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ABSTRACT: Influence of temperature on creep deforma-
tion for polypropylene PP fiber under a constant load was
studied interferometrically. The automated multiple-beam
Fizeau system in transmission was equipped with a me-
chanical creep device attached to a wedge interferometer.
This system was used to determine the optical properties
(', n®, and An) of PP fiber during the creep process at
constant loading with varying temperature. The creep
compliance was drawn as a function of both time and
temperature. An empirical formula was suggested to
describe the creep compliance curves for PP fibers and the
constants of this formula were determined. Two Kelvin

elements combined in series were used to provide an
accurate fit to the experimental compliance curves. The
stress—strain curve via creep was studied to determine
some mechanical parameter of PP fibers, Young’s modulus
E, yield stress ©,, and yield strain ¢,. The optical orienta-
tion function f(0), the dielectric constant d, the dielectric
susceptibility y, the surface reflectivity R, and the average
work per chain W were also calculated. © 2008 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 110: 761-768, 2008
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INTRODUCTION

Time-dependent deformation of a material under
sustained constant load is referred to as creep. If the
load is large and the duration is long, failure (i.e.,
creep-rupture) will occur. Many materials display
linear viscoelastic behavior over certain ranges of
stress and strain, but are nonlinear over larger
ranges of these variables. Linear viscoelastic behav-
ior has been well documented and a number of con-
stitutive equations have been presented.'™

The study of optical anisotropy in polymer fibers
plays an important role in the knowledge of the mo-
lecular arrangement within the fibers. It is well
known that birefringence is one of the most sensitive
indicators of the anisotropy in polymers fibers; the
degree of macromolecular orientation.

Techniques based on optical birefringence were
used to measure the degree of the molecular align-
ment in uniaxially oriented fibers.* ' The changes in
the optical anisotropy and orientation for polymer
fibers by creep extension can be evaluated interfero-
metrically by the measurement of refractive indices
and birefringence of these fibers. Synthetic fibers in
the drawn or extended state show considerable opti-
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cal and mechanical anisotropy.'>™” The automated
multiple-beam Fizeau fringes system is an accurate
and nondestructive technique in the field of fiber
research.'®'” Tts is used to determine the mean re-
fractive indices and birefringence at different
processing.

In this work the influence of temperature on creep
deformation based on optical properties of PP fiber
were studied. The study investigated opto-mechani-
cal behavior of fibers subjected to sustained constant
load in time range of 0-230 min. Investigations were
carried out via an automatic multiple-beam Fizeau
interferometry with mechanical creep device®® con-
nected to a wedge interferometer. Measurements
were carried out at three different temperatures (23,
30, and 40°C).

THEORETICAL CONSIDERATION
Creep

The creep results can be well represented by compli-
ance J(t), which is a measure of the strain per unit of
applied stress.>?

J(t) = &(t)/ o0 (1)

where o, is the constant static engineering stress
applied to the specimen during creep and &(t) is the
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Figure 1 Schematic diagram of the mechanical creep device attached to automated optical system for producing multiple
beams Fizeau fringe in transmission. (A) Mercury lamp, (B) condenser lens, (C) iris diaphragm, (D) collimating lens, (E)
polarizer, (F) monochromatic filter, (G) reflector, (H) wedge interferometer, and (I) stretched string.

engineering strain. In the linear viscoelastic regime,
J(t) is only a function of temperature and time. We
have determined the time dependence of creep com-
pliance J(t) as a function of time for PP fibers at
three different temperatures.

Refractive indices (1!, n* ) and birefringence An

Multiple-beam Fizeau system in transmission was
used for measuring the mean refractive indices (n/,
n*) and birefringence (An) for undrawn PP fibers
under a constant load at different temperatures."

The optical and mechanical orientation functions

The optical orientation function fo(0) was calculated
using Hermans®' and Ward*** equations

fa(0) = An/Anpmax ()

where (Anpay is the maximum birefringence of a
fully oriented fiber. Its value has been previously*'
determined to be 0.045 for PP fiber. Hermans repre-
sented the orientation function f(8) by a series of
spherical harmonics (Fourier series)®*
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A sample with orientation function may be con-
sidered to consist of perfectly aligned molecules of
the mass fraction (f and randomly oriented mole-
cules of the mass fractio n (1 — f).

The deformations of a semi crystalline polymer
can be described by the Kratky model.** On the ba-
sis of this model, Zbinden® has derived an expres-
sion for the distribution of function with draw
ratios. From this expression the orientation function
f can be calculated as

3 D3 D? a1
le_i 1—D371+(D3_1)3/2COS (—D3/2>

where D is the draw ratio.

4)

Determination of the dielectric constant and
dielectric susceptibility

The dielectric constant is given by the following
relation

1+ 2(4nN,,3/3)

1=3= (4nN,,3/3)

)
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where o is the mean polarizability of a monomer
unit and N,, is the number of molecules per unit
volume. The dielectric susceptibility y is related to
the dielectric constant d by the following equation

d—1
4n

xX= (6)

Calculation of the surface reflectivity

The surface reflectivity, R of a polymer for normal
light can be estimated from Fresnel equation®

— n—1\2
R = <ﬁ+1> x 100 7)

where 71 is the mean refractive index.

The average work per chain

The average work per chain W for a collection of
chains will depend on the distribution of chain-end
distances, and was obtained by the following
equation”®

_3KT 1

!
w 2 |3

(D*~-D Y+ (D' -1) 8)
where K is the Boltzman constant and T is the abso-
lute temperature.

EXPERIMENTAL

The monomer Polypropylene (CH,=CH—CHj;), is
related to ethylene and like ethylene possesses a
double covalent bond, which may split to allow
addition polymerization to take place due to
stretching.”

The cross section of the tested PP fibers was
observed using high power optical microscope to be
perfectly circular with a diameter of 71.15 pm.

Three samples of undrawn PP fibers (draw ratio =
1) were investigated at the temperature 23, 30, and
40°C, respectively. The initial fiber length was 13 cm
and each sample was elongated for time range of 0-
230 min under constant load of 13 g. The refractive
indices of the immersion liquids used were 1.501,
1.486, and 1.466 for the temperatures 23, 30, and
40°C, respectively.

Figure 1 shows the optical system, which was
used to produce multiple-beam Fizeau fringes in
transmission and a computer with a CCD camera
attached. A parallel beam of plane polarized mono-
chromatic light of wavelength 546.1 nm was used to
illuminate the wedge interferometer H placed on a
microscope stage. The fiber was immersed in a lig-
uid and orientated in perpendicular to the edge of
the wedge. Straight line fringes parallel to the edge
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of the wedge are formed in the liquid region. The
amount, shape, and direction of fringe shift crossing
the fiber depends on the refractive index of the lig-
uid n;, the relative refractive indices of the fiber, the
used wavelength and the stage of polarization of
monochromatic light.

The variation of the interferometry patterns on the
CCD camera were captured during creep process.
The obtained microinterferograms were used to
determine the mean refractive indices and mean
birefringence of PP fibers at each value of creep
strain under constant load. The values were deter-
mined for three different temperatures 23, 30, and
40°C, which were allowed by air condition for all
the environment of laboratory.

The study of creep was conducted under condi-
tions for stress ¢ = constant and the strain & meas-
ured as a function of the time. The experimental
results and discussion obtained for PP fibers are
given in the following section.

Parallel

Perpendicular

|
>

(A)

LI
R

Figure 2 (A-E) Microinterferograms of multiple-beam
Fizeau fringes in transmission for light vibrating parallel
and perpendicular to fiber axis at temperature 30°C at a
constant applied load (m = 13 g). The creep extensions for
the interferograms are (A) 0%, (B) 84.62%, (C) 153.58%, (D)
269.23%, and (E) 450%.
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Figure 3 Creep strains of PP fibers as a function of time
under constant load for three different temperatures (23,
30, and 40°C).

RESULTS AND DISCUSSION

Figure 2(A-E) are microinterferograms of multiple-
beam Fizeau fringes in transmission for light vibrat-
ing parallel and perpendicular to the axis of PP
fibers under a constant applied load of 13 g at tem-
perature 30°C. The creep strain for the interfero-
grams A to E were 0, 84.62, 153.58, 269.23, and
450%, respectively. The refractive index of the
immersion liquid was 1.486 at 30°C. The fringe shift
changes in the microinterferograms identifies differ-
ences in optical path variations due to increasing
creep strain. It also shows the appearance of differ-
ent shifts at different state of stretching (Creep). It
can be seen that, there is a gradual decrease in fibers
diameter and changes in the fringe shifts.
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Figure 4 Creep compliance J(t) as a function of time and
temperature of PP fibers.
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TABLE I
Values of the Constants in eq. (9) for PP Fibers
Constants
Temperature, T (°C) a4 (Gpa'l) b(sh ¢ (Gpa'l) d ™)
23 85.9040  0.1625 57.0651  0.0054
30 25,5116  6.1370  106.4622  0.0387
40 29.0121 74511 115.3894  0.0226

Experimental description of the creep
behavior of PP fibers

Polymeric materials, including fibers, show creep
under static loading conditions. In polymers such as
PP fiber, creep can be very extensive, both for nonor-
iented material as well as for highly oriented fibers.
Figure 3 shows the creep strain for PP fibers as a
function of time under constant load for three differ-
ent temperatures. At loading times of 20, 35, and 60
min using different ambient temperatures, the creep
strain rate initially decreased with the strain (pri-
mary creep) then it was constant with further
increase of strain (secondary creep).

The resulting creep deformation of the material is
characterized by creep compliance J(t) as a function
of time for PP fibers at different temperatures 23, 30,
and 40°C (see Fig. 4). The initial part of these graphs
up to loading time 5 min appears to be independent
of temperature. In this region the process is linear.
At long loading time, the compliance depends on
temperature and the creep process is nonlinear.

S
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Figure 5 Two Kelvin model in series.
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TABLE II
Values of the Constants in eq. (10) for PP Fibers
Constants
Temperature,
T (°C) E1(Gpa)  wu(s)  m(Gpas)  E;(Gpa) T () N2 (Gpa s)
23 0.0116 6.1538 0.0716 0.0175 185.1852 3.2452
30 0.0392 0.1629 0.0064 0.0094 25.8398 0.2427
40 0.0345 0.1342 0.0046 0.0087 44.2478 0.3835

Creep analysis
The two Kelvin model in series
A good description of the experimental values of the

creep compliance J(t) for PP fibers was obtained
from our suggested empirical relation

Jt)=al—e™) +c(l—e ™) ©)

where a, b, ¢, and d were empirically determined
and listed in Table 1.

Figure 5 illustrates the combination of the two
Kelvin elements in series (the elastic element repre-
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Figure 6 (A) Variation of the mean refractive index
with the creep strain &(f)% at different temperatures. (B)
Variation of the mean refractive index n" with the creep
strain &(t)% at different temperatures.

sented by a spring and the viscous element repre-
sented by a dashpot). It is the simplest model that
exhibits all the essential features of viscoelasticity,
on the application of a stress o, the model suggests
an elastic deformation, followed by creep as shown
in Figures 3 and 4.

The model represented in Figure 5 shows creep
compliance curves similar to those of PP fibers in
Figure 4. It would elongate with time under a con-
stant load according to the following equation,
which was given by Ward and Hadley?

) =g (e 4 (1-e =) (10)

1 2

where E;, E, are the spring moduli, 1y = m1/Ey, 12 =
N2/ E, are the retardation times, n; and n, the dash-
pot viscosities. The values of Ej, E;, 11, T2, N1, and 1y
were determined from the corresponding constants
a, b, ¢, and d given by eq. (9). The results were tabu-
lated in Table II.

The two Kelvin model in series, when a constant
load is applied, the initial elongation comes from the
springs with moduli E; and E,. Later elongation
comes from the movement of dashpots with viscos-
ities M and my. The total elongation | of the model is
the sum of the individual elongation of the two
parts. The change of the elongation with time was
given by eq. (10).
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Figure 7 Variation of mean birefringence An with the
creep strain &(t)% at different temperatures.

Journal of Applied Polymer Science DOI 10.1002/app



766
0.45
0.40 |  TEZFC
0.35 | = T=0C
® 030 4 Tewc _'
o
Q@ gz .
w L]
w
0.20 "
£ Lo
o opas ot? " r
el - - . * - [ ] “.
0.10 " 4
o T » i "
0.05 "k
0.00

0.0 05 10 15 20 25 30 35 40 45
Strain

Figure 8 Stress—strain curves of PP fibers under constant
load.

Influence of the creeg strain on the refractive
indices (n, nt) and irefringence An

The experimental values of the mean refractive indi-
ces and mean birefringence of PP fibers at each
value of creep strain at constant loading for various
temperatures were determined usin$ optical equa-
tions, which are discussed elsewhere.!”

Figure 6(A, B) shows the variation of mean refrac-
tive indices (n”, n) with creep strain, g()% for three
different temperatures. It was observed that the creep
strain increased the refractive index n”, but decreased
the refractive index of n'. The changes in n! were
greater and more obvious than that of n". This
behavior means that during extension the fiber
chains become oriented in the direction of extension
(parallel to the fiber axis). For a given creep strain
the values of both the refractive indices nll, n*
decrease at elevated temperatures. The variation of
mean birefringence An with creep strain &(t)% at dif-
ferent temperatures was shown in Figure 7. Its clear
that, the mean birefringence An increases with
increasing creep strain &(t)%. The mean birefringence
decreased as the temperature increased, this means
that the fibers material becomes less oriented.

Influence of the creep strain on some parameters

The stress—strain curves for PP fibers at different
temperatures 23, 30, and 40°C were shown in Figure

TABLE III
Yield Stress oy, Yield Strain &, and Young’s modulus E
for PP Fiber at Various Temperatures

Yield Young's
Temperature, stress, oy Yield modulus,
T (°C) (Gpa) strain, &, E (Gpa)

23 0.118 0.27 0.437

30 0.068 0.62 0.110

40 0.060 0.95 0.063

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 The relationships among the optical orientation
function f(0) and the creep strain &(t)%.

8. From these curves, the values of Young’s modulus
E, yield stress o, and yield strain g, for PP fibers
were determined at different temperatures and tabu-
lated in Table III. So it is found that, the values of
Young’s modulus and yield stress decrease and the
yield strain increases with increasing temperatures.

The optical orientation function f(8) for PP fibers
was calculated from eq. (2) at different temperatures.
The relationship between the optical orientation
function f(8) and creep strain &(t)% was shown in
Figure 9. The mechanical orientation function f and
its dependence on the creep strain &(t)% is given in
Figure 10.

The dielectric constant 4 and the dielectric suscep-
tibility x increase with creep strain of PP fibers
under different temperatures and represented in Fig-
ures 11 and 12, respectively.

The values obtained for the surface reflectivity R
was slightly increased with increasing of the creep
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Figure 10 The dependence of the mechanical orientation
function for the creep strain &(t)%.
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Figure 11 The dielectric constant d as function of the
creep strain &(t)%.

strain as shown in Figure 13. Figure 14 shows the
increasing of average work per chain W' with
increasing the creep strain.

The behavior of polymeric material, when sub-
jected to stress, varies considerably from one mate-
rial to another. The structure of the polymer has a
considerable effect upon the properties of the mate-
rial. Birefringence and relaxation behavior of PP
fibers were due to gradual transition from the rub-
ber state to glass state. This probably results from
the motions of segments within the chain backbone.

CONCLUSIONS

From the earlier measurements and calculations the
following conclusions are drawn:

1. The creep compliance for PP fibers at constant
sustained load fitted well with the suggested
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Figure 12 The dielectric susceptibility y as function of

the creep strain &(t)%.

767

2.20
210 . _",.-"-
[ ]
-
]
o s00 at
3 pEmm § B
z Ll
=
2
S 190 o
f A ABL A 4 4 . .
2 180 .
t T=2rC
@
170 B T=00°C
A T=ATC
1.60
0 100 200 300 400 500 600

Strain &(t) %

Figure 13 The surface reflectivity R increased with the
increase of creep strain g(t)%.

empirical formula, and the two Kelvin model in
series was consistent with our empirical fitting
formula (9).

2. The mean birefringence of PP fibers increases
with the creep strain, so upon increasing the
temperature, the orientation becomes relatively
small.

3. Decreasing the value of Young’s modulus with
increasing creep temperature is attributed to the
fact that resistance of the fiber material to the
creep deformation becomes low at higher
temperature.

4. The orientation function given by the two tech-
niques (optical and mechanical) lead to increase
as the strain increases. These techniques are
suitable for the determination of molecular ori-
entation parameters.

5. The obtained principal optical parameters are
suitable for evaluating the dielectric constant,
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Figure 14 The average work per chain W' as a function
of the creep strain &(t)%.
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the dielectric susceptibility and surface reflectiv-
ity in PP fibers.

6. There are some new physical structural changes
in the fiber due to creep strain under different
conditions as indicated by the values of d, x, R,
and W'

7. The microinterferograms clearly identify differ-
ence in optical path variations due to the influ-
ence of creep and different temperatures.

From the earlier results and considerations, we
concluded that the practical importance of this mea-
surement provides acceptable results for the creep
and optical parameter changes for PP fibers.
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