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ABSTRACT: The long-term recovery process and the changes in the uniaxial tensile properties and in the structure of isotactic biaxially ori-

ented polypropylene (i-boPP) films after pre-extended at strain levels ranging from 1% up to 130% at room conditions were examined by

using tensile testing, Fourier transform infrared spectroscopy/attenuated total reflectance, atomic force microscopy, and X-ray diffraction

methods. It is significantly observed that the pre-extended i-boPP films at strain levels from 1% to 6% recovered completely back to their

initial lengths and tensile properties. However, the i-boPP films showed a very slow recovery process and obtained very high remaining

deformations changing with time which indicates irreversible structural processes after they were extended at higher strain levels. In order

to predict the remaining deformation or length and the characteristics of the recovery process at any time, the linear equation of strain

with respect to log time was proposed. The reasons for the changes in the tensile properties, the morphology, and the structure of the

pre-extended i-boPP films were examined in detail. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 42948.
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INTRODUCTION

Polypropylene (PP) is one of the most widely used polymers for

the production of different materials and has various produced

forms such as PP films, filaments, sutures, and yarns. In order to

improve the properties of PP film, which has greater applications

in industry and daily life1 than those in other forms, such as

mechanical properties (tensile strength and Young’s modulus),

optical (haze, gloss) and barrier properties, biaxial orientation

which means that stretching is applied in both directions, i.e., the

machine direction (MD) and the transverse direction (TD), is seen

to be a well-known method in production processes.2,3 Among the

oriented PP films, the biaxially oriented polypropylene (boPP)

film is used in a variety of applications such as packaging for bis-

cuits, crisps, baked goods, sweets; cigarette wrap, shrink wrap;

industrial films and due to being less expensive it has replaced

more expensive packing materials.3–5 A well-known type of boPP

film, that is, isotactic biaxially oriented polypropylene (i-boPP)

film is greatly produced and the world production of this material

is quite high and about 2 million tons per year.5 When compared

with other commonly used polymers, the isotactic boPP film has a

range of remarkable properties such as good water barrier proper-

ties,1 good elastic properties under short-time action, low specific

density (�0.92 g/cm3), high chemical resistance, almost zero

hygroscopicity, and good dielectric properties.5

From the structural point of view, isotactic polypropylene

(i-PP) can be divided into a, b, and c phases. a-iPP phase is

the most common crystalline form. Their density and melting

temperature are 0.94 g/cm3 and 1808C, respectively. The a1 and a2

forms have monoclinic C2/c and P21/c symmetries, respectively.

It is clear that during the working life of i-boPP products, these

kinds of products are exposed to various external effects such as

stress, extension, and temperature. Thus, the structural units,

that is, amorphous phase and crystalline regions, (lamellae)

undergo the mechanical and thermal deformation and destruc-

tion processes which result mainly in the breakage of the poly-

mer chains. During mechanical treatments, the i-boPP films

show relaxation: creep, stress relaxation, and elastic recovery

and such processes result in noticeable inhomogeneous changes

in the deformation of amorphous regions which is located

between lamellae and linked to the lamellae by tie molecules

and chain entanglements and the radially oriented lamellae.6

The response of the material to straining at a constant speed,

that is, the tensile deformation or behavior, is characterized by

using the stress–strain curve of i-boPP films which is generally

divided into elastic and plastic deformation. The elastic defor-

mation is generally attributed to the small recoverable changes

in bond angles and length of the molecules in the structure. On

the other hand, the plastic deformation is seen at larger strain
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values after the yield point and the difference of the plastic defor-

mation between amorphous and crystalline regions becomes

more distinctive. In general, the elastic property of the polymer

materials is a very important characteristic and the residual com-

ponent of deformation of the polymer materials after being

extended or stretched at different strain levels is very important

because residual deformation may lead to undesirable property of

the materials in use. Thus, the examination of the accumulation

of the residual deformation which comes out after generally

stress-relaxation and creep processes in time is very important for

the materials in practice.

In the literature, the stress-relaxation behaviors of PP at different

forms such as thin films, PP-based composites, fibers, and sutures

at different temperatures and the effect of stress-relaxation proc-

esses on their deformation properties were discussed in some

studies6–13 and some studies were devoted to propose and discuss

the mathematical description of the stress-relaxation process and

viscoelasticity and viscoplasticity of isotactic PP.4,11,14 Influence of

stretching and drawing on the surface and structure of the PP

films were discussed in some studies which involved generally the

effect of the stretching conditions in the production stages of

boPP films.15–18 However, except few studies19,20 which dealt with

the effect of the level of preliminary deformation on the stiffness

of the oriented PP fibers there is not any detailed study investigat-

ing the effect of preliminary extensions following stress relaxation

on the uniaxial tensile properties of boPP films and the strain

recovery process in long time.

Thus, our study aimed to investigate the influence of the prelimi-

nary extensions up to around 130% strain following short-term

stress-relaxation process of i-boPP films on the uniaxial tensile

properties such as Young’s modulus, tensile strength, and break-

ing extension determined by stress–strain curves and the recovery

process of applied strain on the stretched i-boPP films in long

time up to around 1.5 years. Mechanical, morphological, and

structural changes were examined by using the tensile testing,

Fourier transform infrared spectroscopy (FT-IR), atomic force

microscopy (AFM), X-ray diffraction (XRD) methods in detailed.

The changes in the structure and tensile properties were discussed

and the equations for the prediction of the strain recovery process

in long term were proposed, which enable one to estimate the

residual deformations due to plastic deformations at any time in

the process.

MATERIALS AND EXPERIMENTAL

Materials

In the experiments, i-boPP films were provided from Polinas

(Istanbul, Turkey). The films have the thickness of 30 lm. For

different kind of experiments, the films were cut into strips

with different widths and several cm in length.

Methods

Methods for Tensile Testing Measurements and Stress-Relaxation

and Recovery Process. Uniaxial tensile tests and stress-relaxation

tests of i-boPP films were investigated on a Lloyd tensile testing

machine LF Plus (AMETEK Lloyd Inst., UK) with a crosshead

speed of 20 mm/min at room conditions (T 5 208C; RH 5 65%).

The films with thickness of 30 lm and width of 1 mm were used in

the tensile tests and stress-relaxation experiments. The gauge length

of the tested i-boPP films was chosen to be 20 mm. Before meas-

urements, the test film was stuck carefully in a paper frame.

The stress–strain curves of the unstretched and stretched samples

were obtained at the same constant strain rate of 100%/min

(20 mm/min) at 208C and a relative humidity of 65%.

The stress-relaxation experiments were carried out with the same

method explained earlier21: in the first step, the sample was stretched

up to an adjusted deformation level (epe). In the second step, the sam-

ple was held for 10 min in its stretched form during which the strain

was kept constant and the stress relaxation process occurred. As soon

as the film sample was relieved from that strain level, the residual

length (strain) on the sample was measured in the same equipment

for the recovery times up to around 10 min. Then, for longer recovery

times, the residual deformations were investigated by measuring the

length of the sample in that position in time with a vernier.

The stress–strain curve of the stretched i-boPP films were

recorded after approximately 5 min following the stress relaxa-

tion of 10 min by considering new cross-section of the stretched

sample with the same gauge length. The stress values of the

sample in stress-relaxation experiments were calculated using

the initial cross-sectional area of the sample.

The stress relaxation, strain recovery processes, and the stress–

strain curves of i-boPP films after being stretched at a wide

extension range from 0 to approximately 130% strain were

obtained, and their mechanical characteristics were investigated.

Spectroscopic Measurements. Infrared experiments were car-

ried out on a PerkinElmer Fourier Transform Spectrometer

“Spectrum One” (PerkinElmer, USA) utilizing an attenuated

total reflectance (ATR) cell. In order to investigate the structural

changes after stretching i-boPP films, the i-boPP films with

width of 5 mm and a suitable initial length to the stretching

equipment were stretched in a rectangular handmade metal

frame which enables us to stretch the sample at desired strain

ratio. FT-IR–ATR spectra of the stretched film samples were

recorded in the 650–4000 cm21 range at a resolution of 4 cm21

with four scans for each measurement.

Method for AFM Measurements. Surface morphologies of the

samples were investigated by an atomic force microscope (AFM,

SPM-9500J3, Shimadzu) operating in the dynamic mode. The

AFM images of i-boPP thin films which were stretched at differ-

ent strain levels were recorded at stretched states of the samples.

Method for XRD Measurements. XRD measurements were per-

formed on a diffractometer (XRD, GBC-MMA) operated at

35 kV and 28 mA using CuKa radiation at room temperature.

The XRD patterns were scanned in the 2h range 10–308. The

XRD pattern of the stretched i-boPP films at different strain

levels from 0% to 110% were obtained at stretched states of the

samples.

RESULTS AND DISCUSSION

The Effect of Strain History on Tensile Properties of i-boPP

Films at Room Conditions

The i-boPP films obtained stretched form which shows different stress

strain curves as seen in Figure 1 and different tensile characteristics as
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tabulated in Table I, as a result of the short-time stress relaxation

which results strain history at different levels.

In general, a typical stress–strain curve of oriented PP films can

be characterized with two deformational regions.22–26 The first

region ranging up to around 2% strain corresponds to elastic

and reversible small deformations. Beyond yield point, second

deformation region from approximately 8–10% to the breakage

point occurs which corresponds to plastic deformation, that is,

irreversible process of molecular ordering and orientation of

amorphous segments and crystalline regions together with some

chain breakages.

As seen in Figure 1, after the application of low preliminary

extension levels (epe) ranging from 0% to 10%, the shape of

stress–strain curve became the same as unstrained film. Here,

while the breaking extension (er) decreases slightly, tensile

strength (rr) became almost the same as that of unstrained

sample. For epe being greater than 10% and less than approxi-

mately 90%, the stretched i-obPP films obtained different

stress–strain curve caused by more rigid structure. As it is seen

in Table I, although rr increases little, er decreases dramatically.

It is noticed that the stress–strain curve shows another turning

point shifting from around 18% to 35%. We assume that the

chain breakage in amorphous regions of oriented structure

accelerated. For higher strain than 80%, because the structural

elements, i.e., crystalline regions and amorphous chains were

much oriented and stressed. The highly stretched films do not

elongate much and that is why it breaks at very low extension

and very high stress values.

As it is seen in Table I, with increasing epe up to around 50%,

Young’s modulus (Ey) decreased from around 1.4 to 0.6 GPa

and then, it increased up to around 2 GPa. The changes in Ey

value and in the initial part of the stress–strain curve with

increasing epe levels are apparently shown in Figures 2 and 3.

Moreover, the toughness (UT) of the i-obPP films decreased

first slowly for epe up to 10% strain and then decreased greatly.

We assume that the pre-extension level up to around 4% results

in almost reversible process caused by small changes in bond

angles and lengths, and in intermolecular interactions such as

Van der Waals forces. Thus, initial modules become close to

that of unstrained sample.

We know that stretching leads to predominantly orientation

process of the structural units. For the pre-extension levels from

around 6% to 50%, we think that firstly, entanglements in

amorphous chains are opened and the amorphous chains are

aligned in stretching direction. During the orientation process,

some chain breakage comes out in especially amorphous chains

as explained in FT-IR/ATR spectral analysis part. Hence, a sig-

nificant decrease is seen in Young’s modulus (Figures 2 and 3).

On the other hand, during the molecular ordering in the amor-

phous regions and process of chain orientation at higher strain

levels (>50%), the zones of parallel arrangement of macromole-

cules in a rigid form which causes obstacle for chain scissions

were produced. In partially ordered domains, more uniform

stress is distributed over individual chain and mobility of

macromolecular segments is restricted. Because these effects are

more dominant than the process of bond breakages in especially

Figure 1. The stress–strain curves of i-boPP films after the application of

different strain levels (epe) at room conditions. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table I. The Tensile Characteristics of i-boPP Films Strained at Different

Levels

epe (%) Eyoung (GPa) er (%) rr (MPa) UT (J m23 104)

0 1.39 140.01 78.80 7232.28

1 1.34 138.83 79.37 7273.24

6 1.06 133.58 81.44 7091.13

10 1.02 129.15 80.54 6908.81

20 0.9 110.79 79.13 5895.84

30 0.83 90.62 73.55 4561.82

50 0.62 70.24 79.60 3736.31

70 0.82 49.44 89.37 2755.52

90 1.06 26.37 103.09 1500.86

110 1.41 18.54 124.83 1212.46

125 2.05 15.28 129.59 1075.80

Figure 2. The change of initial part of the stress–strain curves of i-boPP

films with respect to applied strain at different levels. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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amorphous regions,5,27 Young’s modulus increased greatly as

seen in Figures 2 and 3.

Short-Time Stress-Relaxation and following Long-Term

Recovery Process of i-boPP Films at Wide Range of Strain

Levels

The stress-relaxation curves of i-boPP films at wide range of strain

levels during 10 min are given in Figure 4. In general, during the

stress-relaxation process, the load in the sample decreases fast in

the first stage and then continues slowly with time.

As explained in study of Deng and Zhou,28 generally the stress

relaxation process can be characterized by three stress-relaxation

regions: fast (1); slow (2) stress-relaxation region; and transition

region (3) between these two regions. The fast stress-relaxation

region corresponds to mostly elastic deformation and ends

quickly. In the slow stress-relaxation region which forms the

most stress-relaxation process, the specimen responds to the

applied strain viscoelastically and the stress in the specimen

decreases gradually. Due to high viscoelastic deformation occur-

ring in this region, the specimen obtains a residual deformation

(length) depending on time after the end of stress-relaxation

experiment. According to authors (Deng and�Zhou), transition

region is completed in a few minutes.

As seen in Figure 4, the fast stress-relaxation occurs in the initial

part of the stress-relaxation curves that is up to 5 s of relaxation

time. The transition region ranges from 5 to approximately 100 s

depending on applied stress levels. After this transition region, the

slow stress-relaxation process occurs and results in residual defor-

mation which increases with increasing stress levels.

After the stress-relaxation process, the strained sample released

from the stretched position. The residual deformation (eRes) that

is the residual length on the stretched film was measured during

long term (�600 days). The recovery of the deformation was

depicted in the e-log t coordinates as shown in Figures 5 and 6. It

is seen that the preliminary extension levels up to around 6% did

not cause big structural changes and deformations. It resulted in

almost recoverable deformation in the structure. Hence, we see

that the strained films in this region recovered back completely to

the original length. That is why we observed very similar stress–

strain curve to that of unstrained i-boPP film.

However, as shown in Figure 6, with increasing epe levels, the

residual deformation increases greatly. We know that while the

stress level or epe level increase, as a result of molecular rear-

rangement, stretching, and orientation process of structural

units, the bond breakages in the especially amorphous regions

increase. Although some part of the deformation can be elastic

and recoverable, the most of the deformation is viscoelastic and

irreversible. As it is noticed some part of the deformation is

recovered in time; however, because the recovery process is very

slow, the sample has a big residual deformation even after 600

days (more than 1.5 years) at room condition.

The very slow recovery process is also seen in Figure 7. Here, it

is seen that as strain levels increase up to around 40%, the

residual deformation is become very low and increased very

slowly. Beyond 40% strain, the residual deformation increases

Figure 4. The stress-relaxation behaviours of i-boPP films with respect to

applied strain at different levels. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 5. The recovery curves in strained i-boPP films at different prelimi-

nary strain (epe) levels from 0.3% to 8% in the e-log t coordinates. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 3. The changes in Young’s modulus of i-boPP films with respect to

applied strain at different levels.
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almost linearly with increasing strain level. However, it is com-

mon for each strain level higher than approximately 8%, the

recovery process is very slow. For instance, if the applied strain

level value equaling 90% is considered, after 10 min recovery

the eres is about 73% of the original applied 90% deformation;

after 1 day recovery eres becomes 66% of the applied strain and

after 600 days it became around 56% of the applied strain.

By using the dependencies shown in Figure 6, we have the pos-

sibility to estimate the remaining deformations in stretched i-

boPP films at any strain levels in the wide time range. By con-

sidering a linear approach for each curve, we can calculate the

approximate value of residual deformation by the following

equation;

eðtÞ5ei2Ai log ðt=t1Þ (1)

where ei is the strain value of i-boPP films when the time equals

one minute and Ai is the slope value of the each curve which

was calculated by using linear curve fitting and listed in Table

II. Here, t1 is a constant equaling 1 min chosen for the unit

consistency.

As it is seen in Table II, the parameter Ai considered as the

velocity of the recovery process increases with increasing strain

level up to 90% and then it decreased slightly. However, it is

clear that we have to wait for very long time for a stretched i-

boPP films recover back completely to its initial form and struc-

ture at room condition.

FT-IR/ATR Spectral Results

The FT-IR/ATR spectra of pre-extended i-boPP films are seen

in Figure 8. The significant changes are seen in the range of

950–1030 and 1600–1800 cm21, which give the information

about the changes of isotacticity or crystallinity and degradation

products, respectively.

We know that as a result of applied stress (strain), UV light, c
irradiation, plasma treatment, electrical field, etc., degradation

in PP films come out. These effects generally cause b-scission,

peroxide, and hydroperoxides radicals.29 Some chemical species

containing hydroxyl (OH) groups, carbonyl (C@O) groups, and

unsaturated (C@C) groups are formed. That is, some degrada-

tion products such as alcohol, carboxylic acids, ketones, alde-

hydes, esters, and c-lactones can be formed.24 In the spectra

shown in Figure 8, multiple overlapping carbonyl peaks appear

at around 1720–1735 cm21. These bands were assigned to the

groups of carboxylic of esters and aldehyde or ketone.29 Here,

the band at 1711 or 1715 cm21 is attributed to the carbonyl

groups of ketone.29 The band observed at around 1735 cm21

belongs to the oxygen-containing terminal groups.5 In the range

of 1400–1800 cm21, the band originating from double C@C

bond29 referred to the terminal (ACH@CH2) position of the

diene groups5,30 was observed at around 1640 cm21 which was

seen as a clearly separated band in some pre-extension levels

and as an overlapping band in some other pre-extension levels

like the case for the bands observed at 1711 and 1735 cm21 in

the spectra.

In order to see the changes in the absorbance intensities of the

bands observed at 1711–1715, 1640, and 1735 cm21, the relative

absorbance intensities of each band to that of the methylene

group observed at around 1456 cm21 was calculated by using

Figure 7. The change of remaining deformation (eRes) from different

applied strain levels (epe) after different recovery times. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table II. The Parameters of the Linear Curves for Characterizing the

Recovery Properties of Stretched i-boPP Films

epe (%) ei (%) Ai (%) R2

8 3.27 0.55 0.95

10 5.14 0.99 0.89

20 8.56 1.13 0.94

30 15.92 1.98 0.87

50 30.24 3.03 0.94

70 50.52 3.31 0.98

90 69.44 3.37 0.99

110 88.32 3.28 1.00

130 106.39 3.14 0.99

Figure 6. The family of recovery curves in strained i-boPP films at differ-

ent preliminary strain (epe) levels from 8% to 130% in the e-log t coordi-

nates. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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flat baselines drawn from 1505 6 3 to 1975 6 3 cm21 for the

bands observed 1711–1715, 1640, and 1735 cm21 and from

1402 6 2 to 1504 6 2 cm21 for the peak at 1456 cm21. The

absorbance intensity of the methylene group bending was used

as standard band, because it was supposedly unchanged and

independent on the destruction process.5,29 Here, the relative

absorbance intensity of the ketone group corresponding to 1711

or 1715 cm21 to that of standard band is known as ketone

carbonyl index (IK) and calculated by the following equation.

Ketone carbonyl index IK5
A1711

A1456

or
A1715

A1456

(2)

Moreover, in order to determine the changes in isotacticity (hel-

ical regularity) or crystallinity of i-obPP, the isotacticity (ISO)

was calculated by the relative absorbance intensity of the bands

observed at 998 and 973 cm21, 29,31,32 by using the flat base lines

drawn from 925 to 1018 6 3 cm21.

Isotacticity ðISOÞ5 A998

A973

� �
3 100 (3)

As a result of analysis of the IK and other degradation products

containing carbonyl groups observed at around 1735 cm21, it

was observed that the changing tendency of the former is very

similar to that of the latter with increasing preliminary exten-

sion levels. As an example, the changes of IK in stretched i-

boPP films at different strain levels is given in Figure 9. Here, it

is seen that at low strain values up to around 4%, IK became

almost constant and very close to zero. This shows that almost

no significant degradation resulting in chain breaking came out.

However, after preliminary extension of 6–8% strain, the IK

increased noticeably which shows the increase in the Ketone

groups and significant chain breakages. Furthermore, IK became

maximum for the extension levels at around 40% strain. Then,

it did not change much and can be supposed nearly constant

with increasing extension levels.

The changes in the relative absorbance intensity of the band

1640 cm21 to that of standard band is given in Figure 10. Similar

changing tendency is seen with increasing strain levels. That is, for

low strain values up to around 4–6%, the absorbance ratio is very

small and constant which shows the deformation is very small

and these strain values do not cause significant structural changes

resulting in the chain breakages. However, after strain levels of 8–

10%, a noticeable change in the absorbance ratio is obtained and

this ratio gets nearly maximal values for strain levels around 50%,

after which the ratio can be considered constant or change very

little. We suppose that these diene groups considered as oxygen-

free “defect” groups started to increase remarkably after strain lev-

els of 8–10% and increasing strain levels did not increase the con-

centration of these groups significantly.

On the other hand, the change of isotacticity with increasing

strain levels is given in Table III.

Here, it is seen as a general tendency with increasing prelimi-

nary extension levels, the isotacticity or regularity related with

the crystallinity decreased slightly. This shows that crystalline

and regular regions did not damage much with increasing

deformation levels. Even at very high extension level of 130%,

Figure 9. The change of ketone carbonyl index (IK) with increasing

preliminary extension levels (epe).

Figure 10. The change of relative absorbance ratio of the oxygen-free

“defect” band to internal standard band for different preliminary exten-

sion levels (epe).

Figure 8. FT-IR/ATR spectra of i-boPP films being pre-extended at differ-

ent strain levels. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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the decrease in the isotacticity is about 9%. Consequently, this

result leads us to suppose that the chain breakages and degrada-

tion products take place mostly in amorphous regions.

AFM and XRD Results

The AFM images (scanning area 5 lm 3 5 lm) of PP films at dif-

ferent strain level are given in Figure 11. As seen in Table IV, while

the stress level or epe level increase, the maximum z-range and

root mean square (RMS) roughness values of the surface increase

for i-boPP film. As the maximum z-range and RMS values were

39 nm and 5.3 nm for unstretched i-boPP film, these values

increased up to 163 nm and 14.3 nm for epe 5 110%, respectively.

The i-boPP films consist of amorphous and crystalline structures.

In case of unstretched state, the structures that are close to each

other (amorphous and crystalline structures) constitute more

firm and as a consequence also a smoother film surface. This tight

and well-ordered structure has been opened by stretching. Conse-

quently, the film surface becomes more intricate. Hence, the max-

imum z-range and RMS values have been increased.

The main reason for this is the amorphous regions that connect

the crystallites each other are opened more than the crystal

region. These two structures (amorphous and crystalline) that

cannot be opened at the same rate led to the conclusion that

initially more tight and smooth surface became more intricate

and rougher as stretched level increased.

The XRD spectra of pre-extended i-boPP films are seen in Fig-

ure 12. The XRD patterns exhibits prominent broad peaks at 2h
values of 14.118, 16.968, 18.678 and d-spacing values (nm) are

0.627, 0.522, and 0.475 for unstrained material (epe 5 0%).

These peaks are in agreement with (110), (040), and (130)

reflection planes, respectively, and show alpha crystalline phase

indexed as a-PP.24,33 The average crystallite sizes can be calcu-

lated from the XRD patterns using the Scherrer’s formula given

below:

thkl5
0:9k

bcos h

where k is the wavelength of X-ray (0.154 nm), b is the full

width at half maximum (FWHM), h is the angle of diffraction

(in rad). thklis the crystallite size (in nm) along the direction

perpendicular to the crystallographic plane hkl. The average

crystallite sizes of i-boPP films were calculated using the peaks

corresponding to (110) and (040) planes, and the obtained

results are given in Table V. As seen in Table V, the crystallite

sizes of i-boPP films decreased with the increasing strain levels

Table III. Isotacticity of the Strained i-boPP Films at Different Prelimi-

nary Extension Levels (epe)

epe (%) ISO (%)

0 77.21

6 76.07

20 75.82

50 74.38

90 73.69

130 70.0

Figure 11. AFM images of the stretched i-boPP films at (a) e 5 0%, (b) e 5 10%, (c) e 5 30%, (d) e 5 70%, and (e) e 5 110%. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table IV. The Maximum z-Range and RMS Values of i-boPP for Different

sStrain Levels

0% 10% 30% 70% 110%

Maximum
z-range (nm)

39 61 97 115 163

RMS (nm) 5.3 6.5 8.8 12.6 14.3
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while interplanar distances (d) were almost the same. These

results explain the slightly decrease in isotacticity and the

increase in roughness of i-boPP films while stretching obtained

FT-IR/ATR and AFM results, respectively. Namely, the results of

isotacticity show that crystalline regions did not damage much

with increasing deformation levels. On the other hand, the XRD

results show that the crystallite size did not change significantly

and so the crystalline domains remained almost intact as the epe

level increases. Therefore, the amorphous regions were opened

more than the crystal region and the maximum z-range and

RMS values increased as the epe level increases. Moreover, it is

usually known that if half-width of the XRD peak is large, it

corresponds to smaller crystallites. Hence, the broaden peaks in

the XRD patterns clearly indicates that the nanosize crystallite

behavior of the i-boPP films. Contribution to broadening can

also be due to lattice distortion and structural disorder.

CONCLUSIONS

The results of tensile tests of pre-extended i-obPP films at dif-

ferent strain levels from 1% up to very high 125% showed that

Young’s modulus decreased from around 1.4 GPa to 0.6 GPa as

epe level increased up to 50% and the modulus significantly

increased up to around 2 GPa. While the i-obPP film can

obtain increasing tensile strength value, its extensibility

decreased slowly for epe values up to 10% and then decreased

dramatically which show that the pre-extended i-obPP films

became stronger but more brittle, that is why the toughness of

the material decreased greatly for epe higher than 10% strain.

From the results of the stress-relaxation and long-term recovery

processes, it was clearly observed that pre-extended i-oPP films

recovered completely back to initial length for low epe values up

to 6% strain. However, for higher epe levels, the i-oPP films

showed irreversible structural process, thus, they obtained very

slow recovery process in which the residual deformations

increased significantly. Besides, a linear function of strain with

respect to log (t/t1) was introduced to predict the long-term

behavior of the recovery process and the remaining deforma-

tions at any time.

The FT-IR/ATR measurements revealed that with increasing epe

level the isotacticity related with the crystallinity decreased

slightly which indicates the crystalline domains did not degrade

significantly. This tendency is also seen in the change in the

crystallite size which did not decrease much as shown in the

XRD analysis. As a consequence of AFM results, it can be seen

that as the epe level increases, the maximum z-range and RMS

values increased. This shows that although the film surface ini-

tially became tight and well-ordered in unstretched form, it

became more intricate and rougher caused by the fact that

amorphous regions can be able to be opened and aligned faster

that the crystalline region.

It is concluded that pre-extended i-oPP films recovered com-

pletely back to initial length for low epe values (up to 6%) and

its residual deformation reached a saturation after long-term

creep process. These results are useful and should be considered

for the prediction of the behavior of oriented PP materials

undergoing preliminary extensions at different strain level in

the daily use or industrial applications.
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