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ABSTRACT
DIFFERENTIAL SCANNING CALORIMETRY STUDIES
OF VARIOUS FLUORINATED PLASTICS
by
John Alvin Pederson

Partial fluorination of various hydrocarbon plastics
have been done at different temperatures for different
t

lengths of time.

By visual inspection of the surface,

polypropylene received the most effective surface
fluorination while polyethylene received somewhat less
effective fluorination.

Thickness of the plastic and

position in the cylinder were two parameters to be
considered for optimum fluorination.
The du Pont differential scanning calorimeter was
a

used to measure the effectiveness of the Fluorokoting
against thermal oxidation.

Air was used for the atmo¬

sphere, and two heating rates were utilized: 5° and 10°
per minute.
plastics.

Slopes of the curves were compared for all
Areas(heat evolved) were considered for poly¬

propylene only.

Results show that polypropylene had the

R

most effective fluorokoting

while the polyethylenes were

iii

less effective.

This observation confirmed the results

of the visual inspection of the surface.
The DSC was also utilized in the Department of
Transportation project.

The parameters of interest were

the amount of heat released by the compound and the
initial onset temperature.
Other surface properties that can be examined are
contact angles and "smoothness”.

The contact angle

with water decreased initially with fluorination, but
then increased with increasing time of fluorination.
Also, the higher the temperature of fluorination, the
larger the contact angle.
A scanning electron microscope was used to visually
examine the surface of one of the fluorinated samples
of polypropylene as compared to the surface of unfluorinated
polypropylene.

Surface differences were easily detected

in these samples by photographs
2Q,000X.

of

magnifications of
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INTRODUCTION
In this day and age when the cost of raw materials is
at a premium, man must synthesize new materials for his
everyday use.

The cost for processing these materials from

the raw material to the final product must be kept at a
minimum.

It is quite costly to excavate ores from the

earth’s crust, melt the ore down and then extract the
element from the molten ore.

However, there are materials

available today that are relatively inexpensive to make,
and adequately substitute the metal produced from the more
expensive ore process in different applications.

Polymers

fall in this classification of materials.
There are two types of polymers, natural and synthetic.
Some examples of natural polymers include polysaccharides,
D.N.A., and proteins.

Biologists are the scientists usually

interested in these polymers.

Some examples of artificial

polymers include plastics, synthetic rubber and certain
polyesters.

Chemists and engineers are interested in these

synthetic polymers.

Chemists synthesize new polymers and

the engineers look for ways to economically process these
polymers.
BASIC CONCEPTS
In order to understand polymers and their properties
some basic concepts are described.

Fundamentally, polymers

are large molecules consisting of many relatively small
repeating chemical units called monomers.

A monomer is,
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therefore, the simplest sequence of bonds repetitivelyoccurring in the polymer.

The degree of polymerization(DP)

is the number of repeat units in a polymer chain.

Physical

properties are dependent on the degree of polymerization.
For example, although they contain the same repeating unit,
-(CF2-CF2)-» Teflon and perfluoropolyethylene exhibit
different physical properties because the molecular weights,
and therefore the degrees of polymerization, are different.
The molecular weight of a polymer (M^) is equal to
the degree of polymerization times the molecular weight of
each repeat unit (MW ) : (1)
MV/p
= DP xm
MW
Since each molecule in a particular polymer has a different
molecular weight, one usually speaks of molecular weight
distribution and average molecular weight.

There are

three types of averages: number average, weight average,
and viscosity average.

Number average is the mean average:

5u = ^¥l
2H

i

where 5^ is the number average,
cules having the molecular weight

is the number of mole¬
(2).

This average is

obtained from any technique which "counts" particles.
Weight average, Mw is equal to: (3)
M 2

=

i

■Ni

M

i
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The weight average is usually larger than the number average
The weight average is obtained from light scattering measure
ments on solutions, where the scattering intensity varies
with the square of the molecular mass.
Viscosity average, My, is equal to: (4)
1+a 1/a
Mv =

The viscosity average is obtained from the intrinsic vis¬
cosity results; the constant, a, is calculated from another
equation.
Another important feature of polymers is the geometric
arrangement.

A polymer may be classified in one of four

classes according to the arrangement: linear, branched,
ladder, or network polymer.

In a linear polymer, the

repeat units are in a one-dimensional array.

High density

polyethylene and polyvinylchloride are examples of linear
polymers.

However, under high pressure, polyethylene may

for a branched polymer which has repeat units that extend
from the main chain.

A branched polymer is also known as

a graft polymer.
A ladder polymer belongs to the third type of geometric
classification.

A phenyl derivative of silicone is an

example of a ladder polymer.

This particular polymer is

not very flexible due to cross-linking of the parallel
chains by oxygen atoms.

A network polymer is the last type

in this classification of polymers.

Unlike the other

Figure 1
Geometric Arrangement of Polymers^
(a)

Linear Polymer;

example î high-density
polyethylene

-A-A-A-A-A-A(b)

Branched Polymer;
A
I
A
-A-A-A-A-A-Al
A
i
A

(c)

example: high-density
polyethylene under pressure

-A-A-A-A-A-A
OR

I

B
i
B
B

(Graft Polymer)

Ladder Polymer: example: phenyl derivative of
silicone

-Si-O-Si-O-Si-Oi

0

I

0

i

0

-Si-O-Si-O-Si-0-

I I I
0

(d)

&

Network Polymer: example: Bakelite
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three types, this type of polymer is very strong in all
three directions because it is a collection of polymer
chains chemically bonded into a single macroscopic mole¬
cule.

An example of a network polymer is Bakelite, a

phenol-formaldehyde copolymer.

Examples of each geometric

type are shown in Figure 1.
Polymers are usually synthesized by two methods:
chain-reaction or step-reaction.

The chain reaction, also

known as addition polymerization, involves a mechanism

in

which the growing chains are highly reactive and reach
their final lengths almost instantaneously.

Two inexpen¬

sive polymers, polyethylene and polystyrene, proceed by
this mechanism.

In the step-reaction, also known as con¬

densation polymerization, the growing chains have no
greater probability for reaction than simple monomeric
units.

In this type of reaction, a water molecule is

usually lost in the process.

An example of this type of

polymer is polyester.
USES OF POLYMERS
Before a polymer is used commercially, it must be
"fabricated.”

The unfrabricated state of the polymer is

known as a resin.

Then resin is then mixed with other

chemicals depending upon its final use, to become a fabri¬
cated or finished polymer.

There are three main uses

of finished synthetic polymers: fiber, elastomer, and
plastic.

Molecules of a fiber are long, thin and threadlike.
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The principal artificial fibers are polyamides, polyesters,
and polyurethanes.

Major uses are in clothing and carpet

products.
An elastomer is a molecule which possesses a high
degree of elasticity.
are long and thin.

Like fibers, elastomer molecules

However, the molecules remain in a

coiled alignment due to entropy considerations.

Polyiso-

prene and SBR, an elastic copolymer of styrene and
butadiene, are the primary examples of elastomers.

Major

uses of elastomers include tires, gaskets, hoses, and
elastics.
The major consumption of polymers is in the form of
plastics.

Plastics are primarily utilized in the form

of sheets, pipes, and films.

They are found in the every¬

day use in the appearance of various things as toys,
toothbrushes, automotive interiors, dishes, and furniture.
The research associated with this thesis involved
commercial hydrocarbon plastics.

Overall, plastics are

used more than fibers or elastomers today.
PLASTICS AND EXPERIMENTATION
There are certain advantages and disadvantages
associated with plastics as opposed to metals derived from
ores.

Some of the advantages include: ease of fabrication,

good electrical and thermal insulation, resistance to
corrosion, and weight saving.

Some disadvantages include

low strength, thermal instability, subject to deterioration
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and chemical degradation, and difficulty of repair (6).
Despite these disadvantages, the number of applications
for plastics will increase in the near future, due to
the energy conservation effort and to the high strength:
weight ratio of plastics.
In dealing with the disadvantages of chemical
degradation, various means of surface treatment have been
explored.

One such method uses the fluorination under

controlled conditions, Fluorokoting*
the hydrocarbon plastics.

R

, of the surface of

The hydrocarbon plastics

included in this study are low and high density polyethylene,
polystyrene, and polypropylene.

Polyvinyl chloride (PVG)

was included in this study due to its popular commercial
use.

Hereafter PVC will be included in the term "hydro¬

carbon plastics" even though it is not a hydrocarbon by
definition.
The fluorinations were done at different temperatures
for different time intervals.

The purpose was to determine

the optimum conditions for a Fluorokoting

R

, to be effective.

Ambient temperature fluorinations served as control conditions for the Fluorokoting

R

treatment.

Surface fluorination replaces some hydrogen atoms
with fluorine atoms.

Since carbon-fluorine bonds are

stronger than carbon-hydrogen bonds by 15 kcal/mole, the
higher the number of hydrogen atoms that are replaced by
fluorine atoms, the more stable the surface of the plastic
is to chemical degradation.

a
A type of potential chemical degradation of the
fluorinated plastics, surface oxidation, was studied by
the differential scanning calorimeter (DSC).

The theory

of the DSC is discussed in detail in a later chapter.
Air was chosen as the atmosphere because its applications
in everyday use and because other gases, such as nitric
oxide and sulfur dioxide, produced corrosive effects on
the DSC equipment.
Since fluorination of these plastics changes various
surface porperties, two different surface measurements
could be employed: Contact angle and coefficient of
friction.

Much useful data can be applied from these

two types of measurements.
Contact angle measurements were made on the partially
fluorinated surfaces by measuring the angle of contact
of a solvent with the surface.

The surface tension of the

plastic can then be calculated.

Preliminary results are

given in the appendix.
Overall, the purpose of this thesis is to establish
the foundation of the research of partially fluorinated
plastics.

Most of the previous research connected with

this field was with either resins or with room temperature
fluorination of plastics.

This thesis presents some initial

quantitative data that can be useful for practical applications of the Fluorokoted

R

plastics.

FLUORINATION
Fluorinating the surface of various hydrocarbon
plastics is very advantageous because the surface possesses
teflon-like, or non-stick properties.

Unfortunately, the

monomer of teflon, tetrafluoroethylene, is very expensive
relative to other monomers of the hydrocarbon plastics
considered in this thesis.

If one can fluorinate the sur¬

face of these plastics, one may be able to cut down the
costs of "teflon" application by using fluorinated poly¬
ethylene and polypropylene, instead of using teflon.
However, the applications of these fluorinated plastics
may only be effective up to a certain temperature.

The

reason is that the bulk of the plastic is still the
hydrocarbon polymer, and it decomposes at a lower tempera¬
ture than teflon.
One of the earliest works accomplished on the fluorination of polyethylene was by A.J. Rudge of England in 1954.
In his patent (7)» Rudge described the exothermic direct
fluorination of polyethylene.

In order to prevent the

decomposition of polyethylene, Rudge fluorinated the poly¬
ethylene on top of a piece of metal which acted as a heat
sink.

However, in his work, the length of fluorination,

one week, seems to be a disadvantage since fluorine is
relatively expensive.
S.P. Joffre also did fluorination of polyethylene in
the late 1950’s and his work is described in a
U.S. patent, (â)
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Since hydrocarbon polymers can be thought of as
larger models of the smaller alkanes, the fluorination of
these polymers can be studied utilizing methods of
fluorination of the simpler alkanes.

Alkanes, as a rule,

are quite unreactive at room temperature.

However, one

must be careful in making these comparisons because
in the simpler gaseous alkanes, the fluorination is almost
complete due to the homogeneous gas phase reactions.

In

the case of the polymer, the reaction is a heterogeneous
reaction (gas-solid reaction).

For polymer molecules near

and on the surface of the plastic, the assumption of
treating as smaller alkanes can be made.
In 1961, J.M. Tedder investigated the reactions of
elemental fluorine with some simple organic molecules (9).
Tedder mentioned from other works that the fluorination
proceeds be a free radical mechanism.

The purpose of his

work was to react fluorine with these organic molecules
without combustion.

The results of the fluorination showed

that fluorine was considerably less selective than chlorine,
which Tedder also considered.

However, Tedder also did

some other experiments with organic fluorides.

He concluded

that the substituent affects the fluorination relatively
more than chlorination or bromination.

In addition, the

hydrogen atoms on the same site as the substituent fluorine
are strongly deactivated.

These results were explained in

terms of the relative strengths of bonds broken and formed
and the polarity of the hydrogen halide produced.

Therefore,
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it would appear that complete fluorination of an organic
molecule would take longer than complete bromination of
the same molecule.

P.S. Fredericks, along with Tedder,

has reported the same results in another journal at about
the same time (10).
Polyethylene does not adhere to other substances very
well due to a weak boundary layer. In 196$, H. Schonhorn
and R. H. Hansen fluorinated polyethylene film in order
to form strong adhesive joints by conventional adhesive
bonding techniques.

Even though most of this research was

applied research, one of the more interesting aspects was
the determination of the effective depth of penetration of
fluorine.

Schonhorn and Hansen dissolved the partially

fluorinated polyethylene from the unfluorinated polyethylene
in a soxhlet extractor using xylene as a solvent.

Effective

thickness was based on the geometric area and density. (11)
This research led the way for more practical applications of
fluorinated surfaces of hydrocarbon plastics.
In the late 1960’s, Richard Lagow, a student of Dr.
John Margrave at Rice University, did some preliminary
work on the fluorination of organic polymers.

However,

the polymers were in the resin state and not in the final
commercial state
It is very difficult to fabricate the perfluorinated
resins by the conventional means, such as injection molding
or extrusion.

Lagow abetted in the development of the
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LaMar process (12), which is a controlled fluorination
or organic molecules in the solid state.

Essentially all

of Lagow's work was done at room temperature.
A few years later, another Rice student, George Parks,
fluorinated the surface of polyvinyl chloride sheets at
room temperature and studied the surface with a surface
analytical tool known as ESCA (Electron Spectroscopy for
Chemical Analysis).

Unlike hydrocarbon plastics, poly¬

vinyl chloride contains a third element, chlorine.

Parks

attempted to determine whether the hydrogens were being
replaced by fluorines or whether the chlorines were being
replaced, or some ratio of each.

In his experimental

work (13)» Parks concluded that the replacement of
hydrogen atoms is accomplished with no replacement of
chlorine at room temperature.
About the same time, D.T. Clark and his group in
England had studied the surface fluorination of polyethylene
by applications with ESCA (14).

Clark has pointed out in

his paper that his work was unique for the fact that
they were studying the partially fluorinated surface of
polyethylene.

All previous work was accomplished with

perfluorinated species.

Before their work, little informa¬

tion had been acquired concerning the early stages of
fluorination.

They showed evidence that no oxidation

accompanied the fluorination of the polyethylene.

This

conclusion was unexpected due to the great oxidizing ability
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of fluorine.

Most of Clark's work was involved with

relatively short time of fluorination—0.5 seconds to
5 minutes.

Since fluorination is diffusion controlled,

only the first few layers of the polyethylene were
fluorinated.

Again the fluorination reactions were done

at room temperature.
EXPERIMENTAL
The low density and high density polyethylene, poly¬
propylene, polyvinyl chloride and polystyrene sheets were
obtained from A-l Plastics in Houston.

The high purity

fluorine was obtained form Air Products and Chemicals,
technical grade, 9â$.

The high purity nitrogen, 99.5

was obtained from Big Three Industries.
The sheets obtained from A-l Plastics were A' x 4*.
Several smaller pieces (2M x 1") were cut from each
sheet for the purpose of fluorination in a small stainless
steel reactor.
by air.

Each piece was first washed and then dried

After it was dried, the 2" x 1" piece of plastic

was weighed.

Three pieces of plastic were placed in the

stainless steel reactor.

After the reactor was closed,

it was purged with 30 cc/minute of nitrogen for one hour.
If the reaction was to be above room temperature, the
Variac for the heating tape was turned on at the beginning
of the purging in order to establish thermal equilibrium.
Then the flow on the nitrogen was reduced to 25 cc/min¬
ute and the flow rate of fluorine was introduced at 5 cc/min.

to atmosphere

Diagram of Fluorination Apparatus
Figure 2
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Since this system was an open system, the pressure was one
atmosphere.

The temperature and the time of fluorination

were two experimental parameters that were varied in the
fluorination of these plastics.
After the fluorination of the samples was terminated,
the fluorine was turned off and again the reactor was
purged with pure nitrogen in order to get rid of the
excess fluorine and hydrogen fluoride.

After one hour

of purging, the samples were washed in order to get rid
of possible hydrogen fluoride adsorbed by the fluorinated
plastics.

After the sample was dried, it was weighed

and then the difference between the weight of fluorinated
sample and unfluorinated sample was the weight increase
due to the fluorine atoms that had replaced hydrogen atoms.
RESULTS AND DISCUSSION
The purpose of the variable temperature fluorination
of these different hydrocarbon plastics is to determine
the minimum temperature and minimum time for the surface
of these plastics to assume teflon-like properties.
fluorine and

Both

electricity used in the inductive heating

of the reactor are relatively expensive.

Therefore, by

balancing one parameter against the other, the most
inexpensive method of fluorinating the surface and creating
desirable surface properties can be obtained.
As mentioned earlier, Lagow fluorinated some polymer
resins as part of his doctoral thesis.

He fluorinated these
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resins to their perfluoro state.

However, from a practical

point of view, fluorinating the resin does not help the
fabrication of this resin into a plastic.

One of the main

disadvantages of teflon is its difficulty of fabrication
into a final product.

It cannot be fabricated by con¬

ventional methods but instead a technique of power
metallurgy or ceramics is used.

Therefore, it seems

more practical to fluorinate the polymer in its final
form as the plastic.

When one fluorinates a plastic, he

obtains a '’sandwich" compound—the two surfaces are
fluorinated while the bulk remains unfluorinated.

Again,

it must be emphasized that this "sandwich" compound
does not have the upper thermal limit like teflon because
it is mostly the hydrocarbon plastic.

In fluorinating the plastics for the Differential
Scanning Calorimeter analysis, it would be interesting
to analyze the fluorination of these different plastics at
different times and temperatures.

Most of the previous

work had been done at room temperature.
Since polymers have a distribution of molecular
weights, it is difficult to analyze the per cent
fluorination by conventional means.
approach was taken.

Instead, a simpler

Each piece of hydrocarbon plastic

was weighed before and after fluorination.
adsorbed hydrogen was washed off.

Any

The difference between

the two weights gives the amount of fluorine gained.
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In order to obtain the percent fluorination, an example
is presented below:
l/l6" polypropylene fluorinated for 6 hours at 50°C
final weight 1.92323 g.
initial weight 1.91373 g.
0.01445 g.
A totally fluorinated piece of polypropylene would
increase its weight by a factor of 3.56 (molecular
weight of CF2: molecular weight of CH2 = 3.56).

Thus

if this piece of polypropylene was totally fluorinated
its weight would be 6.335 grams.

However, it is not

totally fluorinated:
$ fluorination = final weight - initial weight
perfluorinated weight - initial weight
Therefore, the per cent fluorination for this example
piece was 0.293$.

(Refer to Table 1 for Polypropylene Results)

CONCLUSIONS
Fluorination at higher temperatures proved to be
beneficial for these hydrocarbon plastics.

At these

temperatures the amount of fluorine was increased over the
amount of fluorine at ambient temperature, and therefore
the protection was increased.
The effect of different thicknesses upon fluorination
was investigated at different temperatures.

The thinner

sample contained more fluorine than the thicker sample
because there was a smaller thermal gradient.

A thermal

gradient prevents even fluorination of the two major surfaces.

Table 1
1/16” Polypropylene
Time

Temperature

Per Cent Fluorination
Sample 1 Sample 2

Sample 3
.036
.076
.093

hr
hrs
hrs
hrs

R.T.
R.T.
R.T.
R.T.

« 044
.076

.0S4

.075
.037
.0133

1
2
6
13

hr
hrs
hrs
hrs

40°C
40°G
40°C
40°G

.041
.030
.192
.622

.045
.033
.203
.651

.039
.076
.165
.493

1
2
6
13

hr
hrs
hrs
hrs

50°G
50°C
50°C
50°G

.047
.037
.247

.056
.113
.293
1.20

.047
.093
.226

1
2
6
13

hr
hrs
hrs
hrs

60°C
60°G
60°C
60°G

.063
.130
.450
1.61

.031
.130
.455
1.71

.063
.134
.272
1.099

1
2
6
13

hr
hrs
hrs
hrs

70°G
70°G
70°G
70°G

.051
.105
.273

.073
.144
.373
2.01

.053
.117
.240

1
2
6
9
13
24

hr
hrs
hrs
hrs
hrs
hrs

30°C
30°C

.039
.167
.667
.964
1.29
1.664

.064
.295
.720
1.04
1.337
1.74

.033
.135
.443
.697
.335
1.422

30°C

3o°c

to

3o°c

.042

o
o
O

1
2
6
13
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Illustrating this point are three examples of 1/16" and
and 1/3" polypropylene.

Each of these specimens was

fluorinated at the same temperature for the same length
of time.

The only variable was the thickness of the

o
o
o

sample :
**

13 hours
6o°c, 13 hours
30°C, 13 hours

1/3"

1/16"

0.211$

0.651$

0.237$
0.712$

1.71$
1.337$

There is a question of solubility versus diffusion
of the fluorine into the sample.

These two effects

counteract each other at elevated temperatures.

Solubility

of a gas decreases with increasing temperature while the
diffusion of a gas increases with increasing temperature.
This issue is addressed in the following section.
Jetting occurred in the fluorination of these samples.
Three samples were fluorinated at the same time in a
cylindrical reactor.

The high flow rate of the two gases,

fluorine and nitrogen, caused a jetting effect due to the
small I.D. of the inlet pipe.

Thus the first sample

was not so fluorinated as the middle sample.

By the time

the fluorine/nitrogen misture reached the third sample,
the concentration of fluorine had decreased due to the
lack of fluorine and the concentration of hydrogen fluoride.
Future experiments would be needed to determine the
mechanism of fluorination of these hydrocarbon plastics.
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An ESCA study of the surface layer and the nearby layers
may be helpful in determining this mechanism.
work has been done by Clark, et.al.

Preliminary

However, most of their

work was concerned with polyethylene films that had been
fluorinated for periods up to five minutes at ambient
temperature.

It would be interesting to observe the

fluroine concentration gradient as a function of time.

THERMAL ANALYSIS AND THE DIFFERENTIAL
SCANNING CALORIMETER
Polymers can decompose by three mechanisms: oxidation,
light and thermal.

Unsaturated polymers are the most

susceptible to oxidation due to the

C * C group.

Some

of the physical effects of oxidation are discoloration
and hardening due to cross-linking of the chains
the oxygen atoms.

by

The rate of oxidation becomes diffusion

controlled in all but the thinnest films.

Since molecular

oxygen is a diradical molecule, the mechanism of oxidation
proceeds by a free radical mechanism.

The products of

the oxidation of a polymer are difficult to analyze due
to the complexity of the products.
Polymers are also light sensitive.

If the right

frequency of light is available, one of the bonds in the
polymer breaks and the mechanism of the decomposition
again proceeds by a free radical mechanism.

Since most

polymers absorb in the ultraviolet region and consequently
would decompose, there are ultraviolet absorbers in plastics.
The primary purpose of these fillers is to stabilize the
plastic.

Cross-linking of the polymer is usually

the

main result of light-activated decomposition of the polymer.
Thermal decomposition is the method in which a source
of heat breaks a bond and like the other two mechanisms,
this method of decomposition also proceeds by a free radical
mechanism.

While the mechanisms of the oxidation and

photochemical decompositions are fairly predictable based
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on smaller models, thermal degradation has many different
paths available for its decomposition.
The propagation steps for the thermal degradation
involve the generation of smaller fragments.

These frag¬

ments can either react with the remaining polymer or
breakdown further themselves.
Since the propagation steps generate free radicals,
termination steps must be involved in order to terminate
the reaction.

There are four primary methods for the

products of the thermal degradation.

Hence there are

many different pyrolysis products.
There are three main instrumental methods to study
the thermal and oxidation decomposition of plastics.
These methods are: dynamic thermogravimetric analysis (TGA),
differential thermal analysis (DTA), and differential
scanning calorimeter (DSC).
is constantly weighed.

In the TGA method, the sample

Percent weight loss is recorded as

a function of heating rate and temperature.

In the second

method, DTA, a reference pan and a sample pan are heated
at constant heating rates.

If there is a temperature

difference between the two pans (AT), it is recorded along
the ordinate axis.

This method is primarily qualitative.

The DSC method differs from the DTA because both pans are
kept at the same temperature.

The amount of power needed

to keep the two pans at the same temperature is compared
and plotted along the ordinate axis.

A further discussion
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of the DSC will be presented after a description of a
basic thermal analysis system is given.
THERMAL ANALYSIS SYSTEM
Thermal analysis systems are used to study both
physical and chemical changes occurring in the sample on
heating.

Both physical changes, such as melting point

and phase transitions, and chemical changes do require
the absorbance or release of some energy.

Thus these

systems are ideally suitable to study the thermal oxida¬
tion of the plastics, because the oxidation is highly
exothermic.
There are three basic units in a thermal analysis
system (15).

The first unit is the measuring unit which

fixes the position of the sample in the furnace, controls
the atmosphere, and has thermocouples for sensing the sample
and reference temperatures.

The second unit is the

temperature control unit which contains the furnace and
programmer.

The recording unit is the third unit.

In

this unit, the signals are received from the thermocouples,
amplifies them and displays them as the thermal analysis
curve.

However, in a differential instrument, such as the

DSC, the recording unit measures the difference (power)
in one of their properties.

The differential signal is

amplified and recorded along the ordinate axis as in the
basic system.
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In order to design a good thermal analysis system,
one may start with the design of the furnace.

The sample

and reference pans are arranged symmetrically around
the axis of a cylindrical hot-zone large enough to
contain the sample and reference pans at all temperatures.
In the differential thermal analysis system, the sample
may be placed in a heating block within the furnace tube
which is concentric with it. (16)
There is a thermocouple under each of the pans in
order to measure the temperature.

The pan support forms

part of the thermocouple system in the "thermoelectric
disc" of the du Pont DSC cell.

The constantan disc has

raised platforms for the sample and reference pans with
a chromel wire welded to the center of each platform, thus
forming a pair of chromel/constantan thermocouples.

An

alumel wire welded to the center of the sample platform
provides a chromel/alumel thermocouple for measuring the
sample temperature.
In most instruments, the furnace temperature is con¬
trolled by a thermocouple in the block.

However, in the

case of the du Pont DSC cell, the silver block is heated
by an internal cartridge heater.

This heater heats the

block by conduction.
The other part of the temperature control unit is the
temperature programmer.

A typical instrument will linearly

heat to a pre-set temperature, then heat at a linear rate
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between the two pre-set temperatures.

The control

system for the temperature programmer has a program
selector which generates a program temperature signal
which is fed to the power control unit.

The power

control unit compares this signal with the heating block
signal (voltage), supplied by the thermocouple in the
heating block and computes the difference, the error
signal.

The error signal is used to generate a control

signal which regulates the power signal supplied to the
cartridge heater so as to null the error signal.

The

power supply signal also forms a feed-back loop to the
power control limiting the maximum power which can be
supplied to the cartridge heater. (17)
The power control unit regulates the magnitude of
the voltage supplied to the cartridge heater or the
proportion of the time for which the voltage is supplied.
Most modern power control units operate on the proportional
band system.

The power control signal is proportional to

the error signal and also dependent upon its time integral
and its time derivative.

Systems respond quickly to

changes of the temperature of the cartridge heater.

Thus

such a system is very responsive to both large and small
deviations of the cartridge heater temperature from the
program temperature. (IS)
The recording system for a modern thermal analysis
system is a potentiometric recorder.

This recorder draws

no current from the measuring circuit when balanced (it nulls
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the input signal) and is therefore ideally suitable for
thermal analysis measurements.

The null point is obtained

by mechanically driving a contact along a slide wire which
is linear until the system is balanced.

The contact is

mechanically linked which draws a continuous trace on a
graduated chart. (19)
X-Y recorders are a type of potentiometric recorder.
X-Y recorders generally print of flat rectangular charts.
The movement of the pen along the abscissa and ordinate
axes is controlled by two input signals, neither
is changing at constant rate.

of which

The signal along the X-axis

is either the temperature or time signal.
the Y-axis is the power signal.

The signal along

The X-Y recorder is the

last unit of the complex thermal analysis system.
DIFFERENTIAL SCANNING CALORIMETER
Since the differential scanning calorimeter gives
the most quantitative results, the oxidation of various
fluorinated hydrocarbon plastics samples was studied
utilizing this instrument.

Low density and high density

polyethylene and polypropylene were examined thoroughly.
Only preliminary work was done with polyvinyl chloride
due to its corrosive oxidation products that react with
the constantan disc of the DSC.
The heart of the du Pont DSC cell is the thermoelectric
disc which consists of a constantan plate.

A chromel wire

is welded at the center of each platform, providing a
thermocouple junction in direct contact with the bottom of

Figure 5: Block Diagram of Differential Scanning
Calorimeter (DSC)
(from Du Pont DSC Manual)
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each aluminum pan for measurement of the temperature differed
tial of the two pans.

There is also a chromel-alumel thermo¬

couple junction underneath the sample pan for the measure¬
ment of the sample temperature.
The constantan disc serves two purposes for the DSC
cell.

It is the major path of heat transfer from the block

to the sample and reference pans and it is the integral
part of the thermocouple system.

Optimum thermal isolation

between the pan and its surrounding provides high
sensitivity and at the same time there is sufficient
thermal transfer to yield high resolution.
EXPERIMENTAL
The samples were analyzed in a du Pont DSC cell
#900693-903 which is a plug-in module for the du Pont
Thermal Analyzer #990.

The aluminum pans in which the

samples were placed were du Pont #900736-901.
Samples that were utilized in the experiments were
1/3" square and either 1/16" or 1/3” thick.

Such a small

sample reduces thermal gradients and ensures close thermal
coupling of the sample and thermocouple.

These squares

were cut from the corners of the previously fluorinated
plastics.

Each square was weighed and then placed in an

aluminum pan.

An empty aluminum pan of approximately the

same weight was used as the reference pan.

Both aluminum

pans were placed on the raised platforms of the constantan
disc.

After placing the pans on the disc, the cover was
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placed on top and the bell jar glass was secured over the
entire assembly.
The temperature range that was investigated was from
40°C to 460°C.

The choice of 460°C as the upper limit was

due to the thermal degradation of the carbon-carbon bonds.
In some experiments, two different heating rates were
employed: 5°/minute and 10°/minute.

It was interesting

to compare the two different heating rates to see if the
oxidative decomposition was a function of the heating rate.
After an experiment was complete, the DSC cell was
allowed to cool down to ambient temperature.

After it had

reached the ambiend temperature, the bell jar and the cover
were removed.

The remaining decomposed sample and its

aluminum pan were then weighed.

The difference in the

initial and final weights is the amount of plastic that
reacted with the air.

In almost every experiment, all the

plastic had reacted with the oxygen.
Since each DSC cell is slightly different, the
instruction manual recommends that the cell be calibrated
after a series of experiments.

Tin was used due to its

melting point being within the range of temperature of
interest.

Since the AH of solidification and exact melting

point of tin are well-established, a cell calibration
coefficient (E) can be calculated from other parameters.
However, once the value of E varied due to erosion of the
constantan disc, any further experiments were discarded.
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Air was chosen as the atmosphere because the practical
application of these plastics would be constantly exposed
to air at ambient and higher temperatures.

The purpose

was to determine whether or not the fluorinated surfaces
protected the plastic from thermal oxidation.
DISCUSSION
The DSC studies were done on low and

high density

polyethylene, polypropylene, polystyrene, and polyvinyl
chloride.

Since the polypropylene displayed interesting

results in the fluorination section, a more thorough
study was done on this plastic.

The polypropylene results

also serve as a model for the other plastics.

However, it

will be discussed after the results of the low and highdensity polyethylene are presented.
These studies were done on small samples of the
partially fluorinated plastics.

The temperature range

in question was between 40°C and 460°C.
was either 5°/minute or 10°/minute.

The heating rate

From previous studies,

it has been proven that C-C bonds start breaking at 350°C.
Thus the portion of the curves above 350-375°C are primarily
due to thermal degradation of the polymer chain.

Polymers

do not melt like the smaller molecules because the summation
of the intermolecular forces is greater than the force
between two carbon atoms.
polypropylene display

However, both polyethylene and

a "softening point".

Some of the

intermolecular forces are broken and this requires a
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certain amount of energy.

Since the molecular weight of

the polymer molecules are different, it will take some
time for this physical transition to occur.

Thus the peak

is "Gaussian'’ shaped instead of a sharp line.
It is recognized that there are other compounds in
the plastic besides the polymer.

The purpose of this

study is to compare relative oxidation of the partially
fluorinated surfaces versus the control.

In the case

of polyethylene, polypropylene and polystyrene, the polymer
is 97$ of the plastic by volume.

In rigid polyvinyl chloride,

the per cent is smaller, but is still at least 90$ polymer.
For simplicity, certain recognized abbreviations will
be uses

low-density polyethylene (LDPS), high-density

polyethylene (HDPE), polypropylene (PP), polystyrene (PS),
and polyvinyl chloride (PVG).

For the following discussion

section, refer to attached DSC curves.
Curve #1 is LDPE that served as a control, with a
heating rate of 10°/minute.

From 40° to 115°C, there was

no oxidation, but only an absorption of heat.

At 115°C,

a maximum occurred which corresponds to the softening
point.

Between 115° and 210°C, there was additional

absorbance of heat but not as much as there was below 115°C.
At 210°C, the initial oxidation of the LDPE had begun.
Between 210° and 350°C, the area under the curve correlates
to the oxidation power output of the LDPE.

This area can

be analyzed in two distinct areas: (1) from 210°C to 320°C
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and. (2) from 320° to 350°G.

In the first area, the

average power output of the oxidation was 1.5 mcal/sec.
In the second area, either the oxidation is self-catalyzing
or the thermal degradation has begun.

After 350°C, the

off-scale curve is primarily due to the thermal degrada¬
tion of the remaining plastic.
Curve #2 is partially fluorinated LDPE.
was not zeroed properly.

This curve

The softening point maximum

changed only a minute amount, but this is due to the
softening point being a bulk property.
tion temperature remained at 210°C.

The initial oxida¬

Thus the fluorination

of the surface of LDPE does not increase the initial
temperature of oxidation.

However, if the same region

between 210°C and 350°C was compared with the control, it
would be interesting to note that the oxidation power
output was 1.5 mcal/sec. in the first area.

This was the

same result obtained in the control experiment.

In the

second region of Curve #2, the average output is 2.2 meal/
sec. with the slope remaining horizontal.

In the control

experiment the slope in the same region was at a J+5° angle.
Thus the fluorination of the surface of LDPE kept the
power output of the oxidation at a lower rate than the
control.

Possibly the lack of carbon-hydrogen bonds do

have an affect in the second region of the oxidation.

The

fluorine atom also has a tendency to deactivate the adjoining
hydrogen atom for reaction with the oxygen molecules.
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Curve #3 is again LDPE control but this experiment was
done at a different heating rate.

The "softening point"

occurred at 110°C, a 5° below the softening point of Curve #1.
There is no reason to believe that the softening point is
a function of heating rate because the softening points of
curves #1 and #3 are within experimental error.

The initial

oxidation temperature was 205°C, again 5° below the initial
oxidation curve reported for Curve #1.

The average power

output for the oxidation of LDPE was 1.0 mcal/sec. for the
region between 210°C and 300°C.

This portion of the DSC

curves for Curves #1 and #3 shows great similarity suggesting
that this part of the oxidation mechanism is not heating
rate dependent.

However, the second part of the curve is

quite different from the corresponding part of Curve #1.
The average oxidation output is 3 mcal/sec.

Since the

curves are different and the only experimental parameter
that had been changed was the heating rate, it could be
suggested that the second region is heating rate dependent.
At 355°G, the thermal degradation process takes over the
oxidation and its power output is a lot greater.

Any fluorina

tion of the surface would not improve this bulk property.
Curve #4 is LDPE that has been partially fluorinated at
an elevated temperature.
parameters as Curve #3.

This experiment had the same
The initial oxidation temperature

is 205°C, identical with the control.

Its average output

for the region between 205° and 300°C is 0.9 mcal/sec.
This average corresponds to the average obtained in Curve #3.

33
However, in the region between 300° and 340°, the average
output for the oxidation is 1.5 mcal/sec. while the average
output for the control was 3 mcal/sec.

Thus the carbon-

hydrogen bonds adjacent to the carbon-fluorine bonds have
a role in the second region of the oxidation.

At 350°C,

the thermal degradation of the LDPE proceeded.
In comparison of the chosen examples of LDPE, it
appears that the oxidation proceeds by two mechanisms
that can be separated into two temperature regions:
210-300°C and 300-350°G.

Only the second region is

both surface dependent and a function of the heating rate.
High density polyethylene (HDPE) was also studied
because it has been hypothesized that the oxidations would
be different for the two different forms of polyethylene.
Since oxidation is diffusion controlled in all but the
thinnest films, these oxidation curves would be different
because of their densities.

The oxygen molecule should

diffuse easier through the low-density polyehtylene than
the high density polyethylene for steric reasons.

Like the

LDPE, the HDPE curves were also done at two heating rates:
5°/minute and 10°/minute.

The temperature range was from

40° to 460°C.
Curve #5 is the HDPE control that was heated at 10°/minute.

The softening point of the HDPE control is at 140°C,

about 25° above the softening point of LDPE.

This is due

to the fact that HDPE is more crystalline than the LDPE and
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it has more intermolecular forces.

The initial oxidation

temperature of the control HDPE is 220°C, which is only &°
above the initial oxidation temperature of the LDPE with
the same experimental parameters.

Thus the density of the

polyethylene is not a factor in the initial oxidation
temperature because the initial oxidation of the polyethylene
takes place on the surface.

The DSC Curve #5 reaches

a maximum at 250°C with 3 mcal/sec. and the average power
output between 225° and 375°C is 2 mcal/sec.

Thermal

degradation is the main process of degradation above 375°C.
Curve #6 is HDPE that had been fluorinated for 21+ hours
at 90°C.

The initial oxidation temperature was at 225°C,

the same as the control's temperature.

However, the maxi¬

mum at 250°C was one half of the power output as the
control's, 1.5 mcal/sec.

Between 350°C and 375°C, the

average power output was larger for the fluorinated sample
than the control.

This observation may be due to the lar¬

ger amount of unreacted hydrogens that are left in the
fluorinated sample.

In the control, it appears that most

of the oxidation of the LDPE was completed before 350°C.
At 3^5°, thermal degradation became the primary source of
thermal degradation.

The thermal degradation will not

change as a function of fluorination because it is a bulk
property.
Curve #7 is control HDPE but two different parameters
had been changed: the heating rate and the ordinate scale.
Curve #7 resembles Curve #5 in the softening point, initial
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oxidation temperature, the maximum at 250°C and the thermal
degradation.

Unlike LDPE, the oxidation of HDPE is not

heating rate dependent for the control samples.
Curve #& is the same type of HDPE as in Curve #6,
but the heating rate has been changed to 5°/minute.

The

initial oxidation temperature remained the same but the
part of the oxidation between 325° and 375°C is different
for the two curves.

The amount of oxidation is less for

the slower heating rate.

Diffusion-controlled oxidation

would cause the slower heating rate to have a larger
oxidation because the oxygen was exposed to the sample
for a longer time.

Some other mechanism is the rate¬

controlling mechanism for the oxidation of the partially
fluorinated LDPE.
In comparison of the four curves, it appears that the
initial oxidation temperature is not improved by the
fluorination of the HDPE.

The power output has been

decreased for the fluorinated samples.

Again the mechanism

of oxidation below 300°C does not depend on the amount of
fluorination.
Polystyrene, unlike high and low density polyethylene
does not have a softening point.

This is due to the fact

that the polystyrene is less crystalline than either forms
ot the polyethylene.

The polystyrene plastic has other

compounds in it besides the polymer which will effect the
oxidation;

i.e. anti-oxidants and heat stabilizers.

However,
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the purpose is to compare the relative DSC curves of the
partially fluorinated samples and the control.

The ordinate

scale of the three polystyrene samples had been changed to
2 mcal/sec/inch instead of 5 mcal/sec/inch.

The heating

rate is 10°/min., which is control polystyrene.
In Curve #9> the initial oxidation temperature corres¬
ponds to 245°C.

The portion of the curve between 245°C

and 375° corresponds to the oxidation of the polystyrene.
There is no maximum output and the average value of the
output is 1 mcal/sec.

Above 375°» the thermal degradation

of polystyrene is the primary source of degradation.
Curve #10 is the partial fluorination of polystyrene
(13 hours).

Again the initial oxidation temperature is

250°C, which is 5° above the control temperature.

Thus

there are hydrogen atoms that are easily accessible for
the oxygen molecules.

Between 250° and 375°C (the area

of concern for the oxidation) fluorination of the surface
has improved the resistance of the surface to oxidation.
The average power output of the oxidation is 0.6 mcal/sec.
and the curve has leveled off at 300°C.

Thermal degradation

of the fluorinated polystyrene started at 375°C.
Curve #11 is the polystyrene that had been fluorinated
at 35°C for fourteen hours.

There was no significant

improvement for the oxidation for this curve over Curve #10.
The initial oxidation temperature is 250°C and the average
power output was 0.6 mcal/sec.

Apparently the room temperature

fluorination was the best protection against the oxidation.
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Above 35°C, the fluorination of the polystyrene caused the
polystyrene to become darker in color (from white to pink
to brown).

The loss of mechanical properties usually

accompanies the change of color.

Therefore, it was con¬

cluded that fluorination of polystyrene above 35°C was
not feasible and no other samples of polystyrene were
analyzed on the DSC.
Samples of rigid polyvinyl chloride (PVC) were
analyzed on the DSC.

Unlike the other samples, PVC is

not a hydrocarbon plastic and it has more fillers in it
per unit volume.

The degradation of PVC leads to the

evolution of HC1 which in turn reacted with the constantan
disc.

Since the disc is part of the thermocouple system,

the DSC terminated after a few uses of the polyvinyl
chloride.

Thus the following DSC curves of the polyvinyl

chloride were the last curves analyzed with the particular
DSC cell.

The experimental parameters in the PVC experi¬

ments were 10°/minute and 5°/minute.
Curve #13 is the PVC control at 10°/rainute.

There is

no softening point observed due to the lack of crystallinity
of the PVC.

The initial oxidation temperature is 255°C.

The maximum power output is 4*5 mcal/sec. at 320°C and the
average output is 3.5 mcal/sec. in the 100°range.

After

375°C, thermal degradation begins to take over.
Curve #13 is the partially fluorinated PVC (6 hours
at 50°C).

The initial oxidation temperature is 275°C,
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which was 20°C better than the control.

When one fluorinates

PVC, the question is to determine if the hydrogen and/or
chlorine atoms are being replaced.

Fluorination of the

PVC helps to maximize the initial oxidation temperature.
The maximum output was at lower temperature, 310°C, but the
output was lower, 2.5 mcal/sec.

The average output was

1.5 mcal/sec. After 375°C, thermal degradation began.

Thus

the fluorination of the PVC at this temperature improved
the oxidation of the surface.
Curve #14 is control PVC but the heating rate had been
changed to 5°/niinute.

The initial oxidation temperature is

265°C, which was 5° above the initial temperature for Curve
#12.

Therefore, the initial temperature is not heating

rate dependent.

The maximum output temperature was 300°C

which was twenty degrees below the maximum output tempera¬
ture of the control, Curve #12.

This observation implies

that the maximum energy of oxidation does not depend upon
the temperature, but upon the time (eight minutes from
the onstart of oxidation).

After the maximum power output,

the curves are similar with respect to one another.
Curve #15 is partially fluorinated PVC (6 hours at
60°C).

The initial oxidation temperature is 260°C, some

20° cooler than the corresponding temperature for Curve #13.
This observation states that the oxidation of partially
fluorinated PVC is a function of the heating rate and not
of the temperature.

The maximum oxidation output is 2.5
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mcal/sec. at 290°C but the average oxidation output is
1.5 mcal/sec. as opposed to 2.0 mcal/sec.

in Curve #14.

The shape of the two curves above 350°, which is the
region of thermal degradation, is identical.
The fluorination of PVC does help to improve the
resistance of oxidation of the surface.

The initial

oxidation temperature does not improve with fluorination
because there are still abstractable hydrogens on the
surface.

The average oxidation output is lower for the

fluorinated PVC samples.

Therefore, it would be practical

to fluorinated PVC for protection against oxidation.
Probably the best set of DSC curves are for the poly¬
propylene (PP).

When polypropylene was fluorinated, the

surface was well coated especially at elevated temperatures.
The diffusion of fluorine is less in polypropylene

than

polyethylene because of steric problems with the methyl
group.

Therefore, more hydrogens are replaced on the

surface than inside the plastic.
Polypropylene exhibits the similar thermal properties
as polyethylene.

PP has a higher "softening” point than

PE due to the stronger intermolecular forces.

However, the

start of the thermal degradation for PP is lower than PE
because of the tertiary hydrogen.
commercially, it is interesting to

Since PP is utilized
include it in the study.

Curve #16 is control PP with a heating rate at 10°/min.
The softening point corresponds to l65°C which will not change
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with the extent of fluorination under investigation.

The

initial oxidation temperature was 230°C, 15° above the
corresponding temperature for LDPE and HDPE.

If the

tertiary hydrogen was involved with the initial oxidation
of the polypropylene, the temperature would be lower than
that of the polyethylene.
was 16 mcal/sec. at 320°C.

The maximum oxidation output
The maximum oxidation output

for polyethylene was 2.5 mcal/sec.

Apparently, the ease

of the oxidation of polypropylene may be due to the diffi¬
culty of diffusion of oxygen into the plastic and there
are more hydrogens to be abstracted.

The average oxidation

output between 230° and 375° is 7 mcal/sec.
Curve #17 is partially fluorinated polypropylene (6 hours
at 50°C).

The initial oxidation temperature was 240°C,

an improvement of only 3°C over the control.

However, the

oxidation power output at 325°(the control’s maximum) is
3.5 mcal/sec., which is one-half the value of the control.
The control DSC curve was somewhat Gaussian shaped while
this curve (#17) is more complex.

The complex curve suggests

that there is at least a secondary mechanism of degradation
that was not present in the control sample.

An explanation

may be the fact that this secondary mechanism could be the
thermal degradation because of the temperature (350°C) at
which the mechanism starts.

While smoke appeared at 355°C

and it consequently turned blue litmus paper red.
likely, this gas was hydrogen fluoride.

Most

The rest of the
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plastic decomposed primarily by thermal mechanisms above
350°C.

The maximum output of the thermal degradation

was 20 mcal/sec. at 375°C.
Curve #13 is polypropylene that had been fluorinated
for the same length of time, six hours, but at a higher
temperature, S0°C.

As mentioned before, at this tempera¬

ture, the surface of the polypropylene was very slippery.
The initial oxidation temperature was 250°C, which is 20°
above the initial oxidation temperature of the control.
The additional protection of the surface from oxidation
is worthwhile to investigate.

This piece of fluorinated

polypropylene undergoes very little amount of oxidation.
The oxidation power output at 325°G is 2.5 mcal/sec. as
opposed to 16 mcal/sec. for the control.

The best explana¬

tion for this phenomena is that there are very few hydro¬
gens left on the surface of the polypropylene.

Since

oxidation initially starts on the surface, the polypropylene
is very protected from the oxidation by the carbon-fluoride
bonds.

Finally, above 350°C, thermal degradation is the

primary means of decomposition.
Curve #19 is partially fluorinated polypropylene, but
the sample had been fluorinated for additional three hours.
The curve is very similar to Curve #1&.

Thus additional

fluroination at this temperature is not advantageous for the
protection of the surface of the PP.
Curve #20 is a sample of partially fluorinated PP.

This
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piece of polypropylene had been fluorinated for seven more
hours than the sample for Curve #13, but at a cooler
temperature (60°C).
9.5 mcal/sec.

The oxidation output at 325°C was

The surface of this piece of PP was not

very protected against the oxidation.
An interesting point about these last two DSC curves,
#13 and #20, should be emphasized.

Even though the

sample used for Curve #20 contains 2.5 times as much
fluorine by weight as the sample for Curve #13, it has•
less protection against oxidation than the less fluorinated
sample.

Thus this difference is additional evidence that

the surface becomes more fluorinated as the temperature
is elevated.
A comparison of the five DSC curves for the polypropy¬
lene samples for the 10° heating rate shows that for
optimum protection against the oxidation of the plastic,
polypropylene.should be fluorinated at 30°C.

The amount

of oxidation that is minimized by this type of fluorination
is tremendous.

At this particular heating rate, the best

sample was polypropylene that had been fluorinated for
6 hours at 30°C.
The following DSC curves have the same experimental
parameters except the heating rate had been changed to 5°/
minute in order to determine whether any of the degradation
mechanisms were a function of the heating rate.
Curve #21 is the control polypropylene.

The initial

oxidation temperature is 225°C, which was only 7° cooler
than the initial oxidation temperature of Curve #16 (con¬
trol PP at 10°/minute).

Thus, the initial onset of oxida¬

tion only depends upon the temperature.

However, the rest

of the DSC curve for the oxidation certainly does depend
upon the heating rate.

The maximum oxidation output is

at a lower temperature, 295°C.

The output is considerably

smaller, 9 mcal/sec. versus 16 mcal/sec.

Again the curve

is somewhat Gaussian shaped with the possible hint of some
thermal degradation above 350°C.
Curve #22 corresponds to the same type of sample that
was used for Curve #17.

The shape of the two curves are

similar to 350°C suggesting that oxidation may not be
heating rate dependent.

Unlike Curve #17» there was very

little thermal degradation.

In comparison with the control

of this series, the sample does show resistance against
the oxidation.

At 295°C, the oxidation output was 5.5 meal/

second, two-thirds of the value of the control.

The maxi¬

mum oxidation output was 12.5 mcal/sec. at 350°C.
Curve #23 is partially fluorinated PP (6 hours at âO°C).
The same type of sample was used for Curve #1C.

The

initial oxidation temperature was 240°C, ten degrees below
the initial oxidation temperature for Curve #lâ.

Thus

the initial oxidation is not a function of the heating
rate.

At 295°C, the oxidation output was 1.5 mcal/sec,

an

reduction of the control’s oxidation at this

&ka/°

temperature.

The maximum degradation output correlates
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to 12 mcal/sec. at 3Ô0°C.

At this temperature, the

primary mechanism of degradation is thermal.
Curve #24 is similar to Curve #19 except the heating
rate had been changed to 5°/minute.

In the case of the

10°/minute heating rate, additional fluorination at SO°C
did not improve the oxidation resistance.

However, in the

case of the 5°/minute heating rate, additional fluorination
did help the resistance of the surface to oxidation.
#23 and #24 are similar up to 325°C.

Curves

At 350°C, the oxida¬

tion output for the 6 hour sample was 10 mcal/sec. while
the value for the 9 hour sample was 5 mcal/sec.

POLYPROPYLENE RESULTS
The previous discussion of the DSC curves were basically
description of the curves themselves.

When one plots a

curve in the X-Y plane, he is interested in the curve itself
and the area under the curve.

In this case, the area of the

curve is equal to power times time, or energy.

Thus, the

area can be related to the A H of the reaction.
In order to calculate the 4H of the reaction for a
DSC curve, five parameters have to be taken into considera¬
tion.

These parameters are the area of the curve(square

inches), the sample mass(mg.), time base setting(minutes/
inch), cell calibration coefficient, and the Y-axis range.
When these parameters are properly arranged, the equation
for the enthalpy is:
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Table 2: DH of Oxidation for Polypropy lene Samples
at 10°/minut e
Temperature

Curve Number

16

(meal/mg)

17

18

19

20

225-250
250-275
275-300
300-325
325-350
350-375

11.55
57. 53
96.21
134.69
153. 94
85.63

2.36
47.14
86.04
96.64
133.18
182.68

0
12.59
16.02
26.32
57.21
140.74

5.72
9.15
26.30
32.02
50.31
97.19

1.10
15.45
44-15
78.36
110.37
144.50

Total

539.55

548.04

252.88 220.69

394.01

(~t Fluorinat ion:

0

.293

• 720

1.04

1.71)

Table 3: ,6H of Oxidatio n for Polyprop ylene Samples
at 5°/minu te (meal/mg}
Tempera ture

Curve Number

21

22

2.3

24

17.96
66.47

4.71
28.29

25.92
33.90

98.80

35.36

35.89

300-325
325-350

71.20
121.22
167.41
161.63
78.89

125.75
170.66

61.29
148.50

43.87
79.76

Total

600.35

479.58

278.15

219.34

0

.293

• 720

1.33)

225-250
250-275
275-300

(~ Fluorin ation
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A H (mcal/mg) = A (ôOBEAqs)
m
where A
m
B
E
A q s

=
=
=
=
=

area
sample mass
time base
cell calibration coefficient
Y-axis range

%

It would be repetitive to go through all the previous
DSC curves and calculate the area for the oxidation.

How¬

ever, polypropylene was the best candidate for effective
O

fluorokoting

and thus the area for the polypropylene

curves were calculated for comparison with the control.
As previously discussed, the thermal degradation for
the polypropylene samples started at 375° for the 10°/minute heating rate and approximately 350° for the 5°/minute
heating rate.

Thus the areas of interest are between the

onset of oxidation and the onset of thermal degradation.
There are two tables of data for the area under the
curves.

The 150° range was segmented into six areas for

comparison.

The numbers above each column corresponding to

the respective DSC curves.
In Table 2

the total enthalpy of oxidation for the

control is 539.55 mcal/mg.

In the area that contains the

maximum oxidation output (300-325°)» the enthalpy is equal
to 134.69 mcal/mg.

In Sample #17 (fluorinated for 6 hours

at 50°C), the corresponding enthalpy value is

96.64

mcal/mg.

but the total enthalpy of oxidation is approximately the
same.

However, for Curve #lâ (fluorinated for 6 hours at
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30°C), the values for each area are quite small compared to
the values of the control.

For example, the value for

300-325° area is 26.32 mcal/mg. compared to 134.69 mcal/mg.
There are fewer abstractable hydrogens on the surface of
the fluorinated polyporpylene and therefore less oxidation.
The oxygen molecules will diffuse slower through the
fluorinated polypropylene primarily due to steric hindrance.
The total oxidation enthalpy value for this

sample is less

than one half of the control’s value.
Curve #19 (6 hours, 30°C) has similar values that
Curve #13 has but it has better protection in the 350-375°C
range.

The 9 hour sample has one and a half times the amount

of fluorine of the 6 hour sample.

By close examination of

the respective DSC curves, it appears that the additional
fluorine atoms are not on the surface but are contained
within the first few layers of the surface.

Curve #20

had been fluorinated for a longer period of time (13 hours)
but at a lower temperature (60°C).

It can be seen from

Table 2 that there is some improvement over the control
but not as drastic as the 30°C samples.

The 13 hour

sample contains more fluorine than either of the two
samples that were fluorinated at 30°C.

However, by evi¬

dence of the DSC curves, most of the fluorine is in the
bulk of the plastic and not on the surface.
Table 3

contains the enthalpy of oxidation for

polypropylene samples under the same experimental conditions
as Table 2 except at a different heating rate, 5°/niinute.

The number on the top of each column represents the
corresponding DSC curve.

The area of interest is between

225°and 350° which was subsequently divided into five
25° segments.
A close examination of the total enthalpy values for
the four samples and the respective values in Table 3
suggest that the total enthalpy of oxidation is indepen¬
dent of heating rate.

As long as the number of available

hydrogen atoms remains the same in each heating rate, the
total enthalpy will not change with respect to heating.
However, the enthalpy values of the twenty-five degree
parts do differ from the corresponding segments in Table 2
This difference suggests that the oxidation of the propylene
is a function of time.
In Curve. #21, the maximum oxidation output was in the
275-300° segment.
167.41 racal/mg.

The enthalpy value for this segment was
In Curve #22 (fluorinated for 6 hours

at 60°C), the value was 9&.30 mcal/mg., an improvement
of 37'/«.

However, the total enthalpy of oxidation was 479.5&

mcal/mg.

Fluorination of this type only delays the maximum

oxidation by 25°.
Curve #23 corresponds to the polypropylene that had
been fluorinated for 6 hours at 30°C.

The oxidation

enthalpy was 35.36 mcal/mg. for the 275-300°C region,
one-fourth the value of the enthalpy of the control.

The

total enthalpy of oxidation was less that one-half of the
total enthalpy of the control.
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Curve #24 is fluorinated polypropylene (13 hours at
30°C).

Its enthalpy values for the first three segments

are approximately the same for the six hour sample.

However,

in the region between 300-330°C, the enthalpy value for
the 13 hour sample is 55$ of the value obtained for the
6 hour sample.

Therefore, additional fluorination at this

temperature helped to prolong the resistance to oxidation.
CONCLUSIONS
The differential scanning calorimeter curves show
the extent of protection that a fluorinated surface has
against thermal oxidation, both qualitatively and quan¬
titatively.
The fluorination of the polypropylene was the most
effective protection against the thermal oxidation.

By

visual inspection of DSC Curves #16 (control) and #19
(fluorinated at 30°C), one can easily determine the
protection that the fluorinated surface has against
the oxidation.
Both low density and high density polyethylene
were fluorinated but their surfaces were more susceptible
to oxidation than polypropylene.

In the case of LDPE,

the surface is protected up to 350°C.

The Fluorokoting11

of HDPE was slightly less effective than LDPE but there
is some advantage to the fluorinated surface up to 375°C.

do
R
The Fluorokoting was the least effective in poly¬
vinyl chloride and polystyrene.

In the case of PVG,

the weakest bond (carbon-chlorine) is still present in
the molecule and thus it is a potential site for thermal
oxidative degradation.
polystyrene

The optimum fluorination of the

was probably not achieved due to the lack

of understanding about the mechanism of fluorination
of polystyrene. The question remains whether or not the
R
LaMar treatment destroyed the aromatic character of
the polystyrene.
One must keep in mind that the samples used in the
DSC studies were cut from the previously fluorinated
samples.

Thus two small sides of unfluorinated surfaces

were exposed to the air in the DSC experiments. Thus the
R
absolute full potential of the Fluorokoting of these
plastics is not realized.
The DSC was utilized for support for the D.O.T.
project.

Since polymers are used in the materials on

the interior of buses, and since these polymers burn
in an air atmosphere, it was interesting to simulate
the same type of atmosphere for the DSC samples.

The

type of information that can be supplied is the temperatiare for the initial combustion, and the maximum combus¬
tion. (See Appendix A)

FUTURE IDEAS
As our society becomes more and more dependent upon
plastics due to their high strength/weight ratio and noncorrosive effects, different methods will be needed to
treat the surfaces from other problems such as weathering
and certain solvents.

The LaMar

R

process is one of the

most effective methods currently available.
The main premise of this thesis was to study the
R
effectiveness of the Fluorokoted surface against thermal
oxidation by the differential scanning calorimeter.
Additional information about the mechanism of degradation
could be obtained through the TGA test.

In this instru¬

ment, weight loss versus temperature is plotted.

Kinetic

data is usually obtained from TGA studies.
Perhaps the samples to be analyzed in the DSC could
be cut from the plastic before fluorination.

Thus these

samples would have every surface Fluorokoted

before

beins exposed to the air.
Up to now, one variable that has not been explored
very thoroughly has been temperature. By varying the
R
temperature, different Fluorokoting can be achieved.
Chemicals resistance are easy test but should be done
on the different fluorinated surfaces.
If one understood the mechanism of fluorination of
R
these plastics, then the optimum Fluorokoting could be

achieved.

An instrument that may be capable of distin¬

guishing the different layers of fluorination is the
ESCA.

Previous work has been done on fluorinated

polyethylene, but further work needs to be accomplished
on these different surfaces.
Since fluorination of the surface does change some
physical properties, it would be helpful to measure these
properties as a function of fluorination.

Two of these

properties are contact angle and coefficient of friction.
Contact angle measures the wettability of the surface.
The higher the angle, the more resistant the surface
is to the solvent.

Coefficient of friction measures

the "slipperyness" of the surface.

Certain applications

of teflon are used especially for teflon's low coefficient
of friction value.

Therefore, it would be less expensive

to fluorinate the surface of a hydrocarbon plastic.
The LaMar

R

process for the treatment of plastics is

an efficient and economical process.

By determining the

optimum temperature and time, its untapped potential may
become realized.

APPENDIX A
Part of the DSC research was involved, with the
Department of Transportation (DOT) project.

In July, 1976,

Rice Center was awarded a contract from the Department
of Transportation to study the degradation of certain
polymeric materials caused by accidental fires.

The

purpose of the study was to find a suitable material that
could be used for the interior of buses.

Some of the

ASTM tests that were utilized were limiting oxygen index
(L.O.I. ), vertical flame test, horizontal flame test," and
oxygen combustion chamber.

In addition to these tests,

the mass spectrometer, matrix IR, and DSC were also used.
Approximately fifty samples were analyzed by the DSC.
The samples were cut to the same size as the plastics for
analysis.

Only one heating rate was utilized: 5°/minute.

Since most of these materials were heterogeneous polymers,
the temperature range was increased to 600°C.

Each

sample was analyzed in two atmospheres: air and nitrogen.
The following table for the data contains the compound
name, initial weight, gas used, description of the DSC curve
weight lost by

area under the curve and the relative

area with nylon as unity.

The ideal polymer would have

heat evolution onset at a high temperature, retain most of
its initial weight and have a small area under the curve.
However, the DSC analysis is not the only test used and the

samples must be analyzed by other tests also.
The best three candidates according to the DSC data
are #594, Armalen #541, and Decoboard #502. (The samples
were only identified by either trademark name or a number).
However, since these materials would be used commercially,
the cost has to be a primary consideration also.
For the final conclusions of the study, please see a
copy of the D.O.T. final report: D0T-05-60149, Flammability
Studies of Materials Used in Transportation Studies.

Area Under Rel.Area
Curve
(Nylon=l)
(sq.in./mg.)

Compound Name

Initial Wt.

Gas

Description of Curve

Wt. Lost
(~{,)

Deco board

2.JO mg

Nz

No appreciable heat
absorption or heat
evolution observed

11.74%

2.11 mg

air

Heat evolution onset
at 490°c; Max peak
at 575°C.(l.75 meal/
sec)

26. 54%

1.521

14.17,i

2.39 mg

air

Small heat absorption 49. 797~
at 3400c; Heat ab 8orption onset at 5 4 C;
Max peak at 577 C.
(0.5 meal/sec)

0.990

9.22%

(#502)

Armalon

(#541)

(exo)

6

1.99 mg

N2

94. 9271,
Heat evolution onset
at
at 271°c; Max peak
321°0. (0.14 meal/sec)

0.352

#594

1.87 mg

air

Heat evolution onset
at 490°0; peak at
560°0.(1.4 meal/sec)

23. OO)i

1.588

14.79%

#527

1.86 mg

air

Heat ezolution onset
at 175 C; peak at
490°C.(2.8 meal/sec)

71.51%

11.226

104. 58;&

(endo)

(exo)

(exo)

Wt. Lost

Area Under Rel. Area
(Nylon=l)
Curve
(sq.in./m g.)

24.33'/o

0.169
(exo)

Compound Name

Initial Wt.

Gas

Descriptio n of Curve

Solar
(#508)

1.89 mg

N2

Srnall heat ezolution
onset at 505 C.(.125
meal/sec)

1.90 mg

air

Evolution of heat on- 99.47'fo
set at 471°c; change
to higher rate at
560°c; Peak at 590°0.
(off scale) 3 meal/sec)

5.789 (off scale) 53.39~
(exo)

2.06 mg

N2

Onset of heat evolu- 38.8)7b
tion at 262°0; Max/seak
at 303°c.(o. 2 meal sec)

0.121
(exo)

2.03 mg

air

71. 92}~
Heat evolution onset
at 277°0; peak at 303°c
(1.25 mcal1sec) ; and
490°c (1.25 meal/sec)

5.951
{exo)

1.98 mg

Nz

Small heat agsorptio n 78.79%
onset at 240 O.

0.126
(endo)

1.86 mg

air

Heat evolution onset 90.41%
at 2400c; change tg a
higher rate at 440 C;
peak at 546°c (2.5 meal/
sec)

8.978
{exo)

THPC APO
(#540)

lOOj{i wool
carpet
(#544)

55.44'}>

83 .64'/o

Wt. Lost

Area Under Rel. Area
Curve
(Nylon=l)
(s_q. in./mg.)

Compound Name

Initial Wt.

Gas

Description of Curve

Timme
treated wool
(#551)

2.07 mg

N2

Small heat agsorption 52. 70-/o
onset at 307 C

0.444
(endo)

2.44 mg

air

Heat evolution onset
at 251°c; peak at
330°c (2 meal/sec);
and 505°c.(3.5 meal/
sec)

72 .137b

4.680
(exo)

43 .6oti

2.05 mg

Nz

No appreciable heat
absorption or heat
evolution observed

45.J'l;'o

2.00 mg

air

Heat evolution onset lOO;t
at 26o 0 c; Max peak
at 410°c. (3.5 meal/
sec)

11.915
(exo)

111.00%

2.78 mg

Nz

Sharp heat absorption 64.03%
peak at 250°c (0.5 meal/
sec); Heat evolution
onset at 42g 0 c; max
peak at 525 c.(0.5 meal/
sec)

0.112
(endo)
0.601
(exo)

3 .49 mg

air

Heas evolution onset at 46.13~
175 C; max peak at 450°c
(off scale>J.5 meal/sec)

52.88~
5.676 (off
scale)
(exo)

#575

Modacrylic
carpet
(#545)

APPENDIX 3
Contact Angle Measurements
Introduction
The atoms on the surface of either a liquid or a
solid are in a different environment from the atoms in
23
the bulk phase.
Since fluorination is primarily a
surface technique and any fluorination that does occur
in the bulk is diffusion controlled, one can make
measurements of different surface properties of these
fluorinated plastics.

One of these methods is contact

angle measurements of different solvents.
will be discussed in this section.

This method

The other

is coefficient of friction measurements.

method

The purpose

of the contact angle experiments is to determine how
changes the surface properties change. as a function
of the fluorination temperature and time.
The intermolecular forces at the air/solid inter¬
face determine the free energy of the surface.

In

fluorine-containing plastics, these faces have low
free energy which makes the plastics difficult to wet
with organic and aqueous liquids.

24

Therefore, plastics

that are fluorinated have some oil and water resistance
properties.

Such properties are very advantageous to

have in certain applications.
In 1301, Thomas Young devised the concept of the
25
contact angle as it applies to wettability.
Even

39
though some of his ideas were not valid, Young did
establish contact angle measurements as a measure of
wettability.

When9>0°, the liquid is non-spreading

and when 0=0°, the liquid is said to wet the solid
completely.

Because the tendency for the liquid to

spread increases as 3 decreases, the contact angle is
a useful inverse measure of wettability and the cosine
is a useful direct measure.

Refer to diagram below for

definition of 0 .

W.A. Zisman has done much work on surface properties
of plastics, especially contact angle measurements.

Ke

and R.G. Bowers have done the initial work and have
clarified the relation between wetting and surface
friction.

In this research, Zisman established the

surface tensions of various perfluorinated polymers by
graphing the cosine 0 versus surface tension (20°G-dynes/
cm.). When

the slope of this graph intercepts with the

horizontal line,

cos0= 1, the critical surface tension,
26
(Sc, is determined.
The solvents used in these experiments

sJ

were various n-alkanes.

The surface tension of polyhexa-

fluoropropylene was lower than teflon due to the exposed

90
-CF^ groups.

As a rule, -CF^ groups packed closer than

the -CF2 groups and that led to a larger reduction in
27
the surface tension.
Thus the surface tension of
polyhexafluoropropylene is lower than teflon.
Another interesting part of their work was while
the surface tension of polyethylene decreases with
amount of fluorination, the surface tension of poly¬
ethylene actually increased with amount of chlorination.
No explanation of this increase of surface tension was
presented in the paper.
A few years later, A.G. Pittman did some supporting
work

for Zisman.

In his review of fluorinated surfaces,

Pittman did point out that there was an increase of
29
3 dynes/cm. for each substitution of

hydrogen for fluorine.

Most of the previous work before Pittman's was on a
straight chain hydrocarbon polymer.

Pittman primarily

investigated the influence of crystallinity, tacitity,
side chain composition and side chain branching on
wettability.

He discovered that the Yc (critical surface

tension) did not depend upon the amount of fluorination
30
but on the arrangement of the fluorine atoms.
He also
discovered that there was an increased wettability with
increased chain length.

However, this increase is due to
31
the overall increase in hydrocarbon content.
In 1976, L.J. Hayes of Air Products did some work
with surface energy of fluorinated polyethylene at
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different stages

Hayes measured the contact angles

for three different types of solvents: Nonpolar, polar,
and hydrogen bonding.

He stated that surface energy of

the polymer increased toward
but decreased toward

hydrogen bonding solvents

polar and non-polar solvents

When Hayes compared the results of the contact angles of
the different solvents to the previous data of teflon,
he observed a difference in the data.

He concluded that

deviation from linearity according to solvent type is not
a result of fluorine incorporation, but is due to oxida¬
tion of the surface.
Instrumentation and Experimental Procedure
The contact angle measurements were performed at
Continental Oil Co. in Ponca City, Oklahoma.

A Bausch

and Lomb microscope inverted at 90° was used for the
measurements.

A Pronto Polaroid multi-purpose indus¬

trial view camera was attached to the microscope.
Some of the previously fluorinated samples were
used in this study.

A sample was placed on the stage

of the microscope.

Two or three drops of the solvent

were put on the surface of the sample.

Five minutes were

allowed to let the solvent reach equilibrium at the surface.
Then the stage was either raised or lowered in order to
find the receding angle of the solvent.

After the

solvent-surface interface was focused, the camera was
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set in place.
was taken.

A black and white picture of the angle

The contact angles were directly measured

from the photographs.
Results
Fluorinated samples of polypropylene, polyethylene,
and polyvinyl chloride were used in these experiments.
Referring to Table B-l, two interesting conclusions
can be made from this data.
does not wet very well.

Unfluorinated polypropylene

However, contact angle of the

fluorinated surface decreases rapidly with initial
fluorination.

If the fluorination is continued at the

same temperature, the contact angle increases again.
The amount of decrease is greater with lower temperatures
of fluorination.

The increase of contact angle is greater

with the higher temperatures.
For a given amount of time, contact angle of the
fluorinated surface increases with increasing temperature.
Since the amount of fluorination does not vary with
different samples (at the same amount of time), this
trend in the data supports the earlier conclusion that
fluorination of the surfaces increases with increasing
temperature.
Limited experiments were performed on the other
plastics.

The other plastics did not show as much

potential in the DSG experiments as did polypropylene.

Table B-l
Polypropylene Contact Angles
Contact Angle

Fluorination Temperature/Time
R.T.
R.T.
R.T.
R.T.
40°C
50°C
50°C

1
lâ
36
1
2
13
1
2
6
6

hr
hr s
hrs
hr
hrs
hrs
hr
hrs
hrs
hrs

13 hrs

O
OO

70°c
70°c
âo°c
âo°c

———

49.0°
19.0°
24.7°
31.3°
19.0°
24.2°
54.2°
29.0°
30.0°
39.3°
46.0°
62.0°
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Samples of high-density polyethylene (see Table 3-2) that
were fluorinated below 90°C were quite wettable and exten¬
sive experiments on this plastic would not be worthwhile.
Contact angle was measured on HDPE only.
The contact angle of the control sample is fairly
close to the contact angle of the control sample of
polypropylene.

As the amount of time of fluorination

increased, so did the contact angle.

Thus the surface

tension of fluorinated HDPE approaches the surface tension
of teflon.
The contact angles of the 60°c and 90°C samples
differ by 30°.

Again the amount of fluorination is the

same in both samples timewise, but there is more fluorina¬
tion on the surface of the 90° sample than there is on
the 60° sample.
Polyvinyl chloride (Table B-3) has more additives
in it than any of the other hydrocarbon plastics.

Thus,

during the fluorination process, the PVC molecules and the
additives are fluorinated. Therefore, the contact angle
of a PVC sample could be in suspect because of the additives.
Like the other hydrocarbon plastics, initial fluorina¬
tion of the surface increases the surface tension of the
plastic.

However, additional fluorination decreases the

surface tension.

Table B-2
High Density Polyethylene Contact Angles

Fluorination Temperature/Time Contact Angle
R.T.

—

44°

60°C

6 hrs

21.0°

90°C

6 hrs

51.6°

90°C

24 hrs

71.3°

Table B-3

Polyvinyl Chloride Contact Angles
Fluorination Temperature/Time
R.T.

Contact Angle
54.5°

6 hrs

26.0°

50°C 13 hrs

43.0°

40°C
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Other solvents such as chloroform and toluene were
used, but without success.

No data is presented from

these solvents.
Experimental errors were prevalent in these tests.
The crudeness of the method was the primary error.

The

reproducibility of the contact angle by the camera and
then the measurement of the contact angle by a protractor
were other major sources of error.

More sophisticated

equipment is available to measure the contact angles
directly.

However, initial information of contact angles

of variously fluorinated plastics is presented.

APPENDIX C
Scanning Electron Microscope
Experimental
Two pieces of polypropylene, 1" x 2” x l/S", were
examined by the scanning electron microscope (SEM) and
by the reflected light microscope (RIM).

One piece

of polypropylene had been fluorinated for nine hours
at S0°C, and the other was unfluorinated.

Thus there

were expected differences in the surfaces.
The SEM used was a Coats and Welter, Model 1Q6A.
The RLM was a Leitz Orthoplan Pole.

Both were provided

by Continental Oil in Ponca City, Oklahoma.
Four different magnifications were utilized:
500X, 2,0Q0X, 10,OOOX, and 20,000X.

The "original

surface" corresponds to the control sample and the
"etched surface" corresponds to the fluorinated surface.
Discussion
In the 5Q0X magnifications (See Pictures C-l and
C-2), both surfaces appear to be very smooth.

The

fluorinated polypropylene appears to be slightly smoother
at this magnification.
In the 2,000X pictures (See Pictures C-3 and C-4),
both surfaces again are very smooth.

However, there is

a large crack in the right center of the 2,000X picture

of the fluorinated polypropylene.

This crack developed

when the surface was exposed to the electron beam.
Apparently the surface was mechanically strained.

This

strain may be due to the fluorine atoms that had replaced
the smaller hydrogen atoms.

Thus, the fluorination of the

polypropylene had caused the mechanical strain.
In the 10,000X magnification (See Pictures C-5 and
C-6), it appears that the control sample has a smoother
surface.

If the picture of the fluorinated sample is to

be examined closely, one can see the cracks throughout
the surface.

In some areas of that picture, the surface

is actually smoother than the control sample.
In the 20,000X pictures(See Pictures C-7 and C-3),
the best contrast between the two types of surfaces is
offerred.

Except for the very large crack in the left

center of the picture, the fluorinated surface is much
smoother than the control surface.

The last pictures

of the fluorinated surfaces (Pictures C-6 and C-3), were
taken around the crack discovered in the 20Q0X picture.
After these samples were magnified using the SEM
instrument, a small sample was cut from each specimen.
These samples were coated with gold in order to bring
out the best reflection for the RLM.
Pictures were taken of two different areas of the
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respective surface (See Pictures C-9 and C-10).
magnification of each picture was 170X.

The

Using this

method, the contrast between the two types of surfaces
was more enhanced.

The fluorinated surface was smoother

than the control sample.
Use of the SEM and RIM confirm the observations
of the naked eye that the fluorinated surface is indeed
smoother.
of

Such techniques also detect the evidence

mechanical strain to the surface due to fluorination.

Pictures C-l and G-2, SEM 500X, Original and Etched

Pictures G-3 and C-4, SEM 2000X, Original and Etched

Pictures C-5 and C-6, SEM 10,000X, Original and Etched

Pictures C-7 and C-E, SEM 2G,000X, Original and Etched

Pictures C-9 and G-10, RLM 170X, Original and Etched
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