap encountered in
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polyethylene and polypropylene, The error correlation, Fig. 29, supports the

hypothes~s that the two samples are indeed different. In all cases, the difference

in the data points is well beyond the range of experimental error. In addition,

there is a consistent trend in the correlation curve with all the data for the

degraded sample falling below the unflexed case. As the shear rate increases,

the statistical significance of this difference increases greatly. This poly-

styrene sample has apparently undergone significant molecular weight change

resulting from cyclic flexure. The melt viscosity decreases with respect to

flexure.

Fig. 30 is a similar comparison of polystyrene flexed 5.46 x 10 cycles,

tested in the mechanical spectrometer at 190'C. The unflexed case is an average

of the results for two unflexed samples run at the same mechanical spectrometer

temperature. The viscosities are expectedly higher than those in Fig. 28, owing

to the lower temperature. The difference between the two sets of data is again

visually obvious. The error correlation, Fig. 31, shows that the data differences

fall well outside the range of experimental error. The trend is also the same as

the previous case with the statistical significance becoming greater with increasing

shear rate.

In general, these two cases indicate that the decrease of melt viscosity

with the increase of cyc Iic flexure is a non-random, reproducible effect,
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Surfactant adsorption on PE owder. Tensiometric data were obtained at 82',

87', 90' and 92'C, as outlined ear1ier. The experiments done at 90'C were

intended to clear up certain discontinuities in the adsorption behavior between

87' and 92 C. The effects of hydrolysis of LDE were found to be negligible, since

no surface-tension change was noted in samples of 9.44x10 M LDE after 35 hr at 92~C.

Desorption of LDE into distilled water at 20'C was found to be less than 9xl0 1 mol/hr
 less than 5X desorbed from a typical powder sample after 14 days!. Leaching in

ethanol failed to remove all LDE, since ethanol-treated powder still stained

strongly with Pylam Rose Pink and Woodstain Scarlet. Additionally, PE and LDE

strip was found to wet much more readily than blank PE,

Initial adsorption runs were done at 92', 87 and 82'C, for several LDE

concentrations at each temperature. At 92'C, experiments were done at three

initial surfactant concentrations, 9.44xl0 H, 4.22xl0 6 t1, and 8.32xl0

Samples were taken as a function of time giving the results contained in Tables

6,7, and 8.

These data are shown in Figure 32 as a plot of concentration in moles per liter

as a function of time in hours. Several trends should be noted on the graph:

1! The total amount adsorbed at steady state increases with increasing surfactant

concentration. 2! An accelerated adsorption is evident at higher initial concen-

trations. 3! Attainment of steady state adsorption occur s at longer times

for higher initial surfactant concentrations in the bulk solution.

Modifications in the experimental procedure were made to determine whether

an instantaneous adsorption of the surfactant by the polymer occurred at times of

five minutes or less. For several tests no change in solution concentration

was observed upon the addition of polymer; therefore the possibility of an ini-

tially accelerated adsorption was discounted.

In addition to accumulating data at a single temperature for several

initial solution concentrations, results were obtained for fixed initial con-
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centrations at various temperatures. For solution concentrations of about 4xl0 5 N

and 8xl0 M experiments were done at 82 C, 87' C and 92' C results are contained

in Tables 9, 10, 11 and 12.

Figures 33 and 34 show the adsorption data at several temperatures for

solution concentrations of 4x10 N and 8xl0 M, respectively. The figures plot

concentration in mo'les per liter as a function of time in hours. Several features

of the curves are noteworthy: 1! The amount of surfactant adsorbed at a steady

state is greater at higher temperatures. 2! The final solution concentration is

lower for higher temperatures. 3! The time interval required for attainment

of adsorption equilibrium is longer with higher temperatures.

Some crude studies of desorption were made; these included the qualitative

observations concerning the staining and wetting properties of polyethylene as

well as quantitative efforts to detect 1auric diethanolamide in washing of the

treated polymer. When treated polyethylene was allowed to stand in water at 20-

22'C for times up to 2 weeks, no detectable desorption was found with surface

tension measurements. However that merely implies that lauric diethanojamide

was present at concentrati ons less than 3xl0 ti  see Appendix IV!. The amount of

desorption required to result in a solution concentration of 3x10 0 would represent

3 to 6% of the total adsorbed moles for experiments conducted at 92'C and 8 to 15K

of the adsorbed moles for studies done at 82'CD

Additional quantities derived from these initial runs included specific

molar adsorption n and kS, the sticking-coefficient product, both of which were

discussed earlier. 1n addition, the "parking area" per molecule was calculated

for a monolayer model of the LDE region. Figures 35, 36, and 37 show the ns vs.

time data for 82'C, 87'C and 92'C respectively. The extent of sorption at equili-

brium was found to be strongly concentration dependent, and adsorption rates were

seen to increase monotonically with both concentration and reflux temperature. The

adsorption rate is far from the mass-transfer limit  Appendix XI!, thus the observed

behavior reflects real changes at the PE surface. The surface of the test low-
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density PE is thought  Schonhorn, 1977! to be entirely amorphous, as indicated by
the fact that the critical surface tension of wetting is independent of resin

formulation for a fairly broad selection of resin samples of different bulk

crystallinities. Hence, parking-area data suggest adsorbate coverage levels near

100K.

Adsorption isotherms were obtained from plots on ~n , total moles adsorbed

vs, equilibrium concentration Ceq, as shown in Fig. 38. Over the regime studied,
the isotherms did not level off with increasing Ce , indicating multi layer formation.

Plots of ns vs. kS  Figs. 39 and 43; Tables 13 through 19! showed a discontinuity
between 87' and 92'C, indicating a change of dominant adsorption mechanism in

this range  which contains the DSC recrystallization peak at 90'C!.
P'Iotting in Ce< vs, 1/T, and determining the slope of this curve  Fig 40!

at a given temperature, gives the quantity R , where Q is the isosteric heat ofQ

adsorption. Values of Q thus calculated ranged from 12.6 kJ/mole at 82'C to 49.0
kJ/mole at 92'C; this is consistent with a two-step precursor mechanism featuring
surface physisorption followed by tail diffusion into the PE, as shown by Adamson �967!.
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TABLE 6

Adsorption Data for 9.44 x 10 M surfactant solution at 92'C
2

Time  hrs! C moles/liter! moles adsorbed area/molecule  A !

37935.0

745

503

331

331

331

10.0

15.0

24.3

30.0

35.0

9 44 x 10-6

9.18 x 10

8.13 x 10

7.50 x jp

-6
5.96 x 10

5.96 x 10

5.96 x 10

-8
1.29 x 10

6.56 x 10

9.71 x 10

1.48 x 10

1.48 x 10

1.48 x 10
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TABLE 7

-5Adsorption Cata for 4.22 x 10 N surfactant solution at 92'C
Time  h-s! C moles/liter! moles adsorbed area/molecule  A !

2

110
3.0

5.0
44

41

28

23

20

17

-5Adsorption data for 8.32 x 10 N surfactant solution at 92'C
0 2

Time  hrs! C  moles/liter! moles adsorbed area/molecule  A !

-7
6.21 x 10

-6
1.01 x 10

79
1.5

3.0

41
5.0

28

21

20

12

1.33 x 10

-5
1.29 x 10

-5
1.29 x 10

10. 0

22. 0

31.8

48.5

59.0

72.0

10. 0

20. 0

24.3

49. 5

73. 5

90.0

100.0

4.22 x 10

-5
3,76 x 10

-5
3.16 x 10

3,06 x 10

2.40 x 10

1.93 x 10

1,41 x 10

1.12 x 10

1.30 x 10

8.32 x 10

7.08 x 10

6.31 x 10

5.96 x 10

4.84 x 10

3.76 x 10

3.31 x l0

1.99 x 10

4.43 x 10

1.10 x 10

1.20 x 10

].77 x 1'0

2.12 x 10

2.44 x 10

2.58 x 10

1.18 x 10

1. 74 x 10-6

2.28 x 10

-6
2.50 x 10

4.05 x 10

4.39 x lO

-6
4.41 x 10

4.41 x 10
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TABLE 9

Adsorption data for 3.89 x 10 N surfactant solution at 82'C
0

Time  hrs! C  moles/liter! moles adsorbed area/molecu e  A j

308
3.0

4 ' 8 308

93

56

49

TABLE 10

-5Adsorption data for 4.22 x 10 M surfactant solution at 87'C
o2

Time  hrs! C moles/liter! moles adsorbed area/molecule  A !

4.22 x 10

4.10 x 1P 354
3.0

132
5.0

51

33

27

25

For data on 4.22 x 10 M surfactant solution at 92'C refer

to Table 7

23. 0

31. 8

50. 8

74. 3

10. 3

23. 0

35. 8

47.8

71.8

3.89 x 10

3.76 x 10

-5
3.76 x 10

3.35 x 10

2.92 x 10

2.82 x 10

2.72 x 10

3.89 x 1p

3.31 x 10

2.71 x 10

-5
2.31 x 10

2.15 x 10

2.35 x 10

1.58 x 10

1.58 x 10

5.26 x 10

8.72 x 10

9.41 x 10

9.98 x 10

1;38 x 10

3.81 x 10

9.50 x 10

1.49 x 10

1.81 x 10

-6
l. 92 x 10

1.92 x 10
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maLE 11

5
Adsorption data for 8.32 x 10 N surfactant solution at 82'C

0 2
Time hrs! C moles/liter! moles adsorbed area/molecule  A !

3.0 109

5.0 64

21.3 18

28.0

34. 3

50.0

103.0

16

15

13

12

mezz 12

Adsorption data for 7.94 x 10 M surfactant solution at 87'C
'2

Time  hrs! C  moles/liter! moles adsorbed area/molecule  A !

1763.0

706.0

-5
For data on 8.32 x 10 N surfactant solution at 92 C refer

to Table Q.

22. 5

30 ~ 0

41. 0

68.0

85.5

8.32 x 10

7.94 x 10

7.66 x 10

5.75 x 10

5.41 x 10

5.01 x 10

-5
4.30 x 10

4.10 x 10

7.94 x 10

7.69 x 10

7.27 x 10

5,17 x 10

4.45 x 10

3.67 x 10

2.99 x 10

".99 x 10

4.50 x 10

7.66 x 10

2.67 x 10

2.98 x 10

-6
3,30 x 10

3.80 x 10

3.91 x 10

2.77 x 10

6.97 x 10

2.59 x 10

3.17 x 10

3.71 x 10

4.12 x 10

4.12 x 10
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TAB LZ 13

Adsorption Rates at 82'C for Initial Surfactant Concentration

of 3.89 x 10 M

Time  hrs! d0 /dt  moles/cm hr!
2 kS  cm/hr!

1.55 x 10

9.35 x 10

4.30 x 10

3.97 x 10

2.71 x 10

1.47 x 10

10. 0

30.0

40.0 9.73 x 10

-5
5.40 x 10

«p-12

10

2~73 x

1.5p x50. 0

7.50 x 10.

6.56 x 1O

2.72 x 10

2.39 x 10

60. 0

70.0

80.0 p

marx 14

Adsorption Rates at 82 C for Initial Surfactant Concentration
-5

of 8.32 x lp N

kS  cm/hr !Time  hrs!

7.62 x 10

6.45 x 10

4.84 x lp

3.18 x lP

2.22 x 10

-4
1.28 x 10

5.53 x 10

10- 0

20. 0

30. 0

40.0

50.0

60.0

70. 0

dns/dt  moles/cm hr!
2

6.36 x 10

4.50 x 10

2.87 x 10

1.65 x 10

l.p4 x 10

5.51 x 10

2.28 x 10
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TABLE 15

Adsorption Rates at 87'C for Initial Surfactant Concentration

of 4.22 x l0 M

kS  cm/hr!Time  hrs!

5.0

9.00 x 10

-12
4.04 x lp

1.16 x 102.50 x 10

p

TABLE 16

Adsorption Rates at 87'C for Znitial Surfactant Concentration

of 7.94 x 10

kS  cm/hr!

5.18 x 10

-4
5.75 x 10

Time  hr s !

5.0

-4
5.92 x 1010.0

30.0

40.0

4.55 x IO

3.71 x 10

7.79 x lp 2.41 x 10

-4
l,pl x 10

50.0

3.07 x 1060.0

20.0

30.0

40.0

45.0

50.0

dq /dt.  moles/cm hr!
2

2.67 x 10

2.77 x 10

1 52 x 10

dq /dt  moles/cm hr!
2

4.17 x 10

4.17 x 10 11

3.85 x 10

2.00 x 10

1.37 x 10

6.21 x 10

7.19 x 10

5.34 x 10

3.67 x 10

1.84 x 10
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Adsorption Rates at 92'C for Initial Surfactant Concentration
-6

of 9 ~ 44 xlp M

dq /dt  moles/cm hr!
2

Time  hrs! kS  cm/hr !

-4
2 52 xlp

-4
2.55 x lp

-4
2.33 x 10

2.38 x 10

2.p8 x lp

1.75 x 10

8.00 x 10

10.0

15.0

24.0

35.0

1.34 x lp

TABLE 18

Adsorption Rates at 92'C for Initial Surfactant Concentrat'on

of 4.12 x lp M

dq /dt  moles/cm hr!
2

Time  hrs!

5.0

4.21 x 10

-4
3.56 x 10

2.22 x 10

10.0

20.0

30.0

40.0

50;0

58.0

60.0

6.25 x 10

3,54 x 10

2.35 x 10

1.43 x 10

8.67 x 10

6.80 x lp

4.81 x 10

2.66 x lp

kS  cm/hr !

1.52 x 10

1.00 x 10

7.61 x 10

5.85 x lp

4.39 x 10
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TABLE

Adsorption Rates at 92'C for Initial Surfactant Concentration
-5

of 8.32 x 10 M

kS  cm/hr !Time  hrs!

5.0

0

20. 0

30.0

50.0

60.0

70. 0

75.0

dq /dt  moles/cm hr!2

1.78 x 10

4 24 x 10 11

x 10-11

1.89 x 10

1.07 x 10

5,69 x 10

2.92 x 10

2.14 x 10

7.12 x 10

6.66 x 10

6,57 x 10

5.80 x 10

3.67 x 10

2.17 x 10
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Table 20 Tensio-metric Data and Calculated quantities of Interest for
LDE Absorption Runs Done at 90 C and at Co = 5.44 X 10-5M and
Co ~ 9.4 X 10 514.

A' Co 5'44 X 10 5M LOE, T = 90 C
t. CX10 5 ~sXE 010 d sX 10 ks X 10 "s X 10 park. ar ea

Error Range:
+0,07 +1 0%+0.07+20%+0,07 +5%

S. Co ~ 9.40 X 10 5N
CXle-5

LOE, T=90 C

%1010
S

g X 10 park. area

0
1.6 62.7
5.3 18.9
7.13 14.1
8.34 12.0
9.36 10 F 7
9.72 10.3
9.72 $0.3
 mol ! {A2jmol ec!

ZK
"s X 10 kS Xle

Error Range;
+0. 07

+10%+0.07+20%+0.07

0
2.2
4 ' 8

12.4
23,4
38
49
60
70

{hr!

0.1
1,5
3.25
5,8
8.0

16.2
24.0
30.7

{h.!

5.44
5.04
4.84
4,01
3.46
3.74
3.77
3,77
3,82
{i!

9,40
8. 93
7.86
7.33
6. 98
6.71
6.58
6.58

{~!

0
1.99
2. 98
7.10
9.83
8.41
8.30
8.30
8. 05
 rnol/cm !

0
2.7
8.8

11,8
13,8
15.5
16.1
16.'1
 mol gcm2!

1.00
0.67
0.53
0,33
0 ' 04

~0

~0

~0

3 ' 0
2.7
2.1
1.1
0. 60
0.15~'0

~0

18
13
11
8.2

o

~0

~p
~p
~0

 cm/hr !

31
30
27
15

8 ' 6
2.2

~0
~0

{cm/hr!

0
1.20
1.80
4.29
5.94
5.08
5.01
5.01
4.86
 mol!

83.6

55 F 7
23.4
16.9
19.8
20. 0
20.0
2P.6 .
 A2gmol ec!
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Addi ti ona 1 adsorpti on runs were done at 90'C, Ta bl e 20 contains the ten si o-

metric data and sever al cal cul ated quantities of interest  Appendix XI I discusses

the processing o f tens i ometri c da ta and i nc 'I udes ori gina 1 data! . Fi g. 41 s hows

LDE solution concentration time beha vi or for initial concentrati ons Co = 5. 44 x

1 0 4 N. When converted to plots of speci f i c molar total LDE uptake vs time  Fi g. 42 !,

some i nteresti ng observati ons are made. Comparing Fi g, 42 to Fi gs. 32, 33, and 34

reveals that at 90'C, equi 1 i brium was reached much faster at either Co value than

at 87'C or 92'C  Co ' s used earl ier are approximately the same!, At Co = 5. 44 x ' 10

equi 1 i bri um wa s reached in 24 hr; it required 60hr to reach it at 92'C for Co = 4, 1 2

x 1 0 M. At Co = 9. 44 x 10 H, equi 1 i bri um again took 24hr; it required 75hr

at 92'C for 8. 32 x 1 0 fl. The earl ier data at 87'C were 50hr at Co = 4. 22 x 1 0 5 N

and >60hr at 7. 94 x 1 0 V. It i s true that the powder used at 90'C was 1 208 cm /g

i n area; the earlier batch was only 589 cm jg. Perhaps the surface morphologies

are di fferent as well, and thi s could explain the fast adsorpti on rates at 90 C.

Pl otti ng equi 1 ibri um ~n   total mol es adsor bed for the 5g sample! vs . equi 1 i-

bri um concentrati on for the 90'C data yields for ~n less than about 5 x 1 0 moles

an i sot herm 1 i ne between the 87' and 90' lines, perhaps closer to the 87' 1 ine.

{To cl ari fy thi s a data point below ~n = 4 x 1 0 moles would be required, ! How-

db

level off between 6 x 10 moles and 9 x 10 moles = ~n. This indicates that-6 -6

possibly the i so the rms at other temperatures s imi 1 a rl y exhi bi t such behavi or;

unfortunately the earl i er data does not extend beyond ns = 5 x 1 0 moles. Fi g.

38 shows adsorpti on i sotherm data for 90'C along wi th earlier data for 82', 87'

and 92 C.

In i ti al rates of adsorpti on at 90 'C for both C values were each about 1 . 65

times the rates for similar Co values at 92'C. The 87'C rates were slower by

factors of 4 for the lower concentrati on and by fac tors o f about 7 for the hi g her

Co These va 1 ues are merely the sl opes from the pl ots i n Fi gure 47 .
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Calculations of area of PE per adsorbed LDE molecule were also made; the

values at 90'C are close to values both above and below this temperature. At
'2Co = 5.44 x 10 M, the equilibrium value of 17A /molecule is nearer the 92'C va1ue

�7A/molecule at Co = 4.22 x 10 M! than the 87' value �5 A/molecule!, For the

higher Co, all three temperatures showed values of 10-12 z /molecule. Literature8

from the Stepan Chemical Co. quotes a value for the surface area of the LDE mole-
'2cu1e as 25 A . From space-filling models of the hydrophilic head of LDE it

appears that a reasonable estimate of the "parking area" it needs on the PE sur-
02

face, once the aliphatic tail is completely diffused, is about 10-12 A  see Appendix

II!. This is precisely the minimum area per molecule seen in both Garry and

present data. This suggests a model of a "carpet" of LDE head units, just

touching one another, following the porous, irregular contours of the surface

region of the PE. In reality, there probably exists "elbow room" around each LDE

head, and thus the true condition is perhaps that of a micellar bilayer on the sur-

face with- a parking area per molecule closer to 25 l2 on the PE surface, as

suggested by the isotherm data.

Finally, values of kS, the sticking coefficient times rate constant, were

calcu1ated for the 90'C data and plotted against ~n. The resultant curves had

a shape intermediate between the corresponding curves for 87'C and 92'C. At

C = 5.44 x 10 M, the kS vs ns plot was identical in shape to the 4.22 x 10-5
plot of 92'C and qu~ te unlike the corresponding 87'C plot  see Fig. 43!. However,
at Co = 9.4 x 10 5 M, the 90'C plot was in essence an average of the 87'C and 92'C plots,
except for the surprisingly high kS values encountered at low n . The other

kS values also were erratic, but no fluctuations as great as with the 90'C, 9.4 x

10 5 M value were reported.
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Figure 42 Moles LDE Adsorbed vs Time for PE Powder at 90'C.

Figure 4j, LDE Concentration vs Tine for Adsorption on PE at 90'C.
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Figure 43;  a! through  c! Plot kS vs Specific tlolar Ad orption for
LDK on PE at 87', 90' and 92', respectively.



Characterization of modified ol eth lene surfaces. ATR-IR: As discussed

earlier, ATR IR is best for discerning general chemical character, whi1e ESCA

reveals more about time-dependent behavior of the surface when subjected to

various surface-treatment processes, Figs 44a and 44b compare ATR IR spectro-

grams for major surface types in the 1800-1390cm region, which happens to con-

tain most bands of interest, Figs 44c and 44d actually show time-dependent changes

in the 1720cm carbonyl peak on plasma-treated samples at two selected gas flow-

rates. The instrument used was a Perkin-Elmer 283 with IJi lks Model 45 ATR module.

Blank PE is characterized in the 'carbonyl region" of 1800-1300cm by a

small CO peak at 1720cm 1 and the methylene bending bands at 1470cm 1 and
-1

1370cm . LDE treatment greatly enhances the csrbonyl and also generates a peak in

the 16ZO to 1640cm area. DM100-treated blank PE shows a modestly enlarged

1720cm peak, regardless of period of treatment, and only a shoulder at

1620 to 1640cm , Posttreat of LDE strip with DI'1100 enlarges the CO peak still

further, and also enlarges noticeably the small knob at 1625cm noted for PE +

LDE. Again, varying the length of posttreat causes little change in the ATR IR

signal. In other regions of the spectrum, a broad absorption in the 950cm to

1150cm 1 range appears for all surface types, but is highIy variable and not a

reliable monitor of chemical moieties on the surface. Another broad band is seen

in the OH stretch region above 3000cm , but again it is not reliable. The ATR

peaks mentioned above appear in Fig. 44a.

Several other surface classes were also amenable to study by ATR, with some

help from bands in other regions of the spectrum. These appear in Figure 44b,

Blank PE treated with adipic acid  AA! is almost identical to PE + DH100, except

for a small shoulder on the carbonyl peak at 1705cm . For treatment times

greater than 30 minutes, the whole CO peak actually is seen to grow signi-

ficantly with time. This is probably slow AA adsorption onto PE LDE-treated

strips when exposed to AA, show a CO peak significantly larger than
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for PE-LDE alone; and the small shou1der at 1705 is sti11 present. No noticeable

time-dependence was seen over the 2 min to 24 hr range, however.

Plasma-treated strips � min exposure! exposed to DN100 exhibit a

peak similar to blank PE, which shows detectable shrinkagg at about 6 min Dti100

treat, and is almost gone after 200 min to 24 hr. For these samples, a large wide

peak at 1105cm and a sharp one at 615cm are seen at 2 min, and then both show

noticeable shrinkage after about 20 min. Hy 200 min both the 1105cm peaks are

gone. A shoulder at 1440cm exhibits the same time behavior.

Plasma-treated samples posttreated with AA resemble the plasma + DN100 strips

in the carbonyl region, except that the 1440cm-1 shoulder is invariant with time.

The 1105cm 1 and 615cm-1 show slight shrinkage after 24 hr. Concentration effects

were seen to be nil on all of the 0�100 and AA-treated samples.

In Figure 44c is seen the p1asma treat-time behavior of the 1 720cm CG

peak for plasma-treated samples at the standard air flowrate of 2cm /min atm. This

peak showed a curious double-maximum behavior over the range of treat time with

maxima at about 1 to 12 sec and about 6 to 20 min treat-time, separated by a mini-

mum at 2 min treat-time. The 1720 cm peak almost vanished at the 2 min treat,

time, as was confirmed with a separately prepared sample at 2 min exposure time

analysed on a separate occasion, At 0,1 sec the peak is similar in size to that

seen in blank PE. This behavior is nicely mirrored by the behavior of the ESCA

0/C ratio, and hence seems to reflect actual depletion and replenishment of oxy-

gen occuring in two distinct time regimes.

Even more interesting is the contrast between the above-noted behavior of the

1720cm peak and its relatively constant size seen at a higher air flowrate of

25 cm /min atm  Figure 44d!. Over the entire range of exposure times from O.l

sec to 200 min, the CO peak remains at a level slightly below that seen for blank

PE. Clearly, a different sort of process is dominant in this flow regime, A third

set of experiments was attempted at zero flowrate, but leakage problems caused the
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chamber pressure to rise beyond the 1.0 torr standard level and to kill the dis-
charge after 2 min. Results resembled the high-flow series above, but probably
are rendered invalid by the pressure rise.

Throughout all of these ATR IR investigations, problems existed with atmos-
pheric moisture and carbon dioxide; water absorbs in the carbonyl region and shows
up as fine spikes under high resolution. Use of double-beam arrangement in the
283 machine helped reduce the problem to that contributed by adsorbed species

 which were unavoidable except by heroic measures!. All the work was done at
Cryovac; which had available ATR modules for immediate use  none were available

at tlIT for extended use!,

Additional work was done using a single-pass hemicylindrical KRS-5 crystal

in place of the flat used above, on a Nicolet 7000 FT IR instrument at Cryovac.
Use was made of the data-processing capability to prepare subtraction spectra of
the type  PE+LDE+DH100! �  PE+LDE!. These subtraction spectra were nearly flat
indicating that the chemical changes caused by D>1100 posttreat occur in a much
smaller volume of surface region than that affected by the LDE pre-treat. ESCA
N/C ratios show the expected large increase with DN100 posttreat, however; this
rules out the possibility of non-reaction  as do the flexure results!.

Transmission IR Studies: In an attempt to better understand the ATR IR

spectra of PE + LDE and PE + LDE + Dt'll00, solution-phase LDE + Dt1100 polymeri-
zation reactions were carried out in chloroform  for convenient IR application!.
These reactions were carried out at room temperature for 24 hr. Each component

 LDE and DH100! was dissolved in 50 ml solvent and then the DN100 was poured into
the LDE under vigorous stirring. Curing was by H20; first in stoichiometric
proportion, then in large excess. Transmission IR spectra were obtained on a
Perkin-Elmer 513 and compared to the ATR IR spectrograms, LDE showed a carbonyl
peak at 1620cm, near the feature seen in ATR but nowhere near the 1720 peak always
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DMIOO has a CO peak at 1690cm , and an isocyanateassociated with LDE in ATR.

band at 2270cm . The urethanes obtained from reacting the two show a new shoulder

at 1710cm , and a second CO peak at 1640cm l. The size of the 1710cm shoulder

is a function of stoichiometric ratio of OH to NCO, dwindling to zero as this ratio

becomes small.  See Figure 45!. Interesting, the NCO peak remained even after

stoichiometric addition of water, so long as the rati o of OH to NCO was less than

1.0, Large molar excesses of H20 final'Iy killed the NCO after long reaction times.

These observations are comforting, as they suggest that DN100 preferentially reacts

with LDE rather than water, perhaps on the PE surface as well as in solution. Fig.

46 shows the interesting morphological spectrum obtained from preparing poly-

urethanes of different compositions of LDE and DN100. Hith j]g j greater than 1.0,OH

meric substance which when fully H20 cured tends to foam  more foamy towards the

0.3 ratio! and become chalky in color. At near 0.1, the uncured polymer is

syrupy. Cured, it is a flexible foam. Presumably, beyond 0.1 the foam becomes

rigid, as cured DM100 is shellac-like. The tough elastomer found near stoichiometric

balance seems ideally suited for abrasion resistance, and its elastivity should

assist in tolerating flex-working.

ESCA: All of the surface types studied were examined under ESCA, and it was

found that time-dependent behavior could be monitored reasonably well. Despite

the weakness of the Nls signal, good data were obtained for N/C and N/0 atomic

ratios.  All ratios used the relative intensity factors quoted by 8erthou and

Jorgensen �975!!. Table 21 gives ESCA data.

Looking first at the N/C ratio, a dramatic rise was seen with posttreat time

for all DM100-treated samples. This indicates surface adsorption and reaction

with whatever reactive species  i.e. OH and NH2 primarily! lie there. Non-reactive

a taffy-like substance results, very adhesive in nature. This presumab1y grades

into a sticky syrup, then an oily or waxy compound as the composition approaches

pure LDE. At the other end, ratios of 1.0 through 0.3 show a tough colorless elasto-
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Table 21. ESCA Atomic-Ratio Surface Data For All Strip Samples
Tested, Listed By Series  Nomenclature defined in
Appendix V1I1!.

Series A: PE, PE + LDE, PE + LDE + DM100, PE + DM100 {*!

DM100
to. Conc. Time. 0< /0 N/C

"L« « 4.44 X 10 M DM100
"X« « 4,44 X 10 M
"V« = 4.44 X 10 M

1 PE blank
2 PE +LDE
3 «L«2 min
4 «Xll 2 «

«y«2 It
6 «Ltt 2 «*
7 «X«2

«yll 2 «*
9 "L" 24 hr

10 «Xit 24 «
«ytt
ttL«24 «

13 IIXII 24 tl
14 «V«24 «
15 "y«20 min
16 "V" 20 min

0.12
0.15
0.15
0 ' 12
0.089
0.14
0.16
0.092
0,11
0.12
0.15
0.074
0.092
0.11
0.16
0.095

40.01
0. 083
0.094.
0.20
0.17
0.12
0.30
0,30
0,074
0.080
0.12
0.10
0.39
0.34
0.16
0.36

C 0. 001?
0.0046
0.014
0.024
0,015
0.017
0.048
0.028
0.0081
0.0096
0.018
0,0074
0.036
0.037
0.026
0.034
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Table 21  continued!

Series B: PE, PE + LDE, PE + LDE + DM10pl PE + DN100  *!

Time 0 C "!cNo. Conc.

4,44 X 10-7g DN] OO; "H" - 4,44 X 1O-5N Dmlpo; "V" - 4.44 x 10-3t< Dt<l.OP.

1 2 3 4 5 6
7 8
9

10
11
12
13
14

II HII
h HI I
"H"
II 8 II
0 HII

II Hlt

PE

PE

II H II
Ii yll
Ir LII
II H II
II yII

6 min
20 min
60 II

2P II *

60 " *
Bl ank
+ LDE

24 hr
24 II
24 II
24 II *
24 It
24 "*

0.117
0.101
0,122
0.135
0.104
0,092
0.150
0,175
0.124
0.151
0.086
0,076
0.213
0.146

0.126
0 ~ 129 ~
0.152
0.156
0.287
0.192
0.0077
0.058
0.027
0. 046
0.15?
0. 070
0.115
0.276

0. 0147
0.0130
0 ~ 0185
0.0211
0.0298
0.0177
0.0014
0.0119
0.0033
0.0069
0.0131
0.0053
0.0245
0.0403
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Table 2l.  continued!

Series C: PE + plasma �33 Pa, air, 2 cm /min atm flow!

'/C "/0 H/CNo.

Series D: PE + plasma �33 Pa, air, 25 cm /min atm flow!3

"/c0/CNo.

0.019
0.028
0.019
0.029
0.013

0 ~ 075
0.085
0,076
0.105
0.044

0. 251
0.333
0.244
0.279
0.289

1 sec
2 min

6 min
20 min
200 min

0-4
D-5

D-6
D-7
D-8

Sample Nomenclature Defined in Appendix VI?I.

D-l
0-2
D-3
C-1
C-2

C-3
C-4
C-7
C-5
C-6

0.1 sec
1 sec
'l2 sec
2 min
2 min  opp.side!
6 min
20 min
20 min  repeat!
60 min
200 min

0.287
0.263
0.241
0.191
0.136
0.184
0.331
0.240
0.248

0.18O

0.056
b.09l
0,088
0.060
0.056
0,069
0,057
0.080
0.050
0,032

0.017
0.024
0.021

0.0115
O.0076
0.0127
0.0189
0.0192
0.0124
0.0058
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Table 21.  continued!

Series F: PE + LDE + AA and PE + plasma � min, 2 cm /min! + AA3

/0 /CNo. Pretreat Conc. Time

lDE

plasma

"Hh 6.67 X 10 M AA; "Vh 6,67 X 10 M AA

hHh

hHh
hHh
hPh
hgh
II H II
h Hle

hHH

24 hr
30 min
2 min
24 hr
2 min
24 hr
30 min
2 min

0.290
0.201
0.246
0.215
0.194
0.277
0,220
0.202

0.032 0.0093
0.038 0.0076
0.070 0.017
0.108 0.023
0.099 0.01 9
0. 040 0. 011
0.090 0.020
0.040 0.0081
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adsorption is discounted since all 08100 samples showed retardation of degradation

under flexure, and since the H20 quench would polymerize the DN100 skin to a poly-

urea. For PE+LDE+0;4100, as seen in Figures 47a and 47b, N/C ratios reached equili-

brium after about 6 min at "H" concentration of DM100, and after 20 min at the "V"

concentration. For PE + plasma + D/i100 as seen in Figure 48, equilibrium evidently

was not reached at the "H" Concentration; the "V" concentration curve seemed to

level off near 24 hr. This behavior is similar to blank PE + DM100, where the fl/C

ratios ieve1ed off only near 24 hr in each case. The "L" condentration was not

monitored by ESCA due te other demands on machine-time. Plotting N/C against concen-

tration  Figures 47c and 47d!, one finds an increase from "L" to "V" at 2 min

posttreat time for both LDE and blank PE strips; this behavior is also seen at 24

hr. In Figure 49, the N/C vs plasma exposure time relation is given for the low

and high flowrates studied. While the high flow series shows a smooth curve peaking

near 6 to 20 min, the low-flow trace shows two maxima, the larger at about 1 sec

and the smaller near 20 min. A minimum at about 2 min is seen. This exactly

parallels the ATR carbonyl behavior mentioned earlier.

The N/0 ratio was the best monitor for AA posttreat; since AA contains 0 but

not N, a depletion of N/0 could be attributed to a rise in surface AA population

 Figures 50a and 50b!. This effect was in fact seen for both PE + plasma + AA

and for PE + LDE + AA at the "H" concentration of AA  Refer to EXPERIMENTAL section

for defini tion; it is hard to pinpoint the equ~ librium owing to paucity of data

 again due to rnachine-time bottlenecks!. For the plasma strip it appears to occur

after 2 min  the point at 30 min was probably from contaminated sample!. For the

LDE strip it again seems to be in the 30 to 200 min range. Curiously, at the "V"

concentration of AA, the LDE strip actually underwent an increase in N/0, with the

ratio levelling off possibly as soon as 2 min. Only two data points were taken, so

any interpretation is risky. For both the low- and high-flow plasma exposure series,
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Figure 47. a! ESCA N/C Ratio vs Log Posttreat Time for PE + DH100
and PE + LDE + DH100, at 4.44 x 10-S M DM100.
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Figure 47. b! N/C Ratio vs Log Posttreat Time for PE + DM100 and
PE + LDE + DN100, at 4.44 x 10-3 M DN100.
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Figure 47.. c! ESCA i'J/C Ratio vs Log Posttreat Concentration for
2-rin Posttreats in Dt'il00 of PE and PE + LDE.
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Figure 47, d! N/C Ratios vs Log Posttreat Concentration for 24-hr
Posttreats in Dll100 of PE and PE + LDE.
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Figure 48, a! ESCA N/C Ratio vs Log Posttreat Time in 4.4 x 10 N
Dl<100 for Pf Pretreated 6-min in 2 cm3/min Air Plasma.
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Figure 4p, b} N/C Ratio vs Log Posttreat Time for Plasma-Pretreated
PE, in 4.44 x 10-> H Dt1100.
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N/0 ratios climbed early to peaks somewhere in the 1 sec to 12 sec range, then

smoothly decreased through 200 min.

Finally, 0/C ratios were monitored for all DM100-posttreated samples, all AA

posttreats and the plasma-only series. For AA post-treated samples  Figures 5la,

5lb,5lc!, the expected rise was observed, with no levelling off seen for plasma +

AA. For LDE + AA strips, equilibrium seemed to occur roughly between 20 and 200

min, although this interpretation is open to question, again owing to paucity of

data. For PE + LDE + DM100, the ratio seemed to drop very slightly; this behavior

was noted for PE + DM100. Concentration effects were minimal. For PE + plasma

+DM100, an initial rise occurring at or before 2 min was followed by a steady drop

through 24 hr; the meaning of this is unclear, It was found that 0/C was

best used to monitor the AA-posttreated samples, and the plasma series. For

low air flowrates �cc/min atm!, the striking bimodal N/C behavior was seen again

 Figure 52!, as a confirmation of ATR IR carbonyl-peak observations. From 0.1

sec through 2 min, a roughly linear relationship exists  on semilog scales!;

another roughly linear region of sharper slope extends from 20 to 200 min  both

slopes negative!. The 2 min to 20 min region, near the later N/C maximum, shows

a sharp discontinuity. More data are needed to clarify the nature of this discon-

tinuity. At the high �0 cm3/» n atm! rate of flow, the 0/C ratio increases roughly

linearly with time over the enti re 1 sec to 200 min regime. Clearly, another process

dominates at this higher f'low regime.

Hi h resolution ESCA studies: These were done for selected surface types;

the C, N and 0 peak energy assignments were made to + 0,15 eV, and appear in Table

22, along with probable chemical assignments inferred from the literature  as com-

piled in Wagner, Riggs et. al., 1979!. The PE Cls peak at 284.6 eVwas used as an

internal standard to correct for sample-charging effects.

Only the slightest hints of shoulders were seen, The C and 0 peaks were quite

smooth and symmetric. N was too faint to attempt deconvolution; only its maximum
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Figure 50. a! ESCA N/0 Ratios vs Log Posttreat Time for PE + LDE
in AA  "H" = 6.67 X 10 5 fi; "V" = 6 67 X 10-~ t~!.
Curves spec ul a t i ve.

QIO

gO

0.05

0.2

Figure 50 b! H/0 Ratios vs Log Posttreat Tine for PE + 6-min
Plasna Exposure in 6.67 X 10 5 f! AA. Curve
speculative.
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Figure 51. a! ESCA G/C Ratio vs Log Posttreat Time for PE + 6-min
Plasma Exposure in DC1100  "H" = 4.44 X 10 ~M; "V" =
4.44 X 10-3l~'l.
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Figure 6l b! ESCA 0/C Ratio vs Log Posttreat Time for PE + LDE in
AA  "H" = 6.67 X 10-5M; "V" = 6.67 X 10-3N!.
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Figure 5l c! 0/C Ratios vs Log Posttreat Time for PE + 6-min
P1asma Exposure in 6.67 X 10 SM AA.
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was given an assignment. For oxygen, PE and PE + LDE had identical values, indicating

that the PE oxygen is mostly OH. The PE + plasma samples tested also had similar

oxygen energies, again suggesting hydroxyl. For DM100 posttreats, the oxygen

peaks were near to that for PE and for PE + LDE, PE + DM100 was at the same value,

while PE + LDE + DM100 was slightly shifted down. This suggests that OH and CO show

similar shifts in the forms studied  OH, urea, biuret, urethane, amide!, and that

the oxygen peak is not useful for distinguishing among them.

Nitrogen was more revealing. The DN100 posttreats showed an Nls peak energy

value near that inferred from the literature for ureas and biurets  from phenyl-

substituted thiourea!, PE showed a peak energy near the literature value for

guanidine, indicating imine or amine; either as contaminant or as a result of reaction

with the atmosphere. Best of all, PE-LDE was different from both of the above,

thus indicating once again that the DM100 posttreat has chemically changed the surface

character of the PE. And in the piasma-treated samples, N shifts from a va'Iue near

blank PE at 2 min to a value about 1 eLJ higher, which cannot be assigned from the

literature. Possibly it is due to more ir-bonding character, Nore ~ character would

stabilize a positive charge and thus boost peak-energy levels,

In all cases, carbon lacked any neighbor peaks to the PE peak at 284,6 eV;

these were expected for DM100 posttreats but possibly were swamped out by the much

greater methylene carbon signal.

Contact an le stud ; For selected representative samples, contact angles were

determined, using distilled water at several drop sizes. Data scatter was high,

due in part to serious drop-surface distortion caused by the various scratches,

pits and milling grooves found on all sample surfaces. Table 23 summarizes contact

angle data. Three readings were taken for each surface, denoted "shiny" and "dull"
from reflection specularity, of the selected strips, Included in the survey were

PE, PE + LDE, PE + DM100 � min and 24 hr posttreat!, PE + LDE + DN100 � min and

24 hr posttreat!, the PE + 2 ccjmin plasma from 2 min to 200 min, and a series
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of PE + LDE + 08100 and PE + DH100 strips posttreated for a range of periods. Data

were not obtained for AA posttreats owing to time pressure, but are expected to

be similar to DN100 posttreats since both contain medium-length aliphatic chains

linked by carbonyl-rich junctions.

Contact-angle values were similar for blank Garry resin and for PE + LDE;

strangely, LDE showed higher {more hydrophobic! angles. This is not consistent
with the observation of increased wettability of PE+LDE powder in water. DM100

posttreats were noticeably below PE or PE+LDE. Posttreats at the "L" {4.44 x 10 7 M!
concentration had the lowest angles, and samples posttreated 24 hr generally had

lower angles than 2 min samples. In all samples, the "shiny" surface, which had

greater mi']ling-groove density, usually had higher angles, but there were many ex-

ceptions to this. For the two DN10D posttreat series monitored for time behavior,

a modest drop in contact angle was seen in the first 6 - 20 min; beyond that the

angles seem to level off. This echos faintly the behavior seen in ESCA, and the
magnitude of the effect, ~5', is just larger than the scatter. The most dramatic
data were, as has been the case with ESCA and AIR IR, the plasma-treated series.

The angles are already down 20' in 2 min, arid from there they continue to drop to
a minimum near 6 min to 20 min which is fully 30' below PE at 80'-90', The angles

level off at this value through 200 min. These low angles reflect the high oxi-

dation levels seen by ESCA; once again, no fine structure is discernible. It was

concluded after this study that contact angle determination was useful only as a

quick screening tool for samples with surfaces as rough as the ones tested.
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Table 22. High-Resolution ESCA Photoelectron Peak Energy Assignments  and
Probable Chemical Identification! of Cl , Ol and N12 in Various
Modified PE Surfaces

Element Corrected Peak Ener Probable Chemical T e

Blank PE

PE + LDE

PE + LDE + DN100 C

�4 hr at "Y" concn.! 0
N 399 5 Il II biuret; urethane?

PE + DN100 C

  24 hr at "V" conc.! 0
N 3995 biuret; urea

400 7 iI N

PE + Plasma 3 C
�0 min. at 2 cm /min

atm!
N 401.6 + 0.3

Chemical assignments made by using model-compound data in Wagner et. al. �979!.
"Y" = 4.44 x 10 N DM100.

PE + P 1asma

� min. at 2 cm 1'min3

atm!

C 0 284.6 + 0.15 eV

532.0

400.4 + 0 ' 3

284.6 + 0.15 eV

532 0 II 1I

3 99 9 II II

284.6 + 0.15 eV

53] 7

284.6 + 0.15 eV

532 ! tl II

284.6 + 0.15 eY

532 2

284.6 + 0.15 eV

531 9 II ll

a'liphatic chain

OH, some CD

NH2, NH?

aliphatic chain

QH, some CD

amide

aliphatic chain
biuret. urethane CO~

aliphatic chain

bsuret; urea CO?

aliphatic chain

OH, CO: CODH?

NH2,NH?

aliphatic chain

OH,CD;COOH?

NH2,NH? -C=N-C-!?
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Table 23. Data from Contact-Angle Determinations on Selected Surface
Types.  Each Datum an Average of 3 Raw Readings!.

"Gu11" surface

Error Range +5' in absence of scratches
+15' in presence of scratches

PE blank
PE+LDE
PE+LDE+DM100  "V"; 24 hr!

"H"; 24 hr!
L 24 hr!

 "H"; 2 min!
 "L"; 2 min!

PE+DYi100  "V"; 24 hr!
II   II HN, 24 hr !

  L", 24 h.!
 "H"; 2 min!
 "L" 2 min!

PE+LDE+Dtl'> 00  "V"; 60min!

 "V"; 6 min!
 "V"; 2 min!

PE+08100  "V"; 60 min!

 "V"; 6 min!
 "V" 2 min!

PE+plasma � min, 2 cm /min!
� min, " !
�0 min, " !
�0 min, " !
�00 min, " !

900
91'
86'

84 0
85'
850
83O

85'
810
86'
84'
88'
80'
85'
77'-
864
86O

91O
82'
92O

70
630
66'

58

60

810
87
84'

94
72'
82'
86'
8/0
85O
83'
794
82
87o
880

82
90'
89'
Bgo

900
900
59'
63'

51 o
58 a
63'
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Flexure erformance of surface-modified PE sam les. One criterion of the

practical worth of the various surface modification methods is the actual extent

of retardation of degradation achieved. In this respect there was considerable

var~ation, but a11 methods tested showed at least modest success.

PE + LDE: Both the plasma- exposure and the LOE initial treatments showed

retardation; LDE seemed more effective. At 70 rpm  Fig 53a, Table 24! blank PE

suffered a crystallinity drop from about 51.5% down to 45K after 6.0 log cycles

flex. Extrapolation of the PE - LOE data obtained under identical flexure con-

ditions shows that 454 crystallin~ty is not reached until 8.4 log cycles flex.

Assuming a reasonable model of 1 rpm flex in real-life marine installations, this

means that the blank polymer required about 1.65 years to degrade to 45K crys-

tallinity from 51.5%, The PE - LDE samples, meanwhile, would not reach this level

until after several centuries.' A more realistic measure is perhaps the log cycles

flex required to drop noticeably, e.g. li, below unflexed specifications, or from

51.5K down to 50,5K . For b1ank PE, about 4.7 log cycles were required; for PE-

LOE, it took about 5.4 log cycles. In "real" terms, the derived lifetimes are 30

days and 150 days. Thus, LDE extends the lifetime af blank PE by a full factor

of 5.0 by this measure.

At 400 rpm  Figure 53b!, similar dramatic improvement over blank PE is seen

for PE + LDE strip. The crystallinity-loss slopes are shallower for both PE and

LOE for two reasons. First, the 400 rpm apparatus operated at a lower flex ampIi-

tude �.6rw vs. 1.0m' for the 70 rpm rig!, and second, the onset of degradation

occurs earlier at 400 rpm and thus an inherently gentler slope is seen between

3.5 and 5.5 log cycles, Beyond 5.5 log cycles flex, this effect is negligible.

For blank PE after 6,3 log cycles flex, the crystallinity was down from 51% to

47,5'X; for PE + LDE it was still near 49,5%, To reach 50%, crystallinity required

4.3 log cycles for PE and about 5,2 to 5,3 log cycles for PE + LDE, This means

that the "lifetime" has been enhanced by a factor of 8 to 10  in terms of the 1
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Table '24. X-Cay Data for PE Ref luxed 75 hr at 90'C in 8.33 X 10 5N LDE
and Flexed for Various Log Cycles at 70 rpm and 400 rpm.  Sample
Nomenclature From Appendix VII.! Some Samples Reacted 24 hr
$n Dilute Dhll00 Solution

TreatX 100

None
LDE70

N

None
N

400
N

LP E+ N L N
LDE+NMN
LPE+NyN

"LN 4.44 X 10 7ht; "HN 4.44 X 10 5N "Y" 4,44 X 10 3' DP100

F-1

2 3 5 6
7
8

9
G-l

2 3
4 5
6 7
8 9

10

Standard 81
4.11
4,'eo
5. 02
5.32
5.48
5.78
6.23

0
Standard fl
Standard 42

6.28

51.3
51.3
51.5
51,0
51.1
50.2
49.5.
49.1
52.8
51.'0
5'l.0
47.7
48.1
49.4
50.2
49 ~ 5
49.5
50.6
49.8
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4
LOG CYCLES

Figure..53. a! Crystallinity vs Log Cycles Flex for PE and PE + LDE
at 70 rpm. �5 hr at 8,33 X 10-5' LDE! ~

I

c49

48

4
LOG CYCLES

Figure .53. b! Crystallinity vs Log Cycles Flex for PE and PE + LDE
at 400 rpm.
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52

4
LOG CYCLES

Figure 54. a! Crystallinity vs.Log Cycles Flex for PE + LDE and
PE + LDE + D!i100 at 70 cycles.

5i

50

47

46

Figure 54.

O
O

43
X

o49

Xqg

2 3 4 5 6 7
LOG CYCLES

b'> Crystallinity vs Log Cycles Flex for PE + LDE, PE + D!1100
and PE + LDE + D!I100 at 400 rpm. "L" and "g" = 4.44 X 10-7N;
"H" and "h" = 4.44 X 10-5'; "V" and "~" = 4.44 X 10-3M.
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Table 25. X-Ray Data for PE+LDE+Dh|100 Strip and PE+Dh1100 Strip,
Posttreated and Flexed as Noted. Sample NomenclatUre
From Appendix VII.

Flex ~LI I I10Posttr eat

Pretreat Time Conc.ko,

0 0
6. 05

Standard 81
Standard f2

100 min 70
N

fl L tl
N L lt
II Htl
II H tl

H yll
llyll

neat

neat

Standard fl
Standard f2
Standard f3
Blank fl
Blank f2

24 hr

0 0 0
5.49400

II

II Ltl
II LII
tl Hll
h Hll
II ytl
II yll

6.48
II

Blank 83
Blank f4

24 hrLDE
none

LDE
none

LDE

none

~ 4,44 X 10 M "H"NLN

H-l

2 3 4 5
6 7 8 9

10
I-1

2 3
4 5 6
7 8 9

10
11

12
13
14
15

16
17
18
19

LDE
II

k

II
II

LDE
none
LDE'

none

LDE
none

cl L II II II

ll Llt a H

II H ll N S

II H lt II N

nycti
N n

4yR N a

4.44 X 10-5V; "V" - 4,44 X 10-3~

51.1
52.0
48.6
48.8

50.0
50.8
49.5
48.8
49.1
47.7
50.9
50.7
51.2
48.2

48.4
50.4
49.7
50.2
50.5
50.6
50.6
46.8
46.7
49.6
49.7
49 F 7
50.5
49.6

50.0
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rpm model, from about 12 days to about 95 to 120 days!.

The difference in extrapolated "real-life" time frames is interesting to

note; it is perhaps a measure of the non'linearity of the accelerated-test approach,

The lower figures for "lifetimes" derived from 400 rprr data indicate that the 400

rpm flex cycle regimen is more damaging to the sample than is a slower cycling rate,

e.g. 70 rpm. This effect was noted also in.PI'UlA in going from 30 to 60 rpm. It is

possible that 1 rpm is less damaging still, for the same number of flex cycles,

than ei ther 70 or 400 rpm.

DM100 Posttreat: Posttreatment with ON100 was found to enhance retardation

of degradation even above PE + LDE alone, This added enhancement was noted both

at 70 rpm and 400 rpm  Figures 54a and 54b, respectively; data in Table 25!. Post-

treats prepared from "L", "V", and "H" concentrations of DN100 were all tested. It

seemed that "L" �.44 x 10 I'i! did little to improve performance over PE + LDE

baseline at either cycle frequency, "V" �.44 x 10 H! showed marginal improve-

ment after 6,0 to 6.5 log cycles  perhaps of order 0,5% crystallinity, not much

above the scatter! at each cycle frequency, The "H" concentration   4.44 x 10 ~!

posttreat did best; it retarded crystallinity loss by about 1.0 to 1.5X at 70 rpm

and by perhaps 0,5" at 400 rprn  the lower flex amplitude and more demanding cycling

regimen!. For the sake of corrrparison, PE + OM100 strips were also prepared at the

"L", "H", and "V" D[1100 concentrations, and flexed for 6.5 log cycles at 400 rpm.

Surprisingly, they did as well as the PE + LDE + OM100 strips, being corrrparable to

the "H" and "V" PE + LOE + Dt0100 strips at 6.5 log cycles. The "L" PE + DN100 strip

was comparable to PE + LDE, Taking an average over all DM100-treated strips, an

enhanceme~t of about 0.5X over PE + LDE loss retardation is seen after 6.5 log

cycles at 400 rpm, In other words, to reach 50K crystallinity required about 6,4

log cycles, vs. 5.3 log cycles for PE + LDE. Thus the "lifetime" of Otl100 treated

PE is perhaps 12 times greater than at 400 rpm. For a typical 1 rpm situation,

this is equivalent to .120 days for PE + LDE vs. 1400 days � yr! for PE + LDE +

DYil00 and PE + DN100. PE lasts only 12 days under these conditions. This dramatic
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Table 2~ X-Ray Data for PE + plasma {air, 133 Pa, 2.0 cm /min atm!
and PE + plasma + DM100  posttreat for 24 hr !. Samples
Flexed at 400 rpm. Nomenclature from Appendix YII.

X 100

50.9
51.1
49.3
48.1
49.4
49 ' 4

Standard Pl
Standard P2
Blank Pl
Blank t2

5.41
N

49. 9

Blank P3
Blank f4

6.15

Standard Pl
Standard t2
Blank 81
Blank f2

6.50
II

4,44
4,44
4.44
4.44

X 10 H
X 10-5W
X 10 N
X 10-3M

Ho, Pretreat Time Posttreat Conc

J-1
2
3

4
5 2 min

II

7 20"
8 20 1t
9 60"

10 200 "
ll
12
13 2 min
14 6"

N

16 20"
'l7 60 "
18 200 "

v,-l
2

3

5 6 min

6 II

7
N

8 N

9
s

10
M

48. 6
51.0
49 ' 7
47.2

.47.7
48.4
49.0
49.0
48 ' 8
49.0
49.0
51.0
5l.l
47.9
48.5
49.4
49.5
49.5
50.2
50.1
49.8
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5t

50

,LOG CYCLES

Figure 55. a! Crystallinity vs Log Cycles Flex for PE + Plasma
� cm3/min atm! for Various Exposure Times.

50

-49

X 48

47

LOG CYCLES

Figure 55. b! Crystallinity vs Log Cycles Flex for PE + Plasma
�-min exposure! + Di%100  "t'" = 4.44 X 10-5N;
"V" = 4.44 X 10-3H!.
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enhancement recalls the Lagergren-Olsson-Swedenborg 1974 result in which throm-

bogenesis was reduced by a factor of about 50 to 100 through use of polymer +

surfactant + bonded heparin shunts as compared to untreated shunts. Here, the

1ifetime-enhancement factor was perhaps 100 to 150.

Plasma Treatment: Hith plasma treatment at 1.0 torr �02 Pa! and 2,0 cm3/min
atm flowrate in air, less spectacular results were achieved than with PE + KDE  see

Fig 55a and Table 26!. Treatment time of 2, 6, 20, 60, and 200 min were all tested;

2 min seemed marginally less effective �.3L crystallinity! at 6.2 log cycles than

the other times, which were very nearly equal in performance. On average, to reach 50K

crystallinity from an initial value of 51% required 5.1 log cycles vs. 4,6 for

blank PE. A later run with lower flex amplitude due to shaft fatigue in the flexor

showed 5.5 log cycles to 50 for 6-min plasma-treated strip vs, 4,85 log cycles

for blank PE. In each case, the "lifetime" enhancement is by a factor of about

3 to 5, vs. 5 to 10 for PE + LDE, This result was not expected initially, but in

retrospect is perhaps due to several mechanisms described later. Using the 1 rpm

model, this means lifetime extension from 12 to 45 days in the initial run and from

50 to 200 days at the lower amplitude.

DM100 posttreats applied to 6-min plasma-exposed strip at the 'H" and "V"

concentrations  "Ir'" = 4,44 x 10 N;"H"= 4,44 x 10 5 H! again caused enhancement

over plasma-only strip. After 6,5 log cycles the posttreats were all about 0,5%

higher in crystallinity than plasma-only controls  see Fig. 55b!, To reach 50'5

crystallinity required 6.3 log cycles vs, 5.5 for plasma-only, for an enhancement

factor near 6.0, This factor is noticeably less than the DN100 posttreatment en-

hancement factor over PE + LDE. The cumulative enhancement factor of PE + plasma

+ DM100 over blank PE is thus near 25; less than the factor for PE + LDE + DN100

but nevertheless quite promising, PE samples that last 50 days before degrading

to 50% crystallinity at 1 rpm would still be intact after <]200 days

plasma + 08100 treatment, at a similar flex amplitude.
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AA Posttreats: Adipic acid was also tested as a posttreat on both PE + LDE

and PE + plasma strip. The philosophy behind the choice of AA was that it contains
a medium-length aliphatic chain and at least two acid moieties  triacids were not
easily available in the desired configuration!; this would lend the resultant poly-
ester coating a flexibility similar to LDE-Dfll00. Enhancement over blank PE was
seen, but on a more modest scale than for DM100 posttreats. PE + LDE + AA dropped
to 50'. crystallinity from 51K after 5.6 log cyc1es flex vs. 5.15 log cycles for
blank PE  the shaft was damaged even more on this run, and repairs were not feasible
at the time; flex amplitudes were again lower than for most runs! ~ This implies
an enhancement factor of only about 3 for the LDE + AA treatment, less than the 5-10

for LDE only and far less than the 100 to 150 seen for LDE + DN100. However, it

does show significant improvement over blank PE,

Plasma + AA treatment proved to be more effective; crystallinity was still

just above 50% after 6.5 log cycles vs. 48.7'4 for blank PE  see Fig 56 and Table 27!.
To reach 50'. probably required about 6.9 log cycles flex vs, 5.k5 log cycles for PE,
for an enhancement factor of about 50 to 60, The figure is based on only two data
points at the "H" concentration of AA �,67 x 10-5 M!, and could be as low as 15-
20 or as high as 100 due to the + 0.3/ error in crystallinity measurement. In any
event, however, plasma + AA seems to be more effective than LDE + AA treatment.
Interestingly, the LDE + AA data were the same at both "H" and "V" concentrations

for AA posttreat  "Y" = 6.67 x 10 M of AA!.

*p I 50

surface only and isotropically were flex-tested. Soth dosages tested �.9 MR
and 11.5 MR! showed virtually no degradation at 70 rpm after 6.15 log cycles see
Fig 57a and Table 28!. The consequent "lifetime-enhancement" factor is very high,
probably at least 100 or more, for i sotropi cally irradiated strip. While blank PE
dropped to 50.5R from 51.5% crystallinity after about 5.t log cycles, ir~adiated
PE showed essentially zero drop after 6,15 log cycles, and it seems that such

behavior could extend out as far as 7.5 or 8.0 log cycles. For surface-irradiated
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Table 27, X-Ray Data fo~ PE+LDE+AA �4 hr posttreat! and PE+plasma
� min at 2 cm /min atm! + AA �4 hr posttreat! at Various
AA Concentrations. Flexed 400 rpm.

X �00!Posttreat Conc.No, Pretreat

50.8

50,7

51. 5

48,8

48.8

49.3

49.7

49.3

50.1

10 plasma

ll plasma

50. 2

50.3

6 LDE

7 LDE

8 LDE

9 LDE

Standard tl

Standard P2

Standard i3

Blank 81

Blank P2

6,67 X 10 5H

6.67 X 10-5~

6.67 X 10 3H

6.67 X 10 3H

6.67 X 10 5H

6,67 X 10 5M
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Table 28. X-Ray Data for Blank PE Irradiated Isotropically or on the
Surface  Half-Thickness 75~m! with 500 keV Electrons,
Then Flexed at 70 rpm for Various Log Cycles.

X 100LoI CyclesMo. Irradiation Mode ~0osa e

01
11.5 MR

N
N

N

0 MR

Standard

Isotropic

50.8

47.0

Unirradtated
N

N
N

Standard

Isotropic
81

2e9 MR
N

Ã
f2
0 HR

N

0 ~ 6 MR

2.0 MR

Standard
Standard

Surface Dose 6.17
N

M-1

2 3

4 5 6 7
8
9

10
11
12

13
14
15
16

17
18
19

N-1

2 3
4 5

6 7 8 9
10

0
4.16
5.36
5,70
6.00
4.16
5.36
5,70
6.00

4.30
4.87
5.14
5.47
5.60
5.77
5,90
6.11

51.2
51.0
50.6
49.8
51.0
49. 9,
51.4
47.4
46 ' 4,
45.0
52.0
51.5
51. 9
50.5
50.9
52.2
51.1
50.7
50.4
51. 3
50.6
48.2
48.2
48 ..2
50.2

49.0
51.3
51.5
52.4
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52

048

4
LOG CYCLES

Figure 57. a! Crystallinity vs Log Cycles Flex for Isotropically
Irradiated PE Blank �00 keV! at Various Dosages.
�0 rpm!.

52

o50

04g

LOG CYCLES

Figure 5g,, b~ Crystallinity vs Log Cycles Flex at 70 rpm for PE
Surface Irradiated with 500 keV Electrons.
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PE, similar zero-loss behavior was seen out as far as 6.2 log cycles at 70 rpm
 Figure 288!. To drop to 50.5% from an initial 51.5% probably would have required
7,5 to 8.0 log cycles, while blank PE required only about 5.15 log cycles. The
enhancement factor is thus well over 100, maybe near 1000, which is probably better
than the best pure1y chemical treatment, LDE + Dtil00. For a dosage of 0,6!lP� the enhance-

ment effect was much more modest. To drop to 50,5% crystallinity only required
5.35 log cycles vs. 5.15 for blank PE, for an enhancement factor of about 1.6,
the lowest encountered for any treatment protocol, This probably indicates the
lower limit of dosage required to show measurable effect on crystallinity degradation
at 70 rpm, for the type surface skin  -5 of bulk thickness! tested.

All of the flexure-performance results, in terms of lifetime-enhancement

factors, are summarized in Figure 58, along with equivalent lifetimes for treated
strip in a 1 rpm environment, This chart illustrates the broad range of surface
modification processes studied which produce results reflecting an equally wide

range of effectiveness.
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DISCUSSION

The results just presented as a body illustrate the variety of forms that

seawater-promoted polymer degradation can assume. For semicrystalline resins such

as PP and low-density PE  LDPE!, the primary degradation mode seems. to be crystallinity

loss, with little or no molecular-weight loss occurring in the flex regime studie~.

For amorphous resins, such as PM/ lA and atactic PS, molecular-weight loss is the

dominant failure mode. Research done by du Pont of Canada  Szpak! indicates that highly

crystalline resins  high-density PE in this case! actually become even more crys-

talline, hence more brittle and more subject to stress-crack failure.

The degradation-retarding effects of various surface-modification processes

on LDPE are similarly diverse, and suggest several different retardation modes,

including steric blockage of diffusion, as well as ionic barriers.

Initial flex experiments, in the vertical machine, on PE and PMMA established

the exponential character of the degradation process beyond an initial onset region,

PENA seems to be sensitive to flex frequency  Appendix IN!, even in the 30 to 60 rpm

range, indicating a relatively long relaxation time. Hoth resins degrade faster in

seawater than in air; this is consistent with the oxidant and ion-diffusion models

discussed below. Stress-strain testing of PE and PENA revealed an earlier onset

of degradation for P>'DNA at 60 rpm; this method was found to be the best monitor

of occurrence of onset. This finding supports the idea that the semicrystalline

PE resin should have a higher internal strength  due to DH, t ! than the amorphousi.rys t

Pl%1A.
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General Considerations: In searching for a degradatian mechanism for each polymer

studied, there are a number of -.possibilities ranoing from simple chain breakage to more

subtle changes in polymer morphology. A summary of some of the currently accepted

mechanisms is given in this section. Unfortunately, some of these theories are based

on experiments in which the polymers have undergone much more violent processing  e.g.

grinding! than the present work and therefore may not be applicable.

The mechanochemical degradation of mo1ecular weight has been studied extensively

for various modes of polymer processing and fabrication. The accepted mechanism

explains that the entangled nature of the polymer chains allows those devices producing

shear action in these material to impart suffic~ent energy to individual molecular

bonds to cause them to break as shown in figure 59,  llatson, p. l086!, Electron Spin

Resonance Spectroscopy has verified the presence of these free radicals which can

result from the grinding or mastication of raw polymers  Sohma and Sakaguchi, p. 157-180!.

Given the presence of free electrons at the new polymer chain ends formed by

chain scission, it has been found that oxygen and other radical scavengers expedite

the molecular degradation process. The marine environment provides a whole range

of radical scavengers from chlorine ions and other radicals to dissolved oxygen,

thereby making it a likely location for this type of degradation,

It has been found that chain scission is further accelerated by the propagation

of end radicals to neighboring polymer molecules leaving two stable terminal ends

where the radicals were and two new radicals on the adjacent molecules. This submicro

crack as it is termed, propagates in this way leaving a trail of stabilized end

groups behind it  Figure 60!. The ratio of the number of stable ends formed to the

number of these cracks in one polyethylene sample was found to be about 1000  Sohma

and Sakaguchi, p. 160-162!. This mechanism is known as Zhurkov's model  Zhurkov et.

al., p. 1509! '

Approaching the degradation from a different angle, we find that physical

properties like stiffness and yield point are dependent on crystallinity for many
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polymers. As crystallinity decreases, both stiffness and yield stress also decrease

and with these changes, the chance of brittle failure is also decreased  Figure 61!

 Sperati et.al, 1953; Starkweather, et.al., 1956; Mijga, 1959!. A combination of

crystallinity and molecular weight has been shown to affect hardness, flexural

fatigue resistance or flex life, softening temperature and elongation at tensile

break  Bi llmeyer, 1965!, Figure 62 shows the affect of crystallinity and mole-

cular weight on flex life in a teflon resin. Flex life increases with increasing

molecular weight and decreasing crystallinity  Thomas, et.al, 1956!. Although the

flexure in this experiment was much more drastic than the present case  a full

180 degrees!, the implications are still quite clear.

A process of crystalline degradation has been proposed by Flory as a simple

migration of polymer chains from the crystalline to the amorphous regions, thereby

decreasing the bulk crystalline fraction.

Finally, a degradation mechanism has been proposed as a comb~nation of the

two preceeding cases and has been confirmed by Electron Spin Spectroscopy

 Peterlin, 1970; Sohma and Sakaguchi, p. 158!. In a semicrystalline polymer where

islands of crystallinity are connected by individual polymer chains, a mechanical

stress applied to the bulk polymer will cause chain scission in those molecules

connecting the crystalline regions but not in the crystalline regions themselves

 Figure 63!.
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11elt Viscosit Studies: PE: Mhile decreasing crystallinity with respect to

flexure was reproduced from the previous work, both the starting point and rate

at which the decreases occurred differed. There are two possible explanations

for this. First, it is not certain that the deflection height.was the same for

both sets of experiments. No work was done on deflection distance dependence of

degradation so no conclusions can be made at this ooint, The second possible

cause lies with the X-ray diffraction measurement technique. This technique

required hand approximations directly on the X-ray scan data and it is not clear

that these were done in the same way as in the previous work os even from sample

to sample.  Later X-ray measurements used a fairly reproducible standard baseline algorithm!
Viscosity was not found to vary with flexure and the only difficulty in

the analysis came in the estimated region of experimental error. For individual

samples, the variations may appear significant but no overall reproducible effect

was found. At any rate, in view of the fact that any effect that may or may not

be present is measurable only at the extreme limit of accuracy of the mechanical

spectrometer, it was concluded that melt viscosity was of little utility as a

monitor of polyethylene degradation.

PP: Crystal]inity data for polypropylene were erratic, with no trend

detectable in the resulting values, This can be attributable to two possible

causes. First, the samples were much older than any of the others tested and

although all samples were stored in a freezer to prevent changes in morphology

after the experiments had been completed, we do know what the long term  approx

7 months! effect of this storage might be, A second problem area was again with

the intenpretation of X-ray scans. A base line curve for each sample had to be

hand fitted to the diffraction response and it was even more difficult to do this

reproducibly on polypropylene than on polyethylene.

Briefly, the same arguments for the viscosity results for polyethylene apply

here, Even if there were a change in molecular weight, it is only measurable at
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the limits of accuracy of the mechanical spectrometer and therefore not very

useful for comparison purposes.

PS: In contrast to polyethylene and polypropylene, the molecular weight

measurements made with the mechanical spectrometer showed significant and repro-

ducible decreases with respect to flexure. The mechanical spectrometer, was thus

found to be useful as a tool for monitoring polystyrene degradation. Best data

spread between flexed and unflexed PS samples was encountered in a higher shear-

rate regime; the differences due to flexure decreased considerably at lower shear-

rates; this is consistent with a fundamental model of molecular weight loss as the

dominant degradation mode for PS.
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Possible ol eth lene de radation modes: The test PE resin, according to

characterization by the methods described earlier, was a low-density PE with a

rather low softening range  Table 1! near 110'C and a recrystallization peak near

90'C. Other DSC data indicated it to be a single resin and not compounded.

Since the test PE resin was LDPE, it was expected to lose crystallinity upon

degradation under flexure; a HDPE  high-density! resin might actually have become

more crystalline, as discussed earlier. LDPE's are of lower

molecular weight but of higher branch density, and hence are more likely to possess

a higher entanglement density than the more linear HDPE resins. Mhen an LDPE is

mechanically worked, crystallites are pulled apart and disoriented, thus increasing

the amorphous fraction of the bulk polymer. Loss of crystallite structure also

is probably associated with loss of strength as the yield-stress vs. crystallinity

data suggest, This is reasonable, since from DSC, crystallization in the test PE

resin adds about 118.9 kJ/kg to the energy content of the polymeric bond structur e

of a crystallite, relative to the amorphous phase, A loss of crystallinity there-

fore is equivalent to a loss in average bond-energy density, hence a more weakly

banded structure which has lower yield strength.

For a HDPE resin, the degree of entanglement is lower; mechanical working

pulls apart some crystallites, but allows the less-entangled amorphous phase to

crystallize onto the remaining crystallite fragments, and the effect is a net

increase in crystalline fraction. Recrystallization probably occurs also in LDPE

upon working, but it is hindered by the greater degree of entanglement in the

amorphous region, so that the net effect is crystallinity loss.

The effect of seawater upon this process, in the case of the test LDPE, was

to accelerate this crystallinity loss, probably by accelerating processes which

increase the density of such deformities as chain ends; these along with chain

entanglements help hinder recrystallization to a greater degree than if no

saline-induced chain cleavage occured. The net result is a greater extent of
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degradation; an "enhancement "factor of about 0.7 relative to air. Even though the

molecular weight is lower, crystallin1ty does not rise because the entanglement

density originating from the 1nitially high molecular weight is "frozen in" at

temperatures below about 100'C, and the only effect of lower molecular weight

 as caused by carbon-chain cleavage! is to 1ncrease chain-end density and ta actually

impede recrystallization; meanwhile, mechanical working continues to break down

crystallites and lower overall crystalline fraction.

In the air environment, the degradation probably 1s a consequence mainly of

carbon-carbon bond breaking mechanically induced  i.e. the chain is actually pulled

apart due to steric hindrance when overstressed!. An important additional mechanism

perhaps involves diffusion of oxygen through the polymer; mechanically stressed

sites would be energetically susceptible to oxidation and subsequent chain cleavage

at those sites. LOPE similar to the test resin is slightly permeable to oxygen;

various free-rad1cal oxidation mechanisms are thought to be important  See Ref. 12!.

In distilled water, hydronium ion exists 1n dilute  -10 M! solution along

with bicarbonate and hydroxide; dissolved oxygen is also present. Isolated from

contact with air, such water would have an ion concentration of about 10 t>. It is

conceivable that mechanically stressed carbon bonds, especially on tertiary carbon,

are energetically susceptible to oxidation or carbon1um ion formation followed by

some process resulting in carbon-carbon bond breakage. A typical sequence would

perhaps be oxidation of a susceptible carbon followed by acid-catalyzed carbonium

formation, then further reaction with an oxidant to cleave the carbon-carbon bond,

leaving behind terminal carbonyls or COQH groups. The precise mechanism is open

to question and could easily be the topic of more research; in any event, these

reactions are extremely slow under normal conditicns, and produce noticeable effects

here only because of the large stress-loading of the target carbon chains. Dis-

solved oxygen is a prime candidate for the oxidant involved; in air it forms OH

and carbonyl on the surface, as seen by ATR and ESCA. In addition, mechanically-

induced cleavage would continue as in air.
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With a marine flexure environment, the electrolytic properties such as con-

ductivity and total ion concentration are enhanced by perhaps 10 or so; the ion4

promoted oxidation and cleavage steps should proceed more rapidly. Higher carbon-

carbon cleavage rates, of course, imply faster degradation. Cleavages occuring

within crystal lites would disrupt their internal order, thus assisting in their break-

up by the flex cyclino process. In seawater, the crystallite-disruption process

would proceed more rapidly; this was observed in fact. The actual cleavage mechanism

should be different in seawater because of its mild alkalinity; base-catalyzed

cleavage should predominate over the acid mechanism suggested for distilled water.

The purely mechanical cleavage mechanism is probably minor relative to the seawater-

promoted pathways, even though it is not expected to be impeded, Additionally,

trace-metal -".ata1yzed cleavage routes should probably be regarded as at least minor

contributors.

From the observation that onset of degradation in all three environments

occurs much sooner at 400 rpm than at 70 rpm, it can be inferred that the mechani-

cal breakdown of crystallites occurs more efficiently at the higher speed. This

is perhaps due to the high acceleration of flex, which results in faster energy

input to the sample, and possible resulting in a somewhat higher equilibrium energy

content, at least unti1 significant breakdown has occurred. Thereafter, break-

down seems to proceed at a rate similar to the rate encountered at 70 rpm with

similar flex amplitude. In this later log-cycle regime, relaxation of the sample

seems to be sufficiently fast to overcome the higher energy input rate at 400 rpm.
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Effects of surface modification on ol eth lene de radation. The primary

goal of a surface-modification technique, in view of the discussion above, would

be to impede transport of ions and of dissolved oxygen into the bulk phase of the

polymer. A barrier would then probably possess some heteroatom content, perhaps

even ionic character, and in addition would be both flexible and abrasion-resistant,

In this research a variety of surface treatments which generally satisfied these

requirements were characterized and tested, and it was found that each provided

at least a minimal impediment to degradation.

Untreated test PE resin was found by ESCA to be surprisingly well oxidized

in the upper 10 nm; the C/0 ratio was about 7-8 and the C/N ratio about 700. The

oxygen appears to be predominantly carbonyl and hydroxyl; relative abundances of

the two were not c1early discernible. Nitrogen is probably mostly amine. As

mentioned earlier, the actual surface zone is perhaps 10 to 100 nm thick  pro-

bably closer to 10 nm!, and probably consists of a hilly, furrowed "terrain" with

an occasional pore.

The conclusion is infer red from the weakness of the ATR-IR carbonyl signal

from the control samples used in the LDE- and plasma- posttreat experiments.

These samp'les were treated with 0,'f100 or AA only, and while they show only a modest
-1increase in the 1720 cm ATR carbonyl band, on ESCA the DNl00-treated controls

show dramatic nitrogen uptake expected of a sample with a thin DM100 layer  blank

PE contains nearly no surface nitrogen!. These observations were made in sprite

of the fact that the controls were swelled slightly by the toluene solvent  DN100

is not expected to diffuse any more easily into cold unswelled PE than is LDE!.

They indicate that the 01100 is isolated in a surface region more comparable to the

ESCA sampling depth than that of ATR, and this in turn puts a sort of upper limit

to the depth of the "fuzzy" region of the PE surface,

On the molecular level, the amorphous nature of the surface zone suggest that

it is riddled with "ultra-pores" on a scale of 1-5 Angstroms; the "surface" seen
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by HET probably does not include such fine structure. Most oxygen probably is in

this porous zone; smaller quantities lie deeper, on a scale of microns into the

bulk, where they are deteCted by ATR IR. Oxygen molecules and various tons diffuse

relatively unhindered through the "ultra-pores", and then do their damage.

Treatment with annealing seems to do little to impede ~onic and OZ diffusion;

this supports the idea that it is mainly interstitial and not through larger-

scale pores that would be obliterated by softening during the annealing process.

Surfactant Adsor tion on PE. LDE treatment seems to create a dense carpet of'

surfactant molecules on the surface zone of the PE, probably a micellar bilayer.

A combination of steric hindrance and electronic forces centered on the hetero-

atoms in the LDE head moieties apparently markedly retard ~onic transport to the

interior, and at least partly retard oxygen transport, as inferred from the slower

degradation of LDE-treated PE in seawater than for untreated PE in air,

The mechanism of LDE adsorption, as elucidated by the research seems to be

a two-step precursor mechanism up to about 90 C  the location of the DSC re-

crystallization peak, and probably the point at which the tail-diffusion therma1

barrier is overcome!. Entire LDE molecules physisorb onto the surface very

rapidly, then slowly diffuse tail-first into the PE "ultrapor es" until hindered

by the hydrophilicity of the head moieties. At 90'C,. the precursor mechanism

seems to compete roughly equally with direct adsorption-diffusion; above this

temperature the rapid diffusion is dominant. Since the chief impediment to tail

diffusion is steric in nature, the transition at 90 C to a direct adsorption-diffusion

mechanism probably means that the activation barrier to diffusion has been over-

come thermally; i.e. E t<3/2 RT, where T = 363'K. Thus, Eact&.5 kJ/mole.
act

This value is typical of the purely physical mechanism theorized.

In any event, the result is an LDE layer which occupies virtually the entire

"parking area" available on the PE surface, as determined by tensiometric studies.

Two potential cross-polymerization sites exist on each molecule, namely the
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hydroxyls. The probable bilayer na ture of the IDE layer possibly causes a complex
structure to form upon cross-polymerization, especially with a trif'unctional species.

DN100 Posttreats: Treatments with DN100 in large stoichiometric excess seems
to cause a high degree of urethane formation, as indicated by ESCA data which shaw
about the theoretically expected enhancement in N/C ratio relative to LDE-treated
surface. Exposure of blank PE to DN100 showed a much larger pickup of nitrogen;
final N/C rati os were about twice those seen for PE + LDE + DM100. Low volatility

-8 <10 torr! and surprising1y large enhancement factors seen for PE + DN100 indi-
cate that a polyurea coating of form tR-NH-CO-NH-R']n, where R and R' denote ali-
phatic chains, has formed at the surface region, probably anchored to polyethylene
by an occasional urethane link to a polyethylenic OH group, Polyurea is the ex-
pected product of adsorbed OM100 quenched with water; free amine should also be
in abundance. In addition, the polyurea contains biuret groups from the original
DN100. ESCA data suggest that amine nitrogen is minor relative to urethane, biuret
and urea forms, but the certainty of this is limited by the weakness of the observed
Nls signal.

In either case, the DN100-cross-polymerized surface coating retards transport,
presumably of ions, into the interior to a greater degree than LDE alone. The DM100
polyurea coating is probably chemically bonded  grafted! directly to the PE skeleton;
the total strength of this bonding, while probably less than the sterically-anchored,
more numerous "pilings" anchoring LDE-DN100, appears adequate for the job, The
LDE-DM100, however, would have the added advantage of chemical stability against
hydrolysis  important in alkaline environments and in seawater! and demonstrated
flexibilty in the demanding 400 rpm flex-cycle regime.

Adsorption of DY100 onto PE and PE + LDE occurs rapidly at room temperature
and low concentration, indicating little problem with steric hindrance at the
adsorption/reaction sites, and that the activation barrier is low. This result is
in accordance with what is know about polyurethane reactions in solution.
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Plasma Treatment: Exposure of model blank PE to plasma causes a complex oxi-

dation and nitrification scheme to occur over the observed interva'I of O.l sec

to 200 min  about 6 orders of magnitude in time!. Further, these phenomena are

seen to be flow-rate dependent. At low flowrates  i,e. long residence times for

activated species in the v~cinity of the PE surface!, surface oxygen content rises

very rapidly  <0. 1 sec! initially, and then declines slowly. Beyond about 20 min,

some new surface oxidation process apparently becomes dominant, as surface oxygen

content rises again and then again slowly declines  although faster, vs log time,

than the initial decline!. At the high flowrate, a slow increase in surface oxygen

content dominates over the entire time range studied. The low-flow results may

suggest that some sort of chemical etching or leachout or oxidized sites continually

occurs, and that two different ox~dation mechanisms become favorably promoted after

specific amounts of exposure to the activated environment. LJhile the initial process

occurs very rapidly, the second process seems to require a 6 to 20 min latency period,

while the PE surface is "readied", presumably by the same process that is slowly

etching off oxygen laid down by the first process. Very little chemical-shift

data could be gleaned from high-resolution ESCA. ATR IR data shows peak carbonyl

activity coincident with onset of the "slow" oxidation process; however, the "fast"

process does not show such a peak until the 1 to 10 sec range, well after the slow

etch has begun. The actual mechanism is expected to be a complex system of parallel

reactions, which is the usual situation encountered for plasma and flame environments

containing a "shotgun" variety of free radicals, molecular fragments, and other

activated species.

Nitrification also undergoes a double maximum process; the maxima also seem

to agree well with maximum ATR IR carbonyl levels  ~l sec and <20 min!. Etching

occurs after 1 sec and a second nitrification process starts in the 2 to 6 min range,

only to be etched in turn after peaking at 20 min. The second etching regime

possibly is 'associated with a modest degree of crosslinking, similar to what occurs

during CASING. In this time regime, considerable surface opacity also appears,
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perhaps due to large-scale oxidation and subsequent volatilization of oxidized surface

fragments. 'i<hat is left behind is a modestly oxidized and crosslinked surface.

Fast flowrates seem to sweep the chamber sufficiently to drastically reduce

activated species residence time near PE surface, Oxidation and etching may then

be closely balanced; the net result being a slow gain in surface 0 content. Frosting

occurs as at low flow; hence both oxidation and etching are important, Carbonyl

formation shows no peaks as seen at low flowrates; evidently some necessary inter-

mediate is swept away before it can react to and thus contribute to carbonyl

formation. Nitrification is seen to follow a smooth rise toward about 2 to 20 min,

and then a decline similar to that seen at low flowrates. The pattern seems to be

'roughly an envelope encompassing the two low-flow N peaks. The effect of high flow

on nitrification seems to be a smearing of the two dominant low-flow processes into

one broad process of nitrification which is cut back only by the long-time etching

which acts as a sort of final cleanout of all oxidation and nitrification.

The result is, after about 6 min, a shallow crosslinked surface layer  see

Schonhorn and Hansen, 1967! probably containing large numbers of OH and CC moieties,

and significant numbers of amine or imine as well. An appreciable ion-transport

barrier has evidently been constructed despite possible increase of surface area

from etching, although it is not as effective as the dence LDE bilayer seen before.

Plasma + DN100: Posttreat with DN100 presumably causes polyurea and poly-

urethane networks to become anchored to the plasma-generated OH and NH2 sites, and

the enhancement factor is boosted to levels just above that of LDE alone. Ion

transport is hindered further due to charge effects  see below!; the thin cross-

linked skin is not expected to pose an effective barrier any more than a window

screen bars rain, but it does serve to strengthen the carbon-skeletal base of the

polymerized DM100 layer. It is interesting to note that both plasma and plasma +

Dt1100 enhance seawater performance beyond air-environment levels; this suggest some

sort of barrier, probably electronic, to oxygen diffusion as well as ion transport,
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AA Posttreats: Adipic acid posttreats generate a polyester coating anchored

by LDE tails or by ester and amide links to polyethylene OH and NH2.

is indicated by observation of expected 0/C enhancement under ESCA. The process

is slower than for DN100 po1yurethane formation; equilibrium probably was not

achieved with PE + LDE+ AA. This is probably due to a competing hydrolysis reaction,

catalyzed by the modest ion content of the distilled-water reaction environment,

The LDE-AA polyester presented a poor ion barrier relative to LDE alone; this can

perhaps be explained by the idea that AA actually promotes ion diffusion into the

interior, when cross polymerized onto LDE. The quality of the coating could also

be responsible; it is not a network but a series of long LDE-AA-IIOE-AA...chains.

Such a surface region might contain large gaps which expose naked PE surface, and

which, being relatively free of charge effects, allow significant passage of ions.

On PE + LDE, such gaps would be, on average, closed most of the time due to kinetic

motion of the freely rotating ethano1 groups on l.DE, A test of this last hypothesis

would be to test either LDE + triacid or LDE + disocyanate on PE strip.

An alternate test of the "gap" theory is PE + plasma + AA, which seems to perform

almost as well as PE + LDE + DPI100, and at least as well as PE + plasma + DN100.

Here, the AA would bond with the plentiful OH and NH2 species for an intimately-

bound polyester coating similar to plasma + DN100. Despite the linear nature of

this coating, it seems to retard ion and 0~ diffusion effectively; this suggests a

more complex explanation for the relative failure of LDE + AA,

In each of the chemical treatments discussed above, the presumed oxygen-

and ion-barring mechanism is the forming of a population of charged species from

the environment which cluster in the vicinity of heteroatom groups with small charges

of opposite sign on the surface coat, e.g, amide, OH, biuret, urethane, urea, ester,

etc. These ions repel any newcomers and also sterically clog the molecular gaps

through which still other tons and neutral species such as Op could pass into the

interior, This model at once explains the ion-barrier and Op-barrier effect.
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Substitution of cluster members and subsequent diffusion into the interior of

displaced cluster ions could, and probably does, occur, the extent of this con-

tributing to the observed enhancement factor as much as the initial barrier-forming

ability. Such substitution seems to be slow relative to barrier formation, if it

occurs at all, since the barrier does in fact work in every case.

Electron Irradiation: Surface bottibardment with 500 KeV electrons tends to be

a sort of extreme case of the plasma-exposure method. Considerable cross link

density is generated above about 0.6 SIR surface dose, and the literature  e.g.

Olet'in ~Pol ers! contains much work on radiation-inducedLanza in

surface chemistry. Dissolved 02 has been reported to suppress crosslinking; this

effect is probab1y minor in the current work due to sufficiently high doses used.

Surface oxidation, pre-existent and radiation-generated, probably suppresses

immediate surface  «lum! crosslink levels, but deeper levels  to the 75 um treat

depth! are probably unaffected. Radiation-induced oxidation increases ink-adhesion,

hence is equivalent to at least 0.1 sec of air-plasma exposure. The stupendous

enhancement factor seen at 2,0i]R is probably chiefly due to steric hindrance of jon

and oxygen diffusion caused by crosslinking, but this comes about in a peculiar way.

As PE is subjected to high-energy electrons, amorphous targets are inmediately

crosslinked after the hydrogens are spalled off, In crystalli tes, a broad 4,25 l

gap separates the rigidly-locked polyethylene chains; the only recourse for the

energized carbon is to transmit its energy to its two nearest neighbors; this process

is repeated, in a traveling wave, until the 500KeV is dissipated; this takes tens or

hundreds of transfer steps. The process almost always runs out of crystallite, and

once into the bordering amorphous region, the energy wave will encounter carbons

which are in greater relative motion; the first carbon close enough to a neighbor

chain gets c rosslinked to that chain. The result after 2.0 AIR of such impacis is

very low crystalline crosslink density, with "shells" af highly-crosslinked amorphous

region encasing each crystallite, and causing it to be far more resistent to breakdown
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than when unirradiated. The intervening amorphous region has lower crosslink density.

Evidently a 75 pm layer of such material is sufficient to greatly reduce degradation

of unshielded internal material. The threshold for this effect is near 0.6 MR, as

determined by flex results. Surface chemical barriers probably exist, similar to

those encountered in the plasma-treated samples; however, they alone cannot account

for the observed hindrance of degradation. Interestingly, the 0.6 MR strips per-

formed not as well as the 6-min plasma strip; this suggests that the chemical

contribution is at best very minor �,0 HR and 0.6 MR probably have comparable surface-

oxidation levels!,
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POSSIBLE EXTENSIONS OF WORK

The scope of this work was limited by time considerations only; the potential

avenues for future research are virtually endless, One could begin by confirming

the baseline degradation behavior of the resins studied, and extending such base-

line to other environments  as already done for LDPE!. New resins could be studied,

e.g. HDPE, ethylene-vinyl acetate  used in food packaging!, Teflon, PVC  polyvinyl

chloride!, nylons, various elastomers as isoprene and polybutylene rubbers, etc.

All are known to degrade, and can potentially be surface-treated to retard such

degradation.

A later phase could be more quantitative mechanistic studies of the degradation

process in various chemical environments  e.g. air, distilled water, seawater!.

Such tools as ESR, ESCA, gas chromatograph, mass spectrometry, SEM and permeability

measurements should reveal considerable detail. For example, ESCA depth-profiling

of a surface 1ayer can, in principle, be done to 10 nm resolution. ESR studies

should reveal what intermediates and free-radical species form during the oxidative

chain-schission process.

A particularly interesting chemical system to explore is the polymer surface

exposed ta glow-discharge p1asmas of various compositions. The cursory studies

discussed for LDPE are indicative of the complexity and great potential for opti-

mization for a broad range of surface types.

The surface modification studies done on LDPE should be repeated for the other

major resin classes. The nature of the this retardation gives hope of successful

application to other major polymers.
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APPENDIX ii

~Ph a ical Data for EDE, DM1DD, aad ~Adi ic Acid

1! LDE: A superamide formed from the corresponding ester in order
to suppress byproduct formation. Supplied in solid  wax!
form From Stepan Chemical Co.

Composition  Pugh, 1977! 90% LDE
7X lauryl amine
3X other surfactants

m. p.   O' Alelio and Reid, 1937!

p   II I !

Solubility in water  Kritchevsky!

38.7 C

190'C

1 g/100 cm = 3.5 x 10 H

Density  estimated from C.R.C. data!

Surface area of head region  space-
filling mode1 estimate! 12 A

Transmission IR Absorbances:  Hummel! v ~ 3333 cm
vco 1613 cm

-1

, OH BEND{prese.t ~rk! v«= 3375 cm '
VCO 1720 cm

-1

VOH BEl,lD= 1060 cm
ATR IR Absorbances: vC = 1715cm ; shoulder at 1615-20 cm

CO -1.
impurity Ahsorbances: ester, 1740cm; ether, llll cm

n-alkyl residue, 720 cm-1
 none actually observed for LPE batch used!

0/C= 0.16
H/C= 0.007
N/0= 0.075

ESCA Atomic Ratios on Garry PE:

Molecular Height 287.43 g/mol

0.85 g/cm
3

Critical micelle concentration  Garry! 26.5 dyne/cm = 2.65 x 10 nt/m
II 2

Surface area of molecule  Stepan Chemical! 25 A
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Composition  Yohay Chemical! 98K Ptl100
2X HOI, dimers,

oligomers, etc.

Viscous, pale yellow liquid, similar in appearance but
heavier than refined honey

>'2 g/100 mlSolubility in dry toluene

478.65 g/mol

Density  model-compound estimate! 0.93 g/cm
3

a
Mean Span between NCO moieties 18-19 A-

03
Hol ecul ar Yo1 ume 200 A

Ho 1 ecul ar we i g ht

-1
NCO 2270 cm

v ~ 1764 cm  from YCO?!

'uCO 1694, 1637 cm
 biure t!

Transmission IR Absorbances;

ATR IR Absorbances  adsorbed 24 hr and quenched on
PE blank!: Meak 1720 cm-1 peal:, slightly above
surface-oxidation background level.

PE �4-hr adsorption

soln.= 4.44 x 10 M:
-5

0/C= G.OS
N/C= Q. 03
I%i/0= 0.30

soln.= 4.44 x 10 N:
0/C= 0.12
N/C= 0;04
N/0= 0.35

ESCA Atomic Ratios on Garry
and quench!:

DY.100 Concn. in

Dl<100 Concn. in

2! 08100: A biuret condensation product of 3 males of
hexamethylene-l,6-diisocyanate  HOI! and 1 mole water.
Supplied neat from Nobay Chemical Co.
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3! AA: Supplied in crystal form by major houses.

Composi tion

Melting Range

99.99% adipic acid

151-153'C

Solubility in distilled water 2 g/100 ml

146.15 g/mol

1,360 g/cm
3

O
9-10 A

Molecular Height

Density

Mean Span between acid protons

Molecu1ar Volume

Molecular Parking Area on PE

50 A

30 A

Kl~ 3.9 x 10
K2- 5.24 x 10

~CO 1720 cm
shoulder at 1705 cm

Acidi ty:

ATR IR Absorbances:

ESCA Atomic Ratios on PE + LDE after 24 hr reaction:

AA Concn. in soln.= 6.67 x 'l0 M:
0/C= 0.26
k/C= 0.009
8/0= 0.03

AA Concn. in soln.~ 6.67 x 10 M:
0/C= 0.22
k/C~ 0.023'?
k/0= 0.11~
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APPENDI X I I I

Pre 1 iminar Cal cul ations for Zx ected Surf actant Adsor tion

by Polyethylene

As re f erred to in the experimental portion of the thesis,

some pre l iminary calculations were done in an e f f ort to

predict the quantity of sur f actant which could be adsorbed

by sheet polyethylene as we 1 1 as polyethylene particles o f

1 00 micrometer s in diameter

14. 502 cm /g
2

2 ~ 5 x 1 0 cm /molecule x 6 . 02 3 x 1 0 molecules/mole
-15 2

-9
9. 631 x 10 moles/g polymer

Assuming 1/3 of amorphous areas   4 5% !
undergo success f ul adsorption resul ts
in adsorption of

-9 moles
1 445 x 10 g polymer

3" x 1" x l/6" sheet po lyethylene

sur f ace area o f po lymer

density of polymer

surf ace area. o f sur f actant
molecule  S epan Chemical Co . !

specif ic sur face area o f polymer

adsorption

6. 50 in = 41 ~ 935 cm

~ 940 g/cm

5 x 10 15 cm2

14. 502 cm /g
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For l00 mp particles

637.6 cm /g

adsorption�

637.6 cm /g
2

2.5 x 10 cm /molecule x 6.023 x 10 molecules/mole-15 2 23

-7
4.234 ~ 10 moles/g polymer

Assuming 1/3 of amorphous areas �5%! undergo
successful adsorption results in adsorption of

8
6.352 x 10 moles/g polymer

Assuming one has mixture of 10 g polyethylene in 100 cm3

of l0 N surfactant solution:

initial moles of surfactant

10 g polyethylene adsorbs

change in solution concentration 63.5%

Conclusion: With an assumption of minimum surfactant

adsorption �.5% of total available polymer area!, poly-

ethylene particles with diameter of 100 micrometers appear

to cause a significant concentration change of the balk

surfactant solution upon adsorption �3.5%! whereas sheet

polyethylene doe not �.45%,!.

specific surface area
of polymer = 6/dp

moles of surfactant remaining
in solution

-6
1 x 10 moles

6.352 x 10 males

«7
3-658 x 10 moles
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APPE~DrX rv

LDE Tensiometric Calibration Curve' .Surface Tension vs. Concentration

An empirical calibration curve was developed for converting
raw surface-tension data to solution concentration data for dilute LDE solu-

tions in distilled water. Raw measurements were made by the du Nuoy Ring

technique which measures the torsional force required to pull a previously-
measured ring free of the fluid interface being studied  see Adamson, 1967!.

The raw readout, PT, is a sum of surface-tension forces and the
dry weight of the ring P . The apparent surface tension y is obtained from

PN PT PD 4 vRya

where R is the radius of the ring. From this the true surface tension y

is obtained from the observation that y = y F, where F is an empirically-

determined correction factor arising from meniscus effects and ring wetting

effects. Zuidema and Haters �941! have compiled empirical data for F as a

function of R and wire radius r, and as a function of the y reading.a

Typical values encountered in the present work were in the range of 0.904
to 0.936 = F, for Rjr = 52.8.

The true sur face tension y is related to concentration C by the empir'.-

cal curve:hown below. Between the critical micelle concentration at
-4 -63.55: 10 H and about 3.35 x 10 N there lies a linear zone where

log C = -4.47 � 0.043 y - 50.0!

and T is in dynes/cm. Above and below this linear zone, surface tension
is insensitive to concentration, and tensiometric data cannot be obtained.
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E 70

~60

o ui 50Z: 20
IO -6

LOG C

Surface Tension vs. Log LDE Concentration  Garry,1977!,
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APPENDIX Y

Basis for Establishin posttreat Solution Concentrations Tested on PE Stri s

Deciding the most informative DM100 and AA postrreat solution concen-

trations to employ in order to evaluate concentration effects on cross-

polymerization was a special prob'fern. The system is heterogeneous; it

was not clear that a given stoichiometric ratio of NCp or CDDH to QH in

assumed to be a perfect parallepiped of dimensions 1.00" x 3.00" x 0.062".

This yields a surface area/strip value of A = 41.92 cm /strip. Given the2

density p 0.918 g/cm , A then equals 14.99 cm /g of strip.3 2
s

Using a reasonable parking-area/molecule figure  obtained from tensio-

metric adsorption studies on powder! of 25 A /molecule, this then yields
'2

the molarity/strip of adsorbed LDE M . Since strip mass m = 2.80 g;s

M A
M

s "mol "avog

and finally N = 2.78 x 10 mol LDE/strip.

� 9.95 x 10 mol LDE/9 of PE strip

homogeneous phase would correlate to any degree to that ratio when defined

as  total moles of NCD or COOH in solution!:  total moles OH bound to the

PE surface!, which shall be called u.

It was finally decided to try three values of a:e= 1.2, a= 120 and

0 = 12,000  the 20% surplus was added to overcome probable error in surface-

area modeling of the strip, and to correct for degradation from undessicated

moisture still in solution!.

To determine what actual molarities are implied by these a values, a

solution volume of 100 ml per 1" x 3" strip was assumed, and the strip was
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Then the molarity of the posttreat solution solution is given by

molarity = cgM �000 ml/1! �: �0 ml!

where e = 1.2, 120 or 12,000 and P is 1.0 for AA and 0.667 for Dl<100  equiva-
-7

'/ence ratio!. For a = 1.2, the resultant molarity of 4.44 x 10 N 08100 or
-76.67 x 10 N AA is labeled "L" for "Low Concentration", and similarly for

o = 120  "H" for "High Concentration" ! and a = 12,000  "V" or "Very High

Concentration" !.

1he true value for A could be as much as 10% to 20K low, and probably
is, because of the furrowing of the surface discussed in the text. From
Garry calculations of mass transfer of LDE to the PE surface, it was found
that the mass-transfer LDE flux limit is about 6.7 to 7.7 orders of magni-
tude higher than observed adsorption rates, it is thought that the cross-
polymerization reactions are similarly unaffected by mass-transfer limitations
even tPough the rates were perhaps 2-3 orders of maqnitude faster than for
LDE adsorption   < 2 x 10 moles/ln for LDE, perhaps ~ 10 mole/m for AA-10 9

and as high as < 10 to 10 mole/hr for 08100, vs. 1.2 x 10 to 1.3 x 10
mole/hr for mass-transfer limited LDE transport!.
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APPENDIX Y I

Dilute Solution Viscosity Measurements � Theor and Data

High polymer molecules possess the capacity to greatly

increase the viscosity of the liquid in which they are

dissolved, even when present at concentrations which are

quite low. As shown by Flory �953!, the viscosity can be

approximated by the time required for a solution to pass

between two fiducial marks of an Ostwald viscometer. The

viscosity of the solution divided by the viscosity of the

solvent results in the relative viscosity, q . Billmeyer

�971! notes that the specific viscosity< rl = tl � 1,r

then represents the incremental viscosity attributable to

the Polymer solute. The ratio n JC  for C being solution
concentration! is a measure of the specific capacity of

the polymer to increase the relative viscosity. The value

of this ratio at infinite dilution  C = 0! is the .intrinsic

viscosity, [n]. Plots of n gC vs. C are very nearly

linear for q < 2 and thus can be extrapolated to C = 0

with a fair degree of accuracy.

Alternatively, the intrinsic viscosity may be defined

as [q] = [ ln q !/C] . Both methods should arrive at

the same values for [q]. The intrinsic viscosity is related

to molecular weight by the equation  Billmeyer, 1971!
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for M being the molecular weight and K and a constants.

For the chloroform polymethylmethacrylate system at, 25'C
-5values for K and a are 3.4 x 10 dL/g and 0.83 respectively

 Braudrup and Immerqut, 1966!.

A sample calculation is given below:

Sample E � 10 hours flexure time

Concentration of PWCA in CHC13

Viscosity of CHC3. = time
3

Viscosity of Solution ~ time

62. 14 + . 14%r 28 15 + 28% = 2.21 + .31'h = 2.21 + -.Ol

1.21+ .01 = 1.21+ .82%
sp

i.21 + .82%
red .2123 + .13%

5.70 dL/g + .05 dL/g

1/c ln q ~ 3.74 dI/g + 1.3.4% ~ 3.74 dL/g + .04 dL/g

For solutions of concentrations below, similar values

are obtained:

concentration "r sp 1/c ln qr

2 21 + 31% 1 21 + 57% 5,70 + 59' 3 74 + 1,14%

~ 52 +1,34' 4 93 +1 355 3 96 + 2 19%

24 +2.08g 4.54 +2.1lg 4.11 + 2.86

2123 + .13%

.1061 + .20%

.0530 + .32'

1.52 + .47'

1.24 + .40%

.2123 g/dL + .13%

28.155s + .28%

62.14s + .14%
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Plotting q < versus concentration defines a straight
red

line with intercept [n]. Similarly, a plot of l/c ln rlr

versus concentration is linear with intercept [q], as

shown in Figure 23. Nith [q] = 4.25 dL/g, the molecular

weight of th:s sample is 3.,527,000 grams. Listed below

are the hours of flexure for each sample as well as the

concentrations, n , q d, [q], and molecular weight.red'



Concentrat i on, Cg/d1!

Figure 23: Determination of [rl] for Sample PN1A Solution
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TABLE A

PUMA samples flexed in air at 60 cycles per minute

M.W.

4.600 1521000

A' 24
3.800 1211000

52.5
3.650 1153000

72
3. 615 1140000

148
3. 620 1142000

c' 168

196

220

samph.e

Blank

concentration

h ~ /

.2112

.1056

.0528

.2037

.1018

;0509

.2414

. 1207

. 0603

.2075

.1037

.0518

.2038

.1019

.0509

. 2116

.1058

.0529

. 2120

. 1060

. 0530

.2213

.1106

.0553

2. 31

l. 57
1.26

2.11
1.51

1.21

2.41

l. 57
1.25

2. 16

1.48
1.21

2.13
1.46

1.21

2.14
1.47
1.21

2. 17
1.47

1.21

2.25

l. 50
1. 22

[~j
"red  dL/cd!

6.18
5e37
4.99

5. 43
4.99

4.19

5.83

4.72

4.08

5. 59
4.64
4 ~ 08

' 5.53

4.55

3.87

5.4l
4.45 3.475 1087000
3.94

5.52
4.47 3.425 1069000
3.92

5.63
4.50 3.400 1059000
3.95
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TABLE B

Samples in Simulated Seawater at 30 cyclesFlexure of PNNA

per minute.

concentration
/

E~l
~<+L/ !r'ed M.W.

15090004.560

5.92
5.28
4.83

.2211

.1105
~ 0552

2. 31

1.58
1.27

4.540 1501000

5.95
5.24

4.73

.2151

.1075

.0537

2. 28
l. 57
1.25

14550004.425

5.97
5.21
4.68

2. 29

1.56
1.25

4.400 1445000

5. 70

4.93
4.59

10 2.21
l.52
1.24

4.250 1386000

10
14060004.300

25
12980004.025

4. 075 1317000

35
13370004.125

.2185

.1093

.0546

.0273

.2162

.1081

.0540

.2123

.1061

.0530

.2172

.1086

.0543

.0271

. 2141

.1071

.0530

.0268

.2155

.1085

.0542

.0271

.2112

.1056

.0528

.0264

2.31

l.57
1.27
l. 13

2.24

1.56
1.26
l.l2

2.24
1.54
1.24
1.11

2.22
1.54
l.24
1. 11

2.19

1.52
l. 24
1.11

6.00

5.22

5.02
4.75

5.71
5.13
4.72

4.20

5.74

5.04
4.46

4.18

5.66

4.94
4 ' 47
4-. 18

5.63

4.91
4.47
4.24
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Table 8 � continued

"red M.N.

13370004.125

120
ll540003.650

120
11730003.700

204
11460003 ' 630

204
11440003.625

391
11130003.550

522
10690003.425

522
10780003.450

644
10590003.400

concentration
hrs   !dL!

.2170

.1077

.0539

.0269

.2320

.1160

.0580

.0290

.2257

.1128

.0564

.0282

.2157

.1078

.0539

.0269

.2169

.1085

.0542

.0271

.2321

.1085

.0542

.0271

.2424

.1212

.0606

.0303

.2237

.1118

.0559

.0279

.2342

.1171

.0585

.0293

2.29
1.54
1.24

1.12

2.30
1.52

1.23

1.11

2.27

1.52
1.23

1.09

2.20

1.49

1.22
1.10

2. 20

1.49

1.22

1.10

2.32
1.54

1.24
1.11

2.38
1.55

1.24
1.11

2. 23
1.50
1.22

1;10

2.33
1.50
1.22

1.10

5. 94
5. 03

4.45
4.33

5. 60
4.49
3.95

3.74

5. 63

4 ~ 61
4.06

3.09

5.56

4.53

4.05

3.90

5. 51

4.51
4.03
3.82

5. 70
4.62

4.l3

3. 86

5. 71
4.53

4. 02
3 ~ 58

5 ~ 52
4.46
3.97

3.63

5.68
4.57
3.98

3.58

Ia]
~ dL/ !



TABLE 8 - Continued

concentration rl rl
mrs   /dL!

r red  dL/g! M.W.

644
3.370 1048000

724
3.'350 1040000

765
3 350 1040000

.2576

.1288

.0644

.0322

.2332

.1166

.0583

.0292

.2450

.1225

.0612

.0306

2.53

1.61
1.27

1.12

2.31

1.53
1.23
1.10

2.36
1.54
1.24

1.11

5.95

4.76
4.17
3. 70

5. 61
4.52

3.93

3.47

5.53
4.42

3.86
3.54
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APPENDIX VII

A. Data for Preliminar PE Flexure Runs in Air and Seawater at 60r m.

TKRLc 1

Crystallinity Data for PE flexed in air at 60 c.p.m.

hours flexure total area crystalline area 0 crystallinity

52273527

5226250424.0

26357552.5

72.0

148.0

168.0

220.0

50274552

247545

239514

44224505

TABLE 2

Crystallinity Data for PE flexed in Synthetic Seawater at

60 c.p.m.

27555348.0

482 853389.0

45255151. 0

185.0

310. 0

319. 0

408. 0

570

244547

43226532

43239552

41195475

hours flexure total area crystalline area 0 crystallinity



-183-

APPENDIX VII

B. Instron Stress-Strain Measurements

As a further proof of polyethylene degradation due to

flexure, stress-strain measurements were made on the

samples. The output from the recorder must be converted

from  x,y! measurements  for y proportional to the applied

force and x proportional to time! to stress-strain data.

The correlation of strain  s! to x is

x > crosshead s eed
lo x chart speed

for x in inches, l being the sample length at time zero
0

in inches, the crosshead speed and chart speed in inches

per minute. For the experiments involved, the crosshead

speed was 2 inches per minute and the chart speed was

50 inches per minute resulting in

0.04 x

l

Similarly, the stress  a! is related to y as follows:

< force for recorder deflection of 1"
wxh

for y in inches, the force in pounds per inch, w being

the sample width and h being the thickness, both in inches.

The force required. for a recorder deflection of one inch



-184-

was 5 pounds such that

a
wxh

The  x,y! values as well as the proper conversion to stress-

strai~ measurements are tabulated in Tab3.e 27 for samples

undergoing varied flexure times up to 310 hours.
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TABLE 1

Stress-Strain Data for Polyethylene Flexed in Seawater

at 60 cycles per minute.

Initial Slope
Yield of Stress-

~ s, ! Stress Strain Stress Strain CarvesHours of
Flexure

280001221394 0.014

788 0.039

1182 0.126

1221 0.162

�. 40, 2. 0!

�. 0,4. 0!

�.3,6so!

�.3,6.2!

�.25,1.0! 213 0.006

427 0.014

640 0.025

853 0.041

1067 0.069

1195 O.ill

1237 28000

�.52,2.0!

�,88,3.0!

�.4,4.0!

�.3,5.0!

�.7,5.6!

1216 28000213 0 ' 007�.20,1.0!

�.45,2.0! 427 0.016

640 0. 029

853 0.046

1067 0.081

1173 Oe127

�. 78, 3. 0!

�.3,4.0!

�.2,5.0!

�.4,5.5!

1164 26667�.8,2.1!48

�.8,3.5!

�.0,4.3!

� ' Oi5.0!

489

815

1001

1164

0.021

0.046

0.077

0.154
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Table 1 - Continued

Hours of

Flexure ~ x, ! Stress

�. 5,1. 6! 1131 2666748

�.2,2. 9!

�.5,4.2!

�.0,4.9!

�.2,5.3!

326

605

114048 0.013

0.029

26667

838 0.'052

�. 9,4. 5!

�. 0,4. 9!

1047

1140

0. 102

0.183

25455�.5,1.6!

�.2,2 ' 8!

410 1229;89

717

�.6,4.0!

�.3,4.7!

1024

1203

1131�. 7,2. 1! 448 0. 01889

 l. 6, 3. 5!

�.9,4.5!

�.0,4.9!

�.0,5.3!

10240.014 2545538489

576 0.028

853 0.065

0.100960

�.0,4.8! 1024 0.163

�.5,1.4!

�.1,2.6!

�.0,3.6!

�. 6, 1. 8!

 l. 2, 2. 7!

�.8,4.0!

�.3,4.5!

341

619

896

1045

1131

747

960

1045

1131

Initial Slope
Yield of Stress-

Strain Stress Strain Curves

0.012

0. G28

0.083

0.119

0.171

0. Gl3

G. 032

0.069

0.141

0. 041

0. 074

0. 102

0.179
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Table 1 � Continued

Initial Slope
Yield of Stress-

Strass Strain Stress Strain Curves
Hours of
Flexure ~ x, !

1109320 0.013

725 0.042

25000
185 �.5,1.5!

�.6,3.4!
981 0.089

1067 0.131

�. 4,4. 6!

�. 0,5. 0!

279 0.010

652 0.031

250001147185

977 0. 075

1117 Gel33

277 0.012

640 0.036

'853 0.064

1024 0.130

24000
310

1103 24000310 �.5,1.6!

1045 240003lG �. 3,1. 2!

�. 9, 2. 5!

�. 3 4. 0!

�.8,4e8!

 Os4,1.2!

�. 3,2. 8!

�. 1, 4. 2!

�a 5,4. 8!

�.5,1.3!

�.5,3.0!

�. 7,4. 0!

�. 5,4. 8!

�. 1,2. 8!

�.6,4. 3!

�. 5,5. 0!

341

597

917

1067

256

533

853

1024

0. 012

0 ' 027

0.064

0.111

0. 008

0.024

0.060

0.125
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AppENDIX V I I I

In This Work

Crystallinity of all flex samples was monitored by wide-angle

X-ray diffraction; Garry found that using the region between 2e 30

and 2e= 12' generated reliable crystallinity data.

The problem is to deconvolute accurately the superimposed 110 and

200 crystalline lines from the amorphous background, and this back-

ground in turn from the air-scatter baseline. T'h e Garry technique

 a! was to sketch carefully the missing baselines by visual !udgment.

This method yields an error bar of about + 1 .0% crystallinity, which

was adequate for most of the work done at 70 rpm. The areas thus

defined are then traced by compensating polar planimeter, and from

them the crystalline fraction X is fodnd by
c

A

X
c A+A

c a

 matthews, Peiser, and Richards, 1949!, where A and A are the
c a

deconvoluted diffractogram areas of the crystalline and amorphous peaks.

In practice, such X values are low, probably since the 12' to 30'

range does exclude significant minor diffraction maxima. To correct

for this and possible detector error, a strip of Garry PE of well-

known X was scanned alongside each batch of test samples X-rayed,
c

and a correction factor F= true X /measured X ! was derived empiri-
c c

cally. Hew standard calibration strips were cut from the same well-

characterized PE sheet for each third or four th machine session, to

minimize any degradation effects of the l0-min scan.

Scan rates were 2'/min, source voltage 35 kV, time constant in the
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2 sec range, and ordinate expansion settings were 2000 to 10,000 cycles

per sec. The machine used was a General Electric wide-angle diffracto-

meter.

All 400 rpm work was done with a different deconvolution algorithm

which generated an error closer to natural data scatter under optimal

conditions  about + 0. 35 crystallinity! . The 1 1 0 peak angle at 26 =

21.2' was found on the chart, and points placed 1.5' below and 3.7'

above this angle. A: straight line connecting these points became the

arbitrary baseline of the crystalline region of the diffractogram.

Another line was ruled between points lying 7.5 below and 5.7' above

the 110 peak angle; this became the amorphous-region baseline  see  b!!.

performing this algorithm on the standard gave the correction factor

F to convert measured X to true N .
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28'24'I6l2'
29

a! X-Ray Diffractograrn Deconvolution by Garry t'method
 Sketching of Ba:elines by Eye!.
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I2' 2820' 24'l6

b! X-Ray Diffra"togram Oeconvolvtion by method used for
400 rpm Flex Data.
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APPENDIX IX

Stud of Effect of Flexure Fre ency on De radation of P~

Skibo, Hertzberg, and Manson �976! found that poly-

methyl methacrylate undergoing mechanical stress was sensi-

tive to the frequency of the stress whereas crystalline

polymers  polyethylene, polypropylene! vere not. Because

the flexure of PMMA in air was at 60 cycles per minute

 c.p.m.! and that in synthetic seawater was at 30 c.p.m.,

it vas necessary to investigate the effect of flexure

frequency on PM' degradation.

Flexure of polymethyl methacrylate in air at 30 c.p.m.

and 60 c.p.m. gave the results found in Tables 22 and. 23

 see Appendix VII!, respectively.

TABLE 22

Flexure of PMMA in air at 30 cycles per minute

concentration rl
~f/d 1 r~sam ls hours

24An
3.985 1,280,000

52
3.860 1,232,000

72C
3.800 1,209,000

150D"
3.665 1,158,000

.2050
~ 1025

.0513

.2134

.1067

.0532

.2067

.1034

.0517

.2024

.1012

.0506

Qsl2
1.49
1.22
2. 18
l. 50

l.22
2. 14
1.48

1 ~ 22
2.16
l. 46
1.21

5.47

4. 76

4.33

5.52
4.69
4.2l

5.49
4.63

4.17
5.5l
4.55

4.11
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Figure 22 plots molecular weight of polymethylmethacrylate

in grams per g-mole as a function of log flexures for

frequencies of flexure of 30 c.p.m. and 60 c.p.m. The

slopes of the curves are nearly equal indicating that the

rate of degradation is independent of frequency within the

range investigated. However the molecular weight at any

time  i.e. number of cycles! is less for flexure at the

higher frequency. For the straight line portion of the

graph, the equation of the line can be found for each

frequency; at 60 c.p.m. y = 1.560 x 10 X + 1.975 x 10 and5 6

at 30 c.p.m. y = l. 560 x 10 X + 2.006 x 10 for y being6

the molecular weight in grams for g-mole and X being log

flexures. The data for polymethylmethacrylate flexure at

30 c.p.m. in air can then be compared with that for flexure

at 30 c.p.m. in synthetic seawater  see Tables 22 and 24,

respectively!. For the linear portion of the graph of

PUMA flexure in synthetic seawater  Figure 8!, the equation

of the line is y = 1.874 x 10 X + 2.192 x 10 for y being6

the molecular weight and X being log flexures. Thus, from

the slopes, it is obvious that the rate of degradation is

much greater in seawater {-1.874 x 10 g/g-mole! than in ai-5

 -1.560 x 10 g/g-mole!; however the actual molecular weights5

for flexure in seawater are greater than in air up to

5.6 > 10 flexures at which point the curves cross and the

molecular weight of samples flexed in air is greater than

that of samples flexed in synthetic seawater.
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APPENDIX X

Data for Me]t Viscosit Studies on PE PP and PS.

Fi . 19 Data:

NJGarry The=is

Cvclce Flexei

nfl ex e li

Repeat Run

Cycle" Flcxei Cr et. 11.

>2,8

51.4

47,4

46.7~~

45.0

hvvu3. = r Ve lo c i 4 Flexef Viecoeity
~Po 1"

Blank Viaco ity
~Poi.'o !

1.13 x 10

9.9

9.6

9.12

8.5g

x 10

4
x 10

7.68.01

69x106.75.016

5.76 x 10

4.68 x 10
4

!.7a x

x 10
4

x 10

.025 6. 05

4. 44.04

x 10

4
x 10

x 10

4
x 10

~ 06: 3 ~ 72

2 9s

r" ~ ~8

z.6~

2 x 10
4

10
4

2.4

Un flexeQ

1.45 x 3.0
4

2.29 x 1C

5.Cl x 105

1.00 x 10

" Ave ra =,c o f 2 val»e s

. 001

. 0016

. 0 '25

. C04

. O06:

1.75 x 105

$.20 x 10

5.44 x 10

6.66 x 10

1.12 x 10

1.15 x 10

3..47 x 10

x 104
4.

x 30

4
x 10

x 10

9.6 x 1C-

9.9 x 30

9.98 x 10
4

9.56 x 10
4

8.69 x 10

8,02 x 10
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e 001

. 0016

. CC25

. 006$

~ 01

~ 016

. 025

.04

. 063

.16

~ 25

49.1

53 F 1

x 10

x l0
5

lC

7-34

9 PA

1.1

c0 5

~gC. 0

Fig. 22 Lata:

Angel-r Ve loc ity
~r,.d.+Se c !

Cvc:1E.:" r 1c .ec

O'Af lexeme

7.2 x 10
4

142 x 10

4 Cl x 10

plan<: Viscosity
~I'o i;.' e

1.65 x lD

1.61 x 10

1.58 x 10

1.48 x 105

1.32 x 1G
5

1.16 x lO
5

1.00 x 10

8.32 x 10

6.99 x 10

5.09 x 10
4

3.99 x 10

2.96 x 10
4

2.24 x 10

Flexed Viscosity
~io>..-e I

1.73 x 10

1.74 x 10
5

1.73 x 10

1 ~ 56x10

1.59 x 10
5

12x10

4
9.9 x 10

7.87 x 1C

6.12 x 10

4
503 x lC

4.iB x 10

$.$ x lC
4

238z 10



-197-

.001

.0016

,0025

.oc4

. G063

x 10

x lc

x 10

x 1C

2. 87

2. 58

2.29

.01 1.97

.016 l.65

l. 24. 025

.04 9 ' 18

.063 5 ' 21

3 03

1.32

3.46

.16

.25

Fin 25 D=.ta:

Anrul=r Velocity
ec!

Blan',: Viecosity
!

3.08 " 10

x la5

x 10

x lo5

x 10

4
x 10

x 10

4
x 10

x 10

Flexed Vi-co"ity
!

2.98 x lc

2 79 x 10

2.61 x 10

2.36 x 10
5

2.15 x 10

1.67 x 10
5

l.61 x lo

1.30 x 105

9.7, x 10
4

6.3.0 x 10

3.65 x 10
4

1.68 x 1O

5.18 x 10~
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. OCl

. 0016

~ 0025

. 004

. 006>

.Gl

. 025

.04

. 06>

Fig. 28 D..ta:

An.--ui~v Velocity
~ R:~hL c~c

Blpn!i Vi . cos sty

1.65 x 105

1.44 x 1G
5

1.42 x 10

1.50 x 10

1.22 x 10

1.10 x 10
5

9.55 x 10
4

B.>5 x 10

7.26 x 10
4

5 87 x 10
4

Flexed Viscosity

l. ~y4 x 10

1.29 x 10

1.19 x 10
5

1.06 x 10

4
9 75 x 10

B.>5 x 10

7.28 x 10

6.34 x lG
4

4.92 x 10

$.58 x 10
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. 001

.o016

.0025

.oo4

.006>

.Gl

. 016

. 025

.04

.06~

.16

Av~ular Velocity
 H"dg ~c!

Blam',~ V1.".co=-ity

~rois.".g

6.56 x 10
4

6.0 x 10
4

5.>5 x 10
4

5.72 x 10

5.4$ x 10
4

5.04 x 10
4

4.78 x 10
4

4.48 x 10
4

4
3.79 x lo

5.18 x 10
4

2.68 x 10

2.21 x 10
4

Flexed VX s co." 1 ty

5.28 x lC
4

5.4 x 10
4

5.38 x 10

5.04 x 10
4

4.88 x 10
4

4
4.61 x lo

4.O8 x 10

$.74 x 10
4

4
5.21 x 10

2.67 x 10
4

4
2.26 x 10

4
1.8.> x 10
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APPENDIX

Calculation of Surfactant Adsorption Rat if Mass Transfer Lieited

1! Calculation o f di f f us ion coef f icient for 1 auri c

diethanolamide in water  Satterfield, 1975!.

y Vb

T - temperature �63'K!

V

2! Knowing D, the Peclet number, NP , for an agitatedPe'

system can be found  Satterfield, 1975!.

*
N

Pe
18 yD

N* 26.11

g

d
P

bp-

1.05 x 10 T � 1.658 x 10 cm /s
-9 -5 2

1/3

diffusion coefficient  cm /s!
2

viscosity of solution �.147 x 10 poise!

molar volume of surfactant �92.10 cm /g!

2
acceleration of gravity  981 cm/s !

-2
particle diameter  l0 cm!

3
density difference of polymer and solution  .025 g/cm !
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k~d

N
Sh

 Satterfield, 1975!4.0

NSh Sherwood number
k � mass transfer coefficient for agitated system  cm/s!

c

k * -" .5 k = .0066 cm/s
c c

k = .0133 cm/s
c

3! Calculation of rate

N = kA  C -C!
v c p L S

-9 3For CL ranging from 9.44 < 10 moles/cm to
-8 3 ~ 3

8. 32 < 10 moles/cm, the rate ranges from 1. 33 ~ 10
-2moles/hr to 1.17 x 10 moles/hr. Because the maximum

-loapparent rat is 1.78 x 10 moles/hr, mass transfer from

the bulk solution to solid surface is negligible.

CL-

CS

surface prea of polymer per volume solution
�8.8 cm /cm !

bulk solution concentration  moles/cm !
3

surface concentration  approaches 0 if
adsorption is mass transfer limited
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APPENDI7 XII

d ne cm~thr PT y
0 55 ' 6 48.8

2.2 57.6 50,5

4.8 57.9 50.8

44.4 5.44

46. 0 5.04

46.4 4.84

4. 01

3. 46

3 74

3.77

3.77

3,82

h z
O. 1 49.1 43. 9 39.7

1.5 49.7 44.4 40. 2

41.5

42.2

42.7

43. 1

43. 3

43. 3

See APPENDIX I'kI for calculations which generated the quantities

above from raw PT data.

A! T 90'< 05'C, C 544 x 10

12.4 60,1 52. 7 48.3

23.4 61.7 54.1 49.8

38 60.8 53.3 49.0

49 60.9 53.4 49.1

60 60 F 9 53,4 49.1

70 60.7 53.2 48.8

T = 90 + 0.5'C, C = 9.40 x 10 N LDE

3.25 5'l.3 45.9

5.8 52.1 46.6

8.0 52.6 47.0

16.2 53.2 47.6

24.0 53.4 47.7

30.7 53.4 47 F 7

9.40

8.93

7.86

7.33

6.98

6.71

6.58

6.58
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