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ABSTRACT
OXYGEN TRANSPORT IN 80/20 NYLON 6/ (6I/6T),
BLEND AT VARIOUS HUMIDITY VARIOUS

By
Nat Pinitpongskul

In general, the physical and barrier properties of polyamides are
affected by the presence of water molecules within the polymer matrix.
However, the effect of sorbed water on these properties can show
different relationship such as the case of the totally amorphous Nylon
61/6T and semicrystallline Nylon-6. In this study, the blend of Nylon-6
and Nylon 6I/6T (80:20) was carried out to improve the barrier
properties of Nylon-6. Sorption equilibrium isotherm and oxygen
transport characteristics of the blend were studied as a function of
water activity at 23°C. Data on the water sorption isotherm and oxygen
transport on the blend at 23°C are presented. Permeability (P),
solubility (S), and diffusion coefficient (D) have been determined as
function of water activity for both mechanisms. The P, S, and D
comparison of Nylon-6, Nylon 6I/6T, and the blend has been made. The
differential scanning calorimetry method was used to determine
crystallinity of the blend and to investigate the effect of water on the
glass transition temperature of the blend. The effect of adding Nylon
6I/6T into Nylon-6 was found to exhibit strong interactive effects on

oxygen barrier improvement.



To my parents and family

iil



ACKNOWLEDGMENTS

I would like to firstly a great deal of thanks and respect to Dr.
Ruben Hernandez for his great guidance, support, encouragement and
patience while serving as my major advisor.

I would like also to express my appreciation to Dr. Susan Selke
and Dr. Jame P. Lucas for serving on my committees and for their useful
guidance and assistance.

I am very grateful to Rafael Gavara for training, guiding, and
teaching me how to operate the laboratory instrument and to solve some
problems.

I would like to thank Brain Ericson for teaching me to operate
Differential Scanning Calorimeter over Composite Materials and
Structures Center.

I want also to knowledge the support recommend from MSU Research
Excellence Project Funding.

Next, I would like to thanks Takashi Urata for his kindness to let
me take his time on Cahn Instrument. Also, I would like to express a lot
of thanks to Supaporn Khuandee, Sorawit Narupiti, Natawut Nupairoj,
Boonchoat Paosawatyanyong, and Chatphet Saipetch for their help and
encouragement.

Finally, I would like to express thanks and respect, from my

heart, to my parents and all of my family.

v



TABLE OF CONTENTS

LIST OF TABLES

LIST OF FIGURES

INTRODUCTION

LITERATURE REVIEW

2.1 Permeation Theory

2

2.

.2

3

Permeation Mechanism for Gases through Polymers
Variable Affecting Permeation
Perability Measurements
2.4.1 Isostatic Method
2.4.2 Quasi-Isostatic Method
Sorption Measurements
2.5.1 Polymer Film Studies
Sorption Isotherm Models
2.6.1 Model for Polar Systems at High Solute Activities
2.6.2 Model for Gas Sorption in Glassy Polymers
2.6.3 Modified Dual Mode Sorption Model
Polyamides
2.7.1 Nylon-6
2.7.2 Amorphous Nylon
2.7.3 Effect of Humidity on Nylon
Crystallinity
2.8.1 Effect of Crystallinity on Properties

Glass Transitions

Page
VII

VIII

10
10
12
14
14
16
16
17
17
19
20
21
23
24
26

26



2.10 Polymer Blends
2.10.1 Miscible and Immiscible Blends
2.10.2 Selecting a Polymer Combination
2.10.3 Previous Studies of Amorphous Nylon and Nylon-6

Blended

MATERIAL AND METHODS
Materials
Methods
EXPERIMENTAL ERROR
Permeation
Sorption
RESULTS AND DISCUSSION
Sorption Isotherm
Equilibrium Sorption Isotherm

Equilibrium Sorption Isotherm in closed containers

with salt solution
Oxygen Permeability
Differential Scanning Calorimetry Method
CONCLUSIONS
APPENDIX
APPENDIX A Computer Program for Flory-Huggins Model
APPENDIX B Computer Program for
Langmuir-Flory-Huggins Model
APPENDIX C The Calculation Method of Weight Fraction
APPENDIX D The Experimental and Known Values in each

Plot of The Result and Discussion

vi

30

32

32

35

35

36

38

38

38

40

40

40

47

49

62

64

66

68

70

72



APPENDIX E

APPENDIX F

BIBLIOGRAPHY

Data of Sorption isotherm tested by

Cahn Electrobalance 74
Plot of The Sorption Isotherm Values Under
Various Humidities tested by

Cahn Electrobalance 94

95

vii



Table

1. The relationship between relative humidity and weight fraction

2. Langmuir and Flory-Huggins weight fraction contribution

3. K, B, and y parameter for water sorption in Nylon-6,
Amorphous Nylon, and Amorphous Nylon/Nylon-6 at 23°C

4. Relative Humidity, Weight of samples after dry, weight
of samples after condition, and weight fraction

5. Permeability (P), Solubility (S), and Diffusion Coefficient
Values of Oxygen transport in polymer at 23° C

6. The Glass Transition Temperature, Melting Temperature,
Enthalpy of Glass Transition Temperature and Melting
Temperature, and % Crystallinity of the Blend

7. The Melting Temperature, Enthalpy, and % Crystallinity of
Nylon-6

8. The calculation of weight fraction at steady state of various
humidities

9. The total permeability values of Nylon blend, Nylon-6, and
Amorphous Nylon

10. Fast diffusion coefficient values of Nylon blend, Nylon-6, and
Amorphous Nylon

11. Total solubility coefficient values of Nylon blend, Nylon-6,

LIST OF TABLES

and Amorphous

viii

Page

40

44

45

48

53

63

63

71

72

72

73



Table

12.

13.

14.

15.

16.

17.

18.

19.

20.

Sorption
Sorption
Sorption
Sorption
Sorption
Sorption
Sorption

Sorption

isotherm

isotherm

isotherm

isotherm

isotherm

isotherm

isotherm

isotherm

values

values

values

values

values

values

values

values

x and sum of square values

from

from

from

from

from

from

from

from

0 to 3% RH

3 to 6% RH

6 to 13% RH

13 to 48% RH

48

58

67

75

to

to

to

to

55% RH

67% RH

75% RH

85% RH

Page

73

74

75

76

78

79

83

86

91



LIST OF FIGURES

Figure

1.

10.

11.

12.

13.

Schematic of gas transport through film in which a represent
the concentration of the permeant within the polymer at the
interface

Transmission rate profile curve by isostatic method
Generalized transmission rate profile curve obtained by
quasi-isostatic method of tests

Typical Plot of M{/M, vs. t1/2 for sorption procedure
Schematic illustration of rubber droplets dispersed in

a continuous plastic phase

Experiment sorption values and Langmuir-Flory-Huggins best fit
Sum of squares versus y at 25°C

Plot of water activity versus weight fraction distribution
of sorption isotherm under various humidity model controlled

by salt solution and measured by Cahn Instrument

. The typical plotted graph between 1/x and time of Nylon blend

which it illustrated two mechanism of permeability
Total oxygen permeability, fast and slow mechanism of Nylon
blend at 23° C
The permeability of Nylon-6, Amorphous Nylon, and Amorphous
nylon/Nylon-6 (20:80)
Fast and slow diffusion coefficient values of the nylon blend
Total, fast, and slow mechanism solubility coefficient values

of the blend at 23°C

Page

10

13

15

29

42

43

46

50

54

56

58



14. The fast mechanism of diffusion coefficient of Nylon-6,
Amorphous Nylon, and the blend 59

15. Total solubility of Nylon-6, Amorphous Nylon, and the blend 60



INTRODUCTION

Polyamides are semi-crystalline or amorphous polymers and they are
widely used in industrial and packaging applications. Polyamides are
very moisture sensitive. This means that the presence of water has a
significant effect on transport and mechanical properties (Ohashi,
1991). For example, nylon 6, one of the most common semicrystalline
polyamides, has excellent mechanical properties, and relatively good gas
barrier properties at dry conditions but decreasingly gas barrier
properties at high relative humidity.

Nylon 6I/6T is an amorphous polyamide that also shows a variation
of permeability and mechanical properties with changing relative
humidity. But, unlikely Nylon 6 , the oxygen permeability of amorphous
nylon decreases as the humidity increases (Hernandez et al, 1992). Since
these two polymers have different behaviors as a function of relative
humidity, it is important to know the behavior of a blend of Nylon 6 and
amorphous Nylon. In principle a blended polymer can be produced in which
the effect of water on gas permeability may lie between the behavior of
nylon-6 and of amorphous nylon.

The goal of this research is to study the transport of oxygen ,
through a nylon blended film (80% Nylon 6 mixed with 20% amorphous
Nylon) and to compare the results with the known behavior of each of the
components respectively. Oxygen permeability, and water sorption
isotherm were carried out at 23°C. An isostatic permeability method was

used to measure the permeability of polymer film. The diffusion



coefficient (D) of oxygen in the nylon blended film was also calculated
by the method of Gavara and Hernandez (1993).

Water sorption isotherms were determined by using a CAHN
electrobalance. Differential scanning calorimetry (DSC) was used in this
study to determine the glass transition temperature (Tg) and percent

crystallinity of Nylon blended at various relative humidities.

The objectives of this study include:

1. To determine oxygen permeability of the Nylon-6/Nylon 6I/6T
(80/20) blend at varying relative humidity at 23° C. From this
experiment, the diffusion (D) and solubility coefficient (S) can be
obtained.

2. To determine the water sorption isotherm of the blend at 23°C.

3. To evaluate the effect of humidity on glass transition
temperature of Nylon blended by DSC method.

4. To compare these results with values available for pure Nylon 6

and amorphous Nylon.



LITERATURE REVIEW

2.1 PERMEATION THEORY

The transport of a gas or vapor through polymeric films involves
an activated diffusion process, in which three steps can be

differentiated (Stannett and Yasuda, 1965):

GAS

e

c C1

N

(] > cC
Film 1772

Figure 1: Schematic of gas transport through film in which c represent
the concentration of the permeant within the polymer at the

interface.

1) Absorption of the permeating species into the polymer matrix at
the high penetrant concentration surface, c; indicated in figure 1.

2) Diffusion through the bulk of the polymer wall along a
concentration gradient and toward the low concentration side cj.

3) Desorption from the surface at the lower concentration.

Permeation of small molecular weight molecules through polymers is



determined by the diffusion coefficient of the permeant species and the
solubility coefficient of the permeant in the polymer. Diffusion of the
permeant into the polymer films is driven by the concentration gradient
of the permeant measured at both sides. Whereas, solubility is driven by
the affinity of the permeant for the polymer (Imbalzane et al., 1991).
Under steady state conditions, a gas or vapor will diffuse through
a polymer at a constant rate, if a constant pressure difference and
temperature are maintained across the polymer. The diffusive flux (J) of
a permeant through polymer film can be defined as the amount of permeant
passing through a plane or surface of unit area normal to the direction

of flow during unit time as described by equation(1l).

At (1)

Where Q is the total amount volume of permeant passing through area A
during time t.
The relationship between the coefficient flux J and the

concentration gradient is described by Fick's first law:

dc
J=-D— (2)
dx

Where:

D is the diffusion coefficient.



dc/dx is the differential inherent in concentration of the

permeant across the film over a differential thickness dx.

The amount of permeant retained per unit volume of the film

polymer (dJ/dx) is equal to the rate of change of concentration with

time:

If Eq.(2) is substituted into Eq. (3) then:

dc
w DG —d
& dx dt
and with rearrangement of the terms:
dc
EE”‘fﬁfiégl (5)
dt dx
and
dc d’c
—=D— (6)
dt dx

Eq. (6) is a simplified form of Fick's second law of diffusion and
applies in circumstances where diffusion is limited to the cross
direction of the film and D is independent of concentration (Robertson,

G.L., 1992).



When the diffusion process reaches the steady state, J reaches a
constant value if the concentrations cj and c; are maintained constants.
Eq. (2) can then be integrated across the total thickness of the film 1,
and between the two concentrations, assuming D is constant and

independent of concentration, then:

-C
J:M (7)
l
By substituting for J using Eq. (1):
D(c, —c,) At
Q= ( 1 I 2) (8)

When the permeant is a gas, it is easier to measure the vapor pressure
(p), which is at equilibrium with the polymer, rather than the actual
concentration ,c that is the concentration of permeant within the
polymer. At sufficiently low concentrations, Henry's law applies and c
can expressed as:

c = Sp (9)

Where S is the solubility coefficient of the permeant in the polymer.

— DS(p, _pz)At
I

(10)

Consequently, 0

and rearranging equation (10),

S=L (11)
At(p, - p,)

where P is the permeability constant.



The steady state permeation of gases through a polymer is
described by the permeability coefficient (P). The permeability
coefficient (P) can be determined from direct measurement of the rate of
transfer of a gas through a polymer or from the relationship of P = DS
where D and S are separately determined (Crank and Park, 1968).

There are seven assumptions made in the above simple treatment of
permeation (Robertson, 1992).

1) The diffusion is at steady state condition.

2) Diffusion takes place in one direction only.

3) The concentration-distance relationship through the polymer is
linear.

4) Both D and S are independent of the penetrant concentration.

5) Temperature is constant.

6) Henry's law applies.

7) Fick's law applies.

Unlike the transport properties of non-reacting gases (e.g. oxygen
and carbon dioxide), many organic liquids and vapors create non-ideal
diffusion and solubility conditions (so called concentration-dependent).
This behavior is due to the ability of the organic vapors to swell the
polymer matrix and thus change the configuration of the polymer chains,
which increases the rate of permeation (Hernandez et al., 1986). This
behavior results in a concentration dependency of the permeability

coefficient.



2.2 PERMEATION MECHANISM FOR GASES THROUGH POLYMERS

Permeability is the steady state of transmission of a gas or vapor
through a polymer film. During a permeability process, the gas or vapor
dissolves in the material on one side or surface and diffuses through to
the other side or surface by a molecular mechanism known as activated
diffusion.

Mass diffusional transport through polymers differs from a flow
process such as Knudsen or Poiseuille flow that occurs through porous
materials. The diffusion process is affected by the characteristics of
the polymer, diffusant gases, the temperature and the relative humidity
(Lebovitz, 1966).

Molecular diffusion can take place because polymer chains have a
random kinetic agitation or heat motion. The polymer chain segments have
vibrational, rotational and translational motions that continually
create temporary "holes" in the polymer matrix. The creation of these
holes allows penetrant molecules to move through the polymer matrix
under the influence of the concentration gradient. The amplitude and
motion of the polymer molecules is directly related to the temperature,
chemical composition and morphology of the polymer.

The glass transition temperature (Tg) is an important factor for
the mass transport of a penetrant-polymer system (Meares, 1954). The
glass transition temperature marks the transition from a "glassy"
polymer state to a "leathery" polymer state. This increased flexibility
of the polymer is caused by the freezing of micro-brownian motion of
polymer chain segments 20-50 carbon atoms in length (Boyer, 1977). This

increase in polymer chain segmental mobility above the glass transition



temperature corresponds with an increase in permeability and diffusion.

The permeability of polymer is higher at a temperature above T, than at

g

a temperature below Tg.

2.3 VARIABLES AFFECTING PERMEATION

A board range of chemical and physical properties that affect
permeation is as follows (Imbalzono et al., 1991):
a) Ease of condensation of permeants
Chemicals that readily condense will, therefore, permeate at
higher rates.
b) Intermolecular Chain Forces of the Polymer
With higher intermolecular forces, the permeant molecules
may not be able to overcome the inter-chain forces of attraction forces.
As a result, as the intermolecular forces increase within the polymer,
the permeability decreases.
c) Crystallinity
Higher levels of crystallinity pose a greater barrier to
permeants, because the crystalline regions block molecular diffusion.
Permeation takes place only in non-crystalline regions.
d) Chemical Similarity Between Permeant and Polymer
A given permeant will be more soluble in a polymer having a
similar degree of polarity. This increases the solubility and permeation
rate of the permeant.
e) Molecule Size
For an identical barrier layer, the smaller the permeant

molecule, the faster the permeation.



2.4 PERMEABILITY MEASUREMENTS

There are various methods for measuring permeability, which differ
in terms of procedure and apparatus. In general, there are two basic
test methods developed, which are referred to as the isostatic and

quasi-isostatic techniques (Hernandez et al, 1986).

2.4.1 Isostatic Method

A representative transmission rate profile curve for describing
the transport of a permeant through a polymer membrane by an isostatic
method is shown in Figure 2. From this type of experiment, diffusion
coefficient (D) and permeability coefficient (P) values are obtained,
and while the specific experimental arrangement may vary among
investigators, the basic equations describing the permeation phenomenon

are similar.

08

06

(AVAL
@Wa),

04

02

100 125 150 175 200

Time (hours)

Figure 2: Transmission rate profile curve by isostatic method
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A solution of Fick's first law, subject to boundary conditions of
the experiment, was presented by Pasternak, et al. (1970) and is given
as a first approximation in Equation (12).

AM
v P

T ('J—;Xm) exP(4Dt)

(12)

where (AM/At), and (AM/At), are the transmission rates of the penetrant

at time (t) and at steady state, respectively, t is time and 1 is the
thickness of the film.

For each value of (AM/At); and (AM/At), a value of 12/4Dt can be
calculated from equation (2). By plotting (4Dt/12) as a function time, a
straight line is obtained. From the slope of this graph, D is calculated

by substitution in Equation (13).

2
D= (slope)l

(13)
4

Smith and Adams (1981) used this method to study the effect of

tensile deformation on gas permeability in glassy polymers.

12

D=— (14)
7.199¢,,

where ty g is the time required to reach a rate of transmission
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(AM/At) ¢ equal to half the steady state (AM/At), value.

DeLassus (1985) applied Equation (14) to calculate the diffusion
coefficient of limonene vapor for different polymer films typically
used for food packaging.

The permeability coefficient (P) can be determined from the

isostatic method by substitution into Equation (15).

aGft

P=
Ab

(15)

where:

a = calibration factor to convert detector response to units of
mass of permeant/unit of volume[ (mass/volume)/signal units]

G = response units from detector output at steady state (signal
units)

f = flow rate of sweep gas conveying penetrant to detector
(volume/time)

A = area of the film exposed to permeant in the permeability cell

(area units)

=
I

film thickness (thickness units)

o
1}

driving force given by the concentration or partial pressure

gradient (pressure or concentration units)

2.4.2 Quasi-Isostatic Method

In this method, the permeated gas or vapor is accumulated and
monitored as a function of time. A generalized transmission rate profile
curve describing the transport of a permeant through a polymer membrane

by the quasi-isostatic method is shown in Figure 2. As shown, the total
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quantity of penetrant transmitted through the film is plotted as a
function of time.

Barrer (1939) presented a solution of Equation (5) for this
specific set of experimental conditions, which allowed determination of

D, the diffusion coefficient (Hernandez, 1986).

12

= (16)
66

where: 0 is the intersection of the steady-state portion of the

transmission curve (see Figure 3) and is called the lag time.

40
H
E %
§
E n
s Slape (fux) = QA = Quantityime
()
10
o
0 15 0 45 © 7%
— |

ime
Figure 3: Generalized transmission rate profile curve obtained by quasi-

isostatic method of test

The steady state permeability coefficient (P) can be determined

from the quasi-isostatic method by substitution into Equation (17).

P=AL2 (17)

where:
y = the slope of the straight line portion of the transmission

rate curve {(mass/time)
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1 = thickness of the film
A = area of the film exposed to the permeant in the permeant in
the permeability cell
b = driving force given by the concentration or partial pressure
gradient

By plotting log [tl/z(AMVAt)t] as a function of 1/t, it is
possible to obtain information about the concentration dependency of the

diffusion coefficient (D) (Meares, 1965).
2.5 SORPTION MEASUREMENTS

2.5.1 Polymer Film Studies

Sorption experiments are usually carried out at equilibrium vapor
pressure, using a gravimetric technique in an apparatus that records
continually the gain or loss of weight by a test specimen as a function
of time. A recording electrobalance (Cahn Instrument Co., Cerritos,
California) is commonly used for such studies.

The diffusion equation appropriate for the sorption of penetrant
by a polymer sample in sheet or film form was described by Crank (1975)

as:

M, 8 _D@m+1) 7
M, Z:(2 m1y P I

}  (18)

where M; is the total amount of vapor absorbed by the sheet at time t,
and M, the equilibrium sorption attained theoretically after infinite
time; t is the time to attain M; and 1 is the thickness of the film
sample. The application of Eq. (18) is based on the assumption that

immediately the sheet is placed in the vapor, the concentration at each



bao

w
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surface attains a value corresponding to the equilibrium uptake for the
vapor pressure existing, and remains constant afterwards. The sheet is

considered to be initially free of vapor. The value of t/12 for which

My /My, =1/2, conveniently written (t/12)1/2 is given by

9
t 1 7 (7
"y =—-——In{——-—| — (19)
I’)1 oD |16 9|16
2
The sorption diffusion coefficient (Dg) can be calculated from

Equation 18 by setting M; /M, equal to 0.5 and solving to give Dg.

_0.0498

tO. 5

D

s

(20)

where tp 5 is the "half-sorption time" or the time required to attain

the value, Mt/Mn=0~5-

9

07 |

os -

05 -

04

03

01

[ 8}

100 150 200 2% 300
Tume”1/2 (seconds™1/2)

Figure 4: Typical Plot of My /My vs. t1/2 for Sorption Procedure

A generalized graphical representation of Equation (19) is shown

in Figure 4, where values of M; /M, are plotted as a function of the

square root of time (tl/z). Thus, the value of tj g can be obtained

graphically.
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2.6 Sorption Isotherm Models

2.6.1 Models for polar systems at high solute activities

Solutes sorbed at temperatures below their boiling point (such as
organic solvents and water at room temperature) may not obey simple,
ideal phase equilibrium relations such as Henry's law. For these cases,
egn. (19) does not describe the data well over the activity range,
0<aj<1l, and usually underpredicts the actual solubility values at high
activities. This lack of agreement has been explained as a positive
deviation of Henry's law caused by the swelling of the polymer network
as the penetrant is sorbed. It is postulated that the network swelling
exposes more binding sites and increases the sorption level of the
penetrant synergistically (Vieth et al., 1976).

Berens (1975) reported that the Flory-Huggins equation adequately
described data for vinyl chloride/poly(vinyl chloride) at high solute
activity in the glassy state. For high molecule weight polymers, the
Flory-Huggins expression is:

Ina, =InV, +V, + zV; (21)

where aj; is the solute activity, x is the interaction parameter, V; is
the volume fraction of the solute and V, is the volume fraction of the
polymer. Although egn. 21 does not provide the most accurate description
of the thermodynamic performance of polymer solutions, it does contain
most of the essential features which distinguish such solutions.
Equation (21) usually fits equilibria data over a wider range than

Henry's law and reduces to Henry's law at low gas activities.
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2.6.2 Model for gas sorption in glassy polymers

The dual mode sorption model proposed by Barrer et al. is the most
widely used model for analyzing the data of gas sorption. This model
assumes that the solute molecules in the glassy polymer consist of non-
specifically absorbed and specifically adsorbed species which are in
dynamic equilibrium in the medium. Equation 22 was proposed to describe

sorption in glassy polymers at high gas pressure:

*'b
C=Cp+Cy=k,p+—X
D H pP 1+bp

(22)

Where C is the total concentration of sorbed solute in the polymer, Cp
and Cy are the solubilities due to absorption (Henry's law) and
adsorption (Langmuir), kp is the Henry's law constant, b is the hole
affinity constant, C'y is the hole saturation constant and p is the

pressure.

2.6.3 Modified dual mode sorption model

Hernandez et al modified eq. 21 by using the Flory-Huggins
equation to describe non-specific solution in place as Henry's law. This
modification should allow the model to fit over the activity range
O<aj<l. Other choices for the solution model are possible, but the
Flory-Huggins equation is relatively simple to apply. Because the non-
specific sorption term is nonlinear, the complete model can have an
inflection point and should predict clustering somewhere over the range
of activity values. For convenience, the modified dual mode sorption is

expressed in terms of volume fractions and solute activity:

V=V sV (23)
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where Lﬂni refers to the Flory-Huggins contribution to the solute volume
fraction and KL refers to the Langmuir contribution. Since the
equation (21) is nonlinear, it is convenient to determine the value for
KFH by numeric methods, such as the Newton-Raphson technique and egn.

(23) became (Ohashi, 1991):

Ka
V.= FH +—1 24
1 (ahl) 1+Ba, ( )

The Langmuir equation is used to calculate the volume fraction of
chemisorbed solute and the Flory-Huggins equation is used instead of
Henry's law to calculate the volume fraction of water which is not
chemisorbed. This model used along with a modified dual-mode sorption
model represents the sorption of water vapor by an amorphous polyamide

at 23°C.
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2.7 POLYAMIDES
Polyamides or nylons are very important industrial polymers.

Polyamides incorporate in the backbone chain of the amide function:

o

-z

Early development of nylons were in textile fiber applicatioms.
Polyhexamethyleneadipamide, nylon 6,6 [-NH(CH;)gNHCO(CHy),4CO-], the
first truly synthetic fiber, was developed by W.C.Carothers synthesized
in the early 19308 (Seymour, 1990). Nylons have been used commercially
for packaging film applications since the late 1950s (Robertson, 1992).
Polyamides are linear condensation products characterized by
repeating groups such as Ry-CONH-R;. The various types of nylons differ
by the chemical structure of segments R; and R, that separate adjacent
amide groups (Turbridy and Sibilia, 1986). The first nylons were made by
condensing a di-acid with a di-amine. They were characterized by the

number of carbon atoms in the parent compounds.

H,N(CH ,), NH , + HOOC (CH ,), ,COOH —— NH (CH ,), NHCO (CH ,), ,CO + H,0

diamine dibasic acid nylon-nm

H,N(CH ,), ,COOH —— NH (CH,),,CO + H,0

amino nylon-n



)

£y
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Later methods were developed for the manufacture of nylons by
condensation of certain amino acids which contain both the groups (-COOH
and NH,), which condense to eliminate water. These nylons are
characterized by the use of a single number derived from the number of
carbon atoms in the parent molecule. Thus, poly(caprolactam) based on a
six carbon molecule is nylon 6 and poly(aminodecanoic acid) with eleven
carbons is known as nylon 11 (Robertson, 1992). In general, they offer
clarity , thermoformability, high strength and toughness over a broad
temperature range, chemical resistance as well as barrier to gases,
oils, fats and aromas. Biaxial orientation of nylon films is believed to
improve flex-crack resistance, mechanical and barrier properties

(Turbridy and Sibilia, 1986).

2.7.1 Nylon-6

Nylon 6, which was produced by P. Schlack in 1937, is made by the
anionic polymerization of €-caprolactam (Seymour, 1990). This
engineering polymer is used in the U.S. for packaging applications
because of its balance of cost, physical properties and process
conditions. Nylon-6 possesses high temperature, grease and oil
resistance. For blown and cast extrusion, as well as cast coextrusion,
nylon 6 resins are favored by most converters. When used as a component
of multilayer polyolefin films, these nylons enhance properties such as
barrier and high temperature sealability and yet maintain the excellent

toughness of the polyolefins (Blatz, 1989).



Application

For most packaging applications, nylons are combined with other
materials that add moisture barrier and heat sealability, such as LDPE,
ionomer, ethylene vinyl acetate (EVA) and ethylene-acrylic acid (EAA).
Nylon films have been used mostly in food packaging such as vacuum
packaging, boil-in bag packs and the packaging of surgical equipment for
steam sterilization (Briston, 1986 and Turbridy and Sibilia, 1986).
Medical packaging applications, such as packaging of hypodermics and
other medical devices, are a relatively new and expanding area for the
nylons. Their toughness, puncture resistance, impact strength, abrasion
resistance and temperature stability make nylons suitable for protecting
sterile devices during shipping and storage. Modified-nylon resins have
recently been introduced that permit radiation sterilization (Turbridy

and Sibilia, 1986).

2.7.2 Amorphous Nylon (Selar® PA)

Dupont has developed a series of barrier resins under the Selar
trade mark to serve the needs of the market place for all types of
packaging applications. Selar® PA, a co-polymer of Hexamethylene
isophthalamide and terphthalamide, is an amorphous polyamide which can
be used as the barrier in both monolayer and multilayer packages for
specialty chemicals, cosmetics, and certain dry foods at present, with

potential for a wide variety of food applications.
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Since the acid isomers are randomly placed into the polymer
backbone, resulting in structural irregularity, no crystallization of
the polymer matrix was observed. No evidence of crystalline melting
point is found, by performing differential scanning calorimeter (DSC)
analysis.

In general, properties of Nylon 6I/6T can be summarized the
following;

-Nylon 6I/6T is a resin with a good combination of glass-like
clarity, good barrier properties, and processing versatility. It has
good mechanical and barrier properties in the presence of moisture and
therefore does not have to be protected from exposure to high humidities
as do other nylons.

-Second generation Selar® PA resins are under development which
will have improved solvent resistance, barrier, durability, and high

temperature capability.



Application

Selar® PA is being considered for a variety of packaging
applications. Its glass-like clarity with its barrier makes Selar® PA
considered to be a material of choice for products such as shampoo,
cosmetics, household products, and dry foods replacing small glass
containers. In addition, because of its properties including excellent
processibility, Selar® PA is also used in packaging applications such
as monolayer blow molded bottles or thermoformed containers.
Developments are now underway for using the resin in flexible multilayer
films for meat wrap, cereal liner and bags for snack foods. However,
according to FDA regulations, the Selar® PA resin has not been approved
for direct food contact. The application of Selar® PA is thus either a
barrier layer or the outside layer where its glassy and transparent

qualities give the containers an attractive appearance (Blatz, 1992).

2.7.3 Bffect of Humidity on Nylon

Nylons are hydrophilic materials and therefore they are moisture
sensitive, due to susceptible formation of hydrogen bonds with water.
The absorbed moisture acts as a plasticizer in the polymer matrix. As a
result, barrier and mechanical properties are noticeably affected.

Because of the presence of the hydrophilic amide group, all nylons
are affected by moisture, but these effects decrease as one goes from
nylon 6 to nylon 12, or nylon 6,6 to nylon 6,12 because the ratio of
hydrocarbon to amide groups increases. Thus, while nylon 6 and nylon 6,6
undergo a dimensional change of about 0.65 percent at 50 percent
relative humidity, nylon 11 and 12 undergo a dimensional change of about

0.10 percent under these conditions.
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The volume resistivity decreases and the dielectric constant
increases as the percent humidity increases, and these effects are
greatest for nylon 6 and nylon 6,6 and least for nylon 11 and nylon 12.
The dielectric constant at 50 percent humidity increases as follows:
nylon 6, nylon 6,6, nylon 11, and nylon 12 (Seymour, 1990).

The effect of crystallinity on the equilibrium water absorption of
nylons was reported by Starkweather et al.( 1973). Lowering the amide
group concentration and the relative humidity diminishes the effect of a

change in crystallinity.

2.8 CRYSTALLINITY

Symmetrical, hydrogen-bonded, linear polyamides are invariably
highly crystalline and owe their excellent mechanical behavior to this
property. Yield point, tensile strength, elastic and shear module,
hardness, and abrasion resistance increase with increasing
crystallinity, whereas moisture absorption and impact strength drop
slightly (Mark, 1969).

A number of "crystallinity" is often used as a measure of the
degree of crystalline order in semicrystalline polymers. The term
implies the presence of a two-phase system of crystalline and amorphous
regions. This was a reasonable interpretation of the diffraction
patterns of such polymers as polyethylene and polytetrafluoroethylene.
Diffraction from these polymers resembles the superposition of a
crystalline diffraction pattern on an amorphous pattern, which in turn
appears to be an extrapolation of the diffraction pattern of the melt

(Clark and Wilson, 1973). For all the nylons there is no obvious
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procedure for resolution of a diffraction pattern into crystalline and
amorphous regions and the calculation of even an empirical degree of
crystallinity. There is no obvious demarcation between crystalline and
amorphous areas. An instrument such as the Du Pont 310 curve analyzer
can be used to resolve these patterns but the results can be quite
arbitrary. Thus for polyamides, x-ray diffraction is not commonly used
to derive a measurement of crystallinity.

The usual methods for assessment of degree of crystallinity in
nylons are by measurement of density or by infrared techniques.
Measurement of density is perhaps most satisfactory because it is rapid,
precise, and unaffected by sample orientation and geometry. It is not an
absolute method, however, and requires calibration - the assumption of
amorphous and crystalline densities. It also requires close control over
water content. Ideally, the samples to be compared should be dry. The
plasticizing effect of water on a dry sample of low crystallinity may
increase its crystallinity. It should also be realized that massive
samples are typically not uniform in crystallinity (Kohan, 1973).

The differential scanning calorimetry method for determining the
percent crystallinity of a semicrystallinity polymer is based on the
measurement of the heat of fusion, AHf, and the reasonable assumption
that this quantity is proportional to the percent crystallinity
(Wunderlich and Cromier, 1967). The percent crystallinity may be

calculated from:

.. AH,
%Crystallinity = NTa (25)

s
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Where AHf* is the heat of fusion for a hypothetical 100% crystalline

sample. For nylon-6, AHf* is 195 J/g (Brandrup and Immergut, 1991).

2.8.1 Effect of Crystallinity on Properties

The effect of crystallinity on the properties of nylons is
substantially the same as it is for other semicrystalline polymers.
Modulus and strength and related properties such as hardness and yield
point increase with increasing crystallinit<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>