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Microhardness of «- and f-modified
isotactic polypropylene at the initial stages
of plastic deformation: analysis

of micromechanical processes

Abstract The microindentation
hardness,H, of uniaxially deformed
isotactic polypropylene samples was
determined near the neck region, as
a function of the draw ratio. The
microhardness technique appears to
be a valuable tool to describe
mechanical properties in localized
regions within a material and is
capable of following changes in the
semicrystalline structure during
deformation. Differences in the mi-
crohardness behaviour of the two
types of polymorphic forms, « and f,
of isotactic polypropylene are dis-
cussed in terms of the two specific
types of morphology, i.e. the cross-
hatched arrangement of the crystal-
line lamellae for the o form and the
parallel lamellar stacking for the f
form. The changes of H as a func-

tion of A are shown to be in accor-
dance with the transformation in the
neck from the spherulitic into the
fibre structure. The steep H-decrease
observed in the neck region is dis-
cussed in the light of the nanome-
chanical processes as revealed by
scanning electron microscopy. These
include lamellar separation, micro-
void formation and fibrillation.
Finally, microindentation experi-
ments carried out in the neck allow
an estimation of the local draw ratio
at which the maximum pore content
in the polypropylene samples occurs.
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Introduction

Polypropylene (PP) is still one of the most promising
polymers for the new demanding technical applications,
such as the automotive industry [1-3]. The reason is the
versatility of PP, as its structure and properties
(including processability) can be tailored to specific
requirements. The improvement of the mechanical
properties has to be based on a detailed understanding
of the micromechanical deformation processes that are
closely related to the actual morphology [4-7]. Investi-
gations on the deformation mechanism of PP have been
carried out in the past [§]. One of the main goals at
present is the enhancement of the toughness, especially

at lower temperatures, which is relevant for many out-
door applications.

It is well known that isotactic polypropylene (iPP)
exhibits various crystal modifications. The presence of
one or more polymorphic forms in iPP is strongly
dependent on crystallization conditions (crystallization
temperature, cooling rate, pressure, and others [2]).
p-Form spherulites (hexagonal iPP) are sporadically
observed as singularities embedded in a texture domi-
nated by spherulites of the a-form under certain condi-
tions. By using nucleating agents, pure f-phase can
be obtained [2, 9, 10]. iPP samples with predominant
fB-phase may also be produced at defined crystallization
temperatures or by crystallization in a temperature
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gradient [11]. Several authors have reported for iPP a
strain-induced transition from the f to the o phase, or to
a so-called “condis” (conformationally disordered) form
[12, 13]. It is known that the f-form of isotactic PP shows
an enhanced toughness and impact strength at room
temperature (23 °C), even at lower temperatures where a
neat PP tends to become very brittle [14-16]. Further-
more, the micromechanical mechanisms responsible for
the changes in the mechanical properties of a neat f-iPP
are different from the processes known for a neat a-iPP
[17-20]. Microvoid formation [21], for instance, plays a
key role not only in the explanation of the mechanical
behaviour but also in obtaining microporous materials
with defined pore sizes and pore content.

Microindentation hardness is emerging in recent
years as a rather simple and non-destructive experi-
mental technique that can be applied for the character-
ization of amorphous and crystalline polymers [22-25],
as well as, to polymer blends [26]. In particular, mi-
crohardness, H, is very sensitive to changes in the
structure of partially crystalline polymers such as PE,
PET, PP, and others [22]. Specifically, polyethylene (PE)
is one of the materials that have been most intensively
studied using the microindentation technique. It has
been shown that hardness of PE does not only depend
on the crystallinity, but also on the structure of the
crystalline domains (e.g., thickness of lamellae), their
arrangement and their connection by tie molecules and
entanglements in the amorphous layers [27, 28]. It was
demonstrated that strain hardening occurring in highly
oriented semicrystalline PE could be measured by
microindentation, the hardness values and the indenta-
tion anisotropy increasing with increasing draw ratio.
Furthermore, the change of H with increasing draw ratio
was shown to support the transformation from the
spherulitic to the fibre structure according to Peterlin’s
model [5, 27]. Microhardness measurements can also be
useful to detect polymorphic transitions in semicrystal-
line polymers [22]. Microhardness additionally offers the
possibility to select local regions of interest within the
sample allowing to follow the micromechanical pro-
cesses and phase transitions induced by a previous
deformation. For PP, a hardness increase was observed
in the plastic zone of a deformed f-iPP sample which has
been ascribed to the strain induced f-to-a polymorphic
transition [29].

The aim of the present study is to examine the main
differences in the deformation behaviour of the o and f8
forms of iPP at ambient temperature (23 °C) by using
the microindentation hardness method. Attention has
been focused on changes of microhardness at the initial
stages of deformation. Experimental microhardness data
have been related to structural changes of the original
lamellar morphology and to the micromechanical
mechanisms in the material as revealed by scanning
electron microscopy (SEM).

Experimental
Materials

Polypropylene samples were prepared from two high
molecular weight commercial iPP grades (BOREALIS
AQG): a-1PP was Daplen BE50 [30] and -iPP was Daplen
BEG60 [31]. Sheets of a thickness of 1 mm were produced
using a hot press and subsequent multistage crystalli-
zation procedure in the second S-iPP case. Miniaturized,
dumbbell-shaped tensile bars were punched out of the
plates using a special pierce tool.

Mechanical testing

A MINIMAT miniature materials testing device (Poly-
mer Laboratories, UK) was used to perform tensile
deformation experiments at a cross-head speed of 1 mm/
min at room temperature. The plastic deformation of the
tensile bars of both PP types under load proceeds
through formation and propagation of two necks in
opposite directions. Stress—strain diagrams were re-
corded to follow the states of deformation qualitatively
(Fig. 1). They will not be discussed in detail in this work
because they represent single events and the experiments
do not follow any standard specification.

Microhardness measurements

In order to obtain a co-planar geometry and flat sur-
faces, the deformed samples were epoxy embedded, and
microtomed down to the middle section of the tensile
bar using a LEICA microtome with a metal blade
(Fig. 2). The surface effects (skin morphology or scrat-
ches) were thus eliminated. For the microindentation
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Fig. 1 Stress—strain curves from miniaturized tensile bars of the
o-iPP and f$-iPP materials
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experiments the region corresponding to the different
states of deformation, i.e., before, at and directly behind
the necking region and after cold drawing, was selected
(Fig. 2).

Microhardness measurements were performed at
room temperature using a Leitz microhardness tester
equipped with a Vickers square pyramidal diamond in-
denter (168°). Indentation experiments were performed
using a load of 98.1 mN and a loading time of 0.1 min.
The final permanent deformation was measured imme-
diately after load release using the micrometer eyepiece
of the microscope. Microindentations were performed
starting in undeformed regions and proceeding in equi-
distant steps of 100-150 pm along the necking region
into the cold drawn area. The hardness values (MPa) are
calculated from the residual projected area of the
indentation using the relation [22]

H = kP/d> (1)

100 um

Fig. 2 Schematic representation of the sample embedded in epoxy
resin, location of the indentations along the deformation axis and
schematic representation of a row of indentations along the neck
region for the «-iPP sample (SEM image after permanganic
etching)

where d is the length (um) of the impression diagonal, P
is the load (N) applied and k is a geometrical factor
equal to 1.854x10° The hardness values were derived
from the indentation diagonals parallel 4, and normal
H | to the straining direction. Every data point repre-
sents the average of at least four indentations. The
indentation anisotropy was calculated using the equa-
tion

-2

Scanning electron microscopy

Scanning electron microscopy was performed to locate
the single indentations along the scan axis. A modified
permanganic etching technique was applied to reveal the
nanostructure of the deformed material [32]. Thus, the
micromechanical events in the regions of interest can be
correlated to the single indentations. In these regions
representing typical states of deformation, micrographs
of the deformation structures were recorded with a
JEOL JSM 6300 SEM operated at 15 kV accelerating
voltage. For the evaluation of the local strain at given
distances, the deformation of spherulitic structures was
measured from SEM micrographs using an ANALYSIS
image analyser. For each data point, the average value
of the diameter of, at least, ten spherulites in the axis
parallel to the straining direction was evaluated.

Results
Microhardness H of the undeformed material

Table 1 collects the yield stress and the hardness values
derived from the indentations in the undeformed areas
of the PP samples presenting the two polymorphic forms
o and f. The initial hardness values for the undeformed
o-1PP and -iPP are 105 and 90 MPa, respectively. These
microhardness values are in good agreement with data
reported earlier [33]. Accordingly, the crystallinities can
be estimated using the following equations:

H* = wlHZ + (1~ wh)H, (3)

Table 1 Comparison of tensile yield stress, calculated hardness from Eq. 4 and experimental hardness values for both types of the
undeformed PP material. The degree of crystallinity calculated from Egs. 2 and 3 and the minimum values of microhardness are also given

PP type Yield stress Calculated Initial Crystallinity Min.
oy (MPa); hardness hardness after Eqgs. 3 hardness
[30, 31] (Eq. 5) H; (MPa) and 4 Hi, (MPa)
o-iPP Daplen BE50 36 108 105 w*=0.66 70
p-iPP Daplen BE60 30 90 90 wf=0.67 27
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HP = wiH! + (1 = w{)Hy (4)

where H,~30 MPa, H.,”>= 143 MPa, Hcﬂ: 119 MPa are
the hardness values for the amorphous phase and the
pure crystals in the o and f modifications of PP,
respectively. For the o and f materials, crystallinity de-
grees of w.*=0.66 and w=0.67 were calculated.

For the undeformed polymers, the obtained hardness
values are in good agreement with the tensile stress
values at yield according to the Tabor relation

H=3g, (5)
(see Table 1) [22].

Strain-induced changes of microhardness
a-Isotactic polypropylene

Figure 3 illustrates the variation of H for the «-iPP
along the deformation axis from the starting point of the

Fig. 3 Plot of H (Hand H,)
as a function of the distance
from the undeformed end of the
tensile bar (a-iPP). The stress

whitening zone approximately 120

undeformed material. The first indentations along the
deformation axis do not show any deviation from the
original hardness values. As the material starts to de-
form plastically, a clear decrease of the hardness sets in.
The hardness values given in Fig. 3 were derived from
the impression diagonals parallel and normal to the
stretching direction (Fig. 2). At a distance of about
1.5 mm from the starting point a minimum H value of
70 MPa is detected. The H-minimum is reached at the
end of the necking region of the «-iPP tensile bar.
Macroscopically one observes a stress whitening in the
same area. After the neck, indentation anisotropy
develops and the hardness values (H), and H ;) gradually
increase in the drawn region of the tensile bar, H,
exceeding the original hardness values.

B-Isotactic polypropylene

Figure 4 shows the variation of the microhardness val-
ues for the 5-iPP bar along the deformation axis. Here,
at about 1.2 mm from the starting point H markedly
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Fig. 4 Plot of H (H and H)
as a function of the distance
from the undeformed end of the

tensile bar (f-iPP). The stress 120
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decreases, reaching a minimum of 27 MPa. Thereafter,
the hardness increases along the deformation axis, in a
similar manner to that observed for the «-iPP sample.
For larger deformation values (distance d = 9 mm) the
hardness H|, exceeds again the original value for the
undeformed material. In Fig. 5, the decrease of the mi-
crohardness H| is plotted against the local draw ratio 4
(longest axis of single spherulites compared to the
original average spherulite diameter of the undeformed
material). As soon as a deformation of the spherulites is
detected (4> 1 at about 1.2 mm from the starting point)
H linearly decreases reaching a minimum at A~1.8.

Indentation anisotropy

Figure 6 shows the variation of the indentation anisot-
ropy calculated from the impression diagonals normal
and parallel to the straining direction with increasing
deformation along the deformation axis for «-iPP. For
the initial stages of deformation (4 < 2) no anisotropy of
the impression diagonals is observed. After the hardness
minimum, a significant increase of the anisotropy oc-
curs. At a distance d = 1.7 mm from the starting point
(representing the necking region) the anisotropy starts to
deviate from zero reaching an average of 25%, that re-
mains constant for d-values along the cold drawn region
of the tensile bar larger than 2 mm.
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Fig. 5 Plot of H| for f-iPP against local elongation A calculated
from the deformation of the spherulitic structures at the loci of
indentation

In the case of the -iPP bar, after the hardness min-
imum at d = 2.2 mm the development of anisotropy is
also observed (Fig. 7). The indentation anisotropy starts
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Alpha iPP: Indentation Anisotropy
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Fig. 6 Variation of indentation anisotropy for «-iPP along the
deformation direction
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Fig. 7 Variation of indentation anisotropy for f-iPP along the
deformation direction

to deviate from zero as soon as the microhardness starts
to increase reaching a value of about 30%.

Strain-induced changes of morphology

The main differences between the spherulitic structures
of the two types of iPP are illustrated in Fig. 8. The
lamellae of the ¢-iPP grow radially from the centre of the
spherulite (Fig. 8a). A typical feature of this nano-
structure is the cross-hatched arrangement of the main
lamellae and daughter lamellae forming a dense, mesh-
like pattern (Fig. 8c). In contrast, the f-iPP lamellae
grow in a sheaf-like manner that is distinguished by the
overlay in Fig. 8b. The lamellae are arranged as stacks
of lamellae running parallel to each other (Fig. 8d).
The changes in the morphology that are produced by
uniaxial tensile deformation are illustrated for the S-iPP
(Figs. 9, 10, 11 and 12). The initial stage of plastic
deformation is characterized by two micromechanical
mechanisms: (a) the formation of the so-called Chevron
patterns due to a breaking and collective twisting of
lamellar stacks. Such a mechanism of formation of
Chevron fibres-like structures has also been found in the
initial stages of deformation of HDPE [34]. (b) lamellar
separation processes in an embryonic state. The former
process can be interpreted as a collective twisting of
bundles of lamellae nearly without microvoid formation
or fibrillation. The latter process includes the formation

of microvoids and fibrillation. Lamellar separation is
dominated by the deformation of the interlamellar,
amorphous material. In Figs. 9 and 10, the structures
observed at elongations of 4 ~ 1.2 and A ~ 1.3, respec-
tively, are given. In this case, the orientation of the
lamellae was perpendicular to the straining direction. As
the deformation process proceeds (4 =~ 1.2), the fibrils
break, and larger microcracks occur (Fig. 11). At 4 =~ 2,
the original spherulitic structure is almost completely
destroyed. The material has a microporous structure
(Fig. 12). In contrast to o-iPP, in the f-iPP case the
whole sample area contributes to micromechanical
processes that are related to microvoid formation and
nanofibrillation [35]. In the case of the f-modification of
iPP, the observed microvoiding phenomena were not
limited to specific regions within a single spherulite
(polar or equatorial regions with respect to the straining
direction).

These results are supported by transmission electron
microscopic (TEM) observations that were recorded
from RuOy-stained ultrathin sections from similar re-
gions of the tensile bar that are presented elsewhere [35].
Comparison of the results from the SEM observation of
etched samples with the TEM images from the same area
excludes the possibility to ascribe the observed structural
changes to artefacts introduced by the etching technique.

Discussion
First stages of plastic deformation

Detailed information about the local deformation
behaviour is shown in Fig. 5 by plotting the H data for
p-1PP against the local draw ratio 4. In the deformation
range from A=1 to 2=1.8, the microhardness decreases
linearly with the elongation ratio. To understand this
type of behaviour, it is convenient to consider the
changes in the semicrystalline morphology for f-iPP at
the spots of indentation. In Fig. 9, the morphology of
the f-iPP material at a local elongation ratio of 1.2
shows the appearance of some micropores and the cor-
related hardness value decreases by about 10%. With
increasing deformation the process of lamellar separa-
tion starts to become the dominating mode of plastic
deformation (Fig. 10). The lamellar separation process
involves a significant microvoid formation and fibrilla-
tion within the interlamellar, amorphous material. At
this stage a large number of micropores is formed
entailing relatively large sample volumes. As a conse-
quence, the hardness starts to drop significantly. Fig-
ure 11 illustrates the formation of microcracks
originating from craze-like structures within the amor-
phous portion. At a draw ratio / = 2 the occurrence of a
conspicuous microporous structure (Fig. 12) can be
correlated with the lowest H;, value shown in Fig. 5.
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Fig. 8 Comparison of the
original morphologies for o-iPP
(a, ¢) and fS-iPP (b, d) (unde-
formed material, SEM images
after permanganic etching)

Fig. 9 Morphology of the
deformed f-iPP sample at a
distance of 1.2 mm from the
undeformed end of the tensile
bar (Ax~1.2, SEM images after
permanganic etching). The
deformation direction is
indicated by an arrow

For higher draw ratios (4>2) the microhardness initial value of 90 MPa, Ilevelling off to a value
increases with increasing A. At the maximum draw ratio H =105 Mpa, which is similar to the initial hardness of
reached in these experiments (A =~ 5) H| exceeds the the neat o-iPP.
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Fig. 10 Morphology of the
deformed f-iPP sample at a
distance of 1.4 mm from the
undeformed end of the tensile
bar (A=1.3, SEM images after
permanganic etching)

At elongations near 4/ = 2 a steep drop in the mi-
crohardness for both, - and f-iPP, is observed. The
effect is more pronounced for the f modification. By
inspection of the semicrystalline structures after defor-
mation, one observes a prominent microvoid formation
showing craze-like deformation processes, lamellar sep-
aration and intensive fibrillation (Fig. 11). The main
difference between the neat o- and the S-iPP is that the
spherulites of the f-iPP deform homogeneously, whereas
the spherulites in the «-iPP only partially contribute to
the elongation. Thus, the sample volume contributing to
microvoid formation is significantly higher for the f8-iPP.

Higher draw ratios and indentation anisotropy

After passing through a hardness minimum, the H val-
ues gradually increase exceeding the original hardness of
the materials in both cases. Furthermore, H, increases
faster than H, reaching a higher final value. Microin-

Fig. 11 Morphology of the
deformed f-iPP sample at a
distance of 1.7 mm from the
undeformed end of the tensile
bar (1 =~ 1.4, SEM images after
permanganic etching)

dentation anisotropy has been reported for high strains
in PE [27]. The anisotropic shape of the residual
indentation can be attributed to the formation of a
microfibrillar structure. The higher H| value derived
from the indentation diagonal parallel to the fibre axis
corresponds to an instant elastic recovery of the fibrous
network in the drawn direction, whereas the lower H |
value deduced from the diagonal perpendicular to the
fibre axis defines the plastic component of the material
[22]. The present experiments with PP show a similar
process occurring at the early stages of deformation. By
examining samples with higher 4, comparable to those
reported for PE, both, an increase in hardness (H|) and
of anisotropy should be expected. This is the object of
the present studies in our laboratories.

It is to be noted that the samples with the lowest mi-
crohardness values define the maximum level of porosity
(at A= 2). Furthermore, the maximum pore content at 1 ~
2 is in agreement with the draw ratio reported for micro-
porous films of f modified PP having the highest porosity
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Fig. 12 Morphology of the
deformed f-iPP sample at a
distance of 2.6 mm from the
undeformed end of the tensile
bar (A=2, SEM image after
permanganic etching)

of 39% [21]. As cold drawing proceeds, the pores start to
close owing to the contraction of the sample in the
direction normal to the straining direction and are
transformed into gaps between the microfibrils of the
highly oriented material. In agreement with experimental
findings in Ref. [21], the porosity levels off with increasing
draw ratio, at a value of 4 ~ 2.7.

After surpassing the hardness minimum, one observes
that strain hardening favours the increase of both mi-
crohardness and anisotropy. In the deformed samples
the microhardness reaches larger values than in the
undeformed material. This means that the effect of mi-
cropores (H = 0) is overcompensated by the orientation
of microfibrils within the material. This effect is similar
to the large hardness values found inside the crazes
(containing micropores and fibrils) in amorphous poly-
mers [24]. Studies on the quantitative correlation be-
tween microhardness and porosity are underway.

Conclusions

1. It was found that the microhardness of both, a- and
p-iPP with increasing draw ratio shows a parallel

drop with the localized transformation from the

original into the fibre
structure.

2. The drastic decrease of microhardness in the neck
region can be explained in terms of nanomechanical
processes involving lamellar separation, fibrillation
and microvoid formation. This effect is more pro-
nounced for the f- than for the a-modification of
iPP.

3. The final anisotropic fibre structure yields a con-
spicuous indentation anisotropy that can be ex-
plained on the basis of an elastic recovery of

microfibrils parallel to the fibre axis.

spherulitic morphology
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