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Plane strain compression performed between Tg and Tm in the isotactic polypropylene is discussed in terms of
morphology change, stress relaxation and final properties of plastically deformed specimens. For each one of the three
well defined regions in the stress — strain curve, a discussion is presented, as well as the influence of processing
conditions as strain ratio, strain rate and temperature. Notoriously, Ta, transition is strongly enhanced in the deformed
samples. A model for structural array of deformed material, which involves additiona interface layer between
crystalline lamellae and amorphous phase, is proposed in order to find out a consistent agreement among DSC, DMA

and x-ray diffraction analyses.

Introduction

Investigations about mechanisms of plastic
deformation on thermoplastic  polymers  were
remarkable by the beginning of seventies[1,2,3]. In the
last decades, due to developments of processing
technologies and requirements of enhanced
mechanical properties of final goods, further studies
were carried out [4,56] and a comprehensive
knowledge about microstructure of the plastically
deformed polymers have been collected over the years
[4,5,7,8].

However, industrial practice did not follow
scientific advances in this field, even though severa
advantages as increase of transparency, strength and
rigidity have been pointed out in the highly deformed
materials [9]. Thus, in order to make plastic
deformation technique easily applicable in the
industrial field, this study tries to bring additional
contribution in this subject, as correlation between
structure and rheological properties of the polymers
during plastic deformation, which is still not well
established. The compression test in a channel die [3,
6,10] alows monoaxia flow without internal
cavitation [10]. Moreover, specimens prepared so, their
deformation can provide a single crysta like texture,
with c-axis being oriented along the flow direction,
the a-axis along the loading direction, and the b-axis
along the constraint direction [6], a helpful design for
better understanding of the physical phenomena.

In the present report, structural effects on
stress-strain  curve are discussed for isotactic
polypropylene samples, as well as the main features
and properties of plastically deformed specimens in a
channel die.

Experimental
Plane-Strain Compression in the Channel Die

Injection molded bars of different molecular
weight PP samples were annealed at 140°C and 6 hours
under nitrogen. The specimen, with dimensions of 6.35
mm x 12.50 mm x 100.00 mm was laid in the channel
of the die and over it was placed the plunger, just as
showed in Fiaure 1.
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Figure 1. Force amplifier and assembling scheme for compression
test in the channel die.
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After a least 20 minutes for temperature
equalization between specimen and die, the
compression was carried out according to Figure 1.
The plunger was pulled down by secondary piston of
the force amplifier, which is activated with
transmission fluid compressed by primary piston. The
later was assembled to the Instron® Model 4466
dynamometer, which has highly accurate displacement,
speed and load control and data collection. Detailed
description of the force amplifier and necessary
correction curves can be found el sewhere [11].

Measurements

Deformed bars were analyzed by modulated
DSC TA Instruments model MDSC 2920. First heating
was performed from —40°C to 200°C at 5°C/min ramp
and modulation amplitude of +/- 0.80°C every 60 s.

DMA tests were performed in the Dynamic
Mechanical Analyzer DuPont model 983, using a 2
mm thick bars deformed at several compression ratios.
Scanning was performed at 1 Hz oscillation and
2°C/min heating rate from -50°C to 130°C or up to
mechanical collapse.

Density vaues were determined sinking a
piece of specimen into a gradient column, prepared
with a suitable mixture between isopropylic acohol
and water to set density range from 0.8998 gl/cc to
0.9238 g/cc. The column was kept at 23°C +0.1°C.

Crystallographic planes of iPP crystallites in
the deformed samples was examined by means of
wide-angle X-ray diffractometer Rigaku model
D/MAX-2100 consisting of the Ultimat thetatheta
goniometer coupled to sealed anode X-ray generator
operating at 40 kV and 20 mA (Cu Ka), equipped with
Nal cintilation detector.

Results and Discussion

The rheological and mechanical behavior of
deformed samples come from severa changes on
microstructure occurred during the plastic flow.
The Figure 2 reports a typical stress — plane strain
compression ratio curves. Three different regions can
be identified in the plot. The first region corresponding
to low deformation level shows a quite good linearity
between strain and imposed stress. In the end of this
region the material starts to yield and reaches the
plateau, which was indicated as second region.
Yielding strain was independent to the molecular
weight of the sample and started at compression ratio
(CR) of about 5.5%. The transition between elastic and
inelastic response involves the occurrence of relative
displacement among chain segments and it starts in the
weaker points, i. e., in the amorphous phase of the
material. Hence, the independence of molecular weight
can be attributed to morphological response instead of
molecular structure response. The plateau in the second
region covers a quite extensive deformation range.
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Figure 2: Stress — compression ratio curves of the sample H5 (Mw =
419800, Mw/Mn = 7.6), run at several temperatures and 1,8 mm/min
rate.

Roughly, starts about 10% strain and goes up to ~50%
strain depending on sample and processing conditions.
The plateau ends when stress starts to increase
drastically, going into third region. The dope of the
curve in the later aimost reaches infinity. At that point
material collapses by fragmentation and releases an
explosion noise. The phenomenon is understood as the
release of elastic energy stored during the whole plastic
deformation process. Intriguingly, stress curves in
Figure 2 converge to a certain limiting value of stress
and compression ratio. Extrapolation of the curves
guided to a stress range of 0.205 GPa to 0.245 GPa
and a compression ratio of 77% to 83%.

In the beginning of shear compression , the
applied load causes soft changes on the morphology
without modifying the configuration of interactive field
between amorphous and crystalline components. In
other words, the prevalent elastic response is related to
the energy stored in the spherulitic morphology level.
The Figure 3 can support this statement. The increase
of molecular weight demands lower load in the
material yielding. When shear stress is applied on the
spherulites, equatorial region undergoes yielding
preferentially [12]. Concurrently, the size of spherulites
increases when molecular weight is diminished for a
similar crystallization history. The spherulites growth
rate decreases with increasing average molecular
weight [13] due to longer reptation time.

In the rheological point of view, we can
consider that amorphous phase makes the matrix role
in the flow system whereas crystalline part behaves as
solid charge immersed into it. The viscosity, expressed
here indirectly as stress, increases as spherulite size
increases (low molecular weight sample), comparing
samples with about the same crystallinity. By the other
hand, if the spherulites are considered as blend
component with very high viscosity, it undergoes less
shear then the whole material [14]. This leads that
spherulites breaking by shear becomes more difficult
as the viscosity of the medium is lowered and thus, the
plateau gets higher stress level, just as happened with
sample H2 in Figure 3. The existence of a plateau in
the curve reveals that the flow activation energy is not
atered in a certain range of deformation even that
morphology changes occur aong the process. One
evidence for this is the decrease of crystallinity of the
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specimen with CR, reported in Figure 4 in terms of
density.
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Figure 3: Stress — plane strain compression curves at 52°C and 1,8
mm/min rate of samples H2 (triangle; Mw = 228600), H5 (square;
Mw=419800), H6 (diamond; Mw=448400) and H9 (cross,
Mw=708900). Mw/Mn ranged between 6.6 and 7.6.

Significant density decrease began around
25% of CR. The crystalites suffer their massive
destruction progressively and monotonically from
plateau region to final zone.
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Figure 4: Density values for sample H5 submitted to different plane
strain compression at 25°C (triangle) and 52°C (circle) and 1.8
mm/min.
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Figure 5: Conventional first heating DSC thermograms of sample
H5. Specimens deformed at 25°C and 1,8 mm/min with nominal
compression ratio of 0%, 10%, 25%, 45% and 55%, respectively,
from the upper to the lower curve.

First run DSC thermograms revealed that

crystallite destruction obeys a certain selectivity, as

1082

reported in Figures 5 and 6. The later plot, that
expresses the relative amount of defective crystals and
low melting crystallites as b form, reports a preferential
disappearance of this species with CR. The stable value
for Qp/Qt ratio coincides with the beginning of density
decrease in Figure 4. Thus, it is believed that strong
morphological change occurs beyond this point at
lamellae level, in a further step of spherulites
fragmentation.
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Figure 6: Enthalpy ratio between heat absorbed up to 148°C and
total melting heat of sample H5. Specimens were deformed at 25°C
(triangle), 52°C (square) and 90°C (circle) and 1,8 mm/min
compression rate.

Another important feature of plasticaly
deformed PP is the enhancement of Ta. [15,16]
trangition with CR, thermally observable by non
reversible MDSC curvesin Figure 7.
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Figure 7: Non reversible DSC curves from modulated heating of
sample H5. Specimens deformed at 25°C and 1,8 mm/min, nominal
compression ratio of 0%, 10%, 25%, 45% and 55%, respectively,
from the upper to the lower curve.

The endothermic character of the this
transition suggests a “melting like” transition to
disentangle highly oriented amorphous moieties. But
one could expect exothermic behavior due to frictional
energy produced by stress release and consequent
entropy increase. A reasonable explanation is
demonstrated in the model proposed in the Scheme 1.
During the plastic flow, crystaline ribbons undergo
severe mechanical shear and their surfaces are highly
damaged. Thus, aloosely ordered thin layer, which had
negligible effect before, starts to develop significant
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role in the materia property. Following, lamella
thickness of the crystalline layer should be reduced.
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Scheme 1. Proposed structure for plastically deformed semi-
crystalline polymers.

X-ray diffraction anaysis provided us
indicatives of lamella thinning with CR increase
through increase of b value in Figure 8. Calculations
of b value and s value are described elsewhere [17].
However, the plot help us to notice that higher the b
value, thinner is the lamella and higher the slope, more
deformed is the crystallographic unit cell.
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Figure 8: b(s) vs. s plot from wide angle X-ray diffractogram
analyzed in the constrained side of the sample H5, which was
deformed at 70°C and 1.8 mm/min. Nominal compression ratio 00%
(triangle), 10% (square) and 70% (circle).
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Figure 9: Loss modulus from DMA for sample H1
(Mw=161800), plastically deformed at 52°C and 1.8 mm/min.
Nominal compression ratio 00% (triangle), 10% (square), 25%
(circle), 45% (star) and 55% (diamond).

Ta. transition was aso confirmed by DMA
analysis. Dynamic responses showed proportional
increase of this transition with CR as reported in Figure
9. Its maximum stayed around 80°C in agreement with
literature [15]. The starting temperature matched with
DSC resultsin around 55°C.
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Conclusion

Plastic deformation performed by plane strain
compression provided three well defined zones in the
stress-strain curve. Deformed specimens revealed high
loss modulus in the dynamic mechanical tests. Thermal
data indicated a selective destruction of crystallites
during the processing and the enhancement of Ta.
trangition. The model proposed for structure of
plastically deformed  semi-crystaline  polymers
extended the definition of Ta. to lamella surface
aggregates. Normally, it's referred  only for inside
defects [15].
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