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ABSTRACT: The correlations between the hardness,
yield stress, and modulus of elasticity of isotactic polypro-
pylene (iPP) were evaluated on the local and global scales.
Nanoindentation and traditional macromechanical tests
were incorporated for this purpose. Thus, local and global
mechanical properties were measured at various tempera-
tures and strain rates. A certain relation was found
between the local and global mechanical properties. More-
over, Johnson’s model (developed according to the

expanding cavity model) was also evaluated at various
temperatures and strain rates. The Johnson model was
valid only for the yield stresses obtained by nanoindenta-
tion and compressive tests and also the elastic modulus
obtained via nanoindentation. © 2011 Wiley Periodicals, Inc.
J Appl Polym Sci 121: 930-938, 2011
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INTRODUCTION

It is well known that many polymers possess a
heterogeneous microstructure, which is induced by
the processing conditions. For a semicrystalline poly-
mer, a typical layered arrangement is developed and
is normally referred to as a skin—core microstructure.
The intrinsic molecular nature of the polymer to-
gether with the morphology and crystalline structure
of these layers determine the mechanical behavior of
the polymeric parts. The mechanical characterization
of polymeric materials at the microlevel or nanolevel
can be important for certain materials selection and
design criteria and applications. The indentation test
has been used for over 100 years to measure the
indentation hardness (H) and other basic mechanical
properties of materials on the local scale [e.g., yield
stress (Y)].! Recent technological advances have
permitted us to continuously record the load (P),
down to the micro-Newton, and the indentation
depth (), down to a few nanometers, during an in-
dentation test (i.e., nanoindentation). Thus, indenta-
tion has gained its reputation and currently is the
state-of-the-art technique for determining the local
elastic® and plastic properties”* of materials. The
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modulus of elasticity (E)>° Y~°° strain-hardening

exponent (n),” and viscoelastic properties, that is,
creep data,9 can be extracted from an instrumented
indentation test. The nanoindentation test offers
several advantages over conventional tension or
compression tests, namely, the ability to evaluate local
properties, the nondestructive nature of the test, and
the small required amount of material required for
the test.

To measure E via instrumented indentation, the
multiple-point unload method (or Oliver-Pharr
method®) can be used with the slope of the initial
portion of the unloading curve and also the residual
h. In general, for a given material, the value of the
local modulus of elasticity obtained by the nanoin-
dentation (E;) is sometimes higher than that meas-
ured in conventional tensile or compression
tests.'O!!

The idea of relating the Y values of materials to
their H values dates back to the original work of
Tabor in 1951.! He found that for ductile metals,
almost two-thirds of the mean pressure underneath
the indenter (p,) were the hydrostatic component,
and therefore, only one-third of that produced plas-
tic flow during indentation. He also showed that for
rigid, perfectly plastic materials, H is directly related
to Y through the following equation:

H =3Y 1)
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Figure 1 Correlation between H, Y, E, and the indenta-
tion geometrical specifications (indentation a/R) in the
three regimes of the indentation process.

However, in fact, it has been found that the inden-
tation process can be divided into three distinct
regimes: (1) elastic regime, (2) elastic—plastic or
transition regime, and (3) plastic regime (Fig. 1).'?
Actually, the fully elastic regime occurred when p,,/
Y < 1.07 (Hertzian theory). Then, yielding commen-
ces, and the elastic—plastic transition regime begins
with deformation involving both elastic and plastic
processes. Plastic deformation starts just underneath
the indenter tip and is initially constrained by the
surrounding elastic material. Therefore, the con-
straint factor (C), that is, the ratio of p,, to the repre-
sentative flow stress (p,,/o(;), increases from 1.07,
within the transition regime, to a value of approxi-
mately 3. The transition regime ends when the plas-
tic zone breaks through the surface outside the
region of contact and the constraint is relieved. In
the fully plastic regime, C remains constant at a
value of approximately 3.

To this end, theoretical analyses using various
models have been proposed to explain the elastic
and plastic properties of materials undergoing in-
dentation within the transition regime. Among these
models, the expanding cavity model (ECM), devel-
oped by Johnson," is particularly valuable. This
model is based on Hill’s'* solution for the quasi-
static expansion of a spherical shell of an elastic,
perfectly plastic material under an internal pressure.
With either the Tresca or Von Mises yield criterion,
Johnson’s spherical cavity model was developed
to predict the relationship between H and Y via the
following equation:

/Y =C =A+BInZ )
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where A and B are constants and Z is a parameter
related to Y/E and the indenter geometry.

Later, with the Drucker—Prager yield criterion, Nar-
asimhan'® developed a modified ECM to describe the

indentation deformation of pressure-dependent
materials, as follows:
H pn 2|7 tana Ea
?_7_3[4 3 Hn(zuw)] ®)

where tan o is the pressure sensitivity index (PSI)
of the material, R is the indenter radius and a is ra-
dius of contact area. Nevertheless, in this model, the
strain-hardening effect was not considered. Recently,
Gao, Jing and Subhash'® developed two new modi-
fied ECMs for elastic power-law hardening and lin-
ear hardening materials. However, these two new
models are confined to pressure-independent materi-
als. For power-law materials, the model can be writ-
ten as follows:

H 2 1 1 3\/ Ea\"
vl Gl |
Considering the concurrent effects of strain-hard-
ening and pressure dependency, Ai and Dai'” devel-

oped a new modified ECM in 2007,"” which is given
as follows (for power-law materials):

30029 (- o

In the case of pressure-independent materials,
eq. (5) is reduced to eq. (4), and interestingly, for
pressure-independent elastic, perfect plastic materi-
als, eq. (4) is reduced to Johnson’s model, which is
given as follows:

H 27 Ea
?:g[ﬁl“(mﬂ ©

Therefore, from the aforementioned equations,
with the required data, Y of the material can be
determined by the indentation test.

For polymers, extensive research efforts have been
made to find the correlations between H, Y, and E.'®2!
In these studies, in fact, Y and E were obtained by
macromechanical tests. Flores et al.'® showed that
H correlates with the tensile yield stress (Y;) and
tensile modulus (E;) through the following relations:

H = 3Y, (7a)
H = E;/10 (7b)

Although the correlation with the compressive
yield stress (Y.) is as follows
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H=~2Y, (7¢)

some researchers found a different
20

However,
correlation between H and E,, as follows:

H=~E,/20 ®)

A simple relation between H and Y was found
only in the fully plastic regime in the indentation
process. Thus, although there is consistency about
the existence of a simple relation between H and E,;
of a material, the discrepancy is the exact ratio of
these two properties.

In addition to the aforementioned phenomenologi-
cal equations, the relation between Y and E, of poly-
mers was developed by a model according to the
intermolecular forces between two molecules,
given as follows:

This relation is consistent with egs. (7a) and (7b). In
fact, the aforementioned investigations deal with the
correlations between local measurement (H) and the
results of global macromechanical experiments (Y and
E;). However, global macromechanical measurements
can be affected by the heterogeneous morphology and
crystalline structure of the sample induced by process-
ing conditions. For instance, in the case of an injection-
molded sample, the skin and core regions have differ-
ent mechanical properties. Therefore, traditional ten-
sile and compression experiments give the average
bulk mechanical properties of the sample, which can
be problematical when compared to local indentation
hardness measurements. In fact, one may reprove this
correlation between local and global scale measure-
ments. To eliminate this problem, in this study, we
dealt with the correlations between local H, Y, and E
values. In fact, H, Y, and E were extracted from a
nanoindentation process. Further, macromechanical
tests were also performed for the comparison of the
bulk and local mechanical properties.

EXPERIMENTAL
Material

Commercial-grade isotactic polypropylene (iPP)
(melt flow index = 8) was obtained from Imam Kho-
meini Petrochemical Complex (designated 080) Mah-
shahr, Iran. Samples were prepared with an injec-
tion-molding machine. To produce various skin—core
morphologies, the barrel temperature of the appara-
tus was set at different values (195, 210, 225, and
240°C). The mold temperature was held at about
25°C by water circulation.

Journal of Applied Polymer Science DOI 10.1002/app
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Mechanical properties evaluation
Macroscale mechanical properties

To measure Y and E of the bulk samples, tensile
and compression tests were carried out at different
temperatures (21, 40, 60, and 80°C) and strain rates
(1073, 1072, and 10! 1/s). The experiments were
performed on an Instron 5567 frame. A heating
chamber was used to carry out the tests at elevated
temperatures. A precise extensometer was incorpo-
rated to determine E, The compression tests were
conducted in plane strain conditions.

Local mechanical properties

The local elastic and plastic properties of the samples
on the microscale were determined by depth-sensing
indentation with nanoscale resolution (nanoindenta-
tion). The nanoindentation measurements were per-
formed with a fully calibrated UMIS nanoindenter
from Commonwealth Scientific and Industrial
Research Organisation, Sydney: Australia equipped
with precise temperature controls. The displacement
and force resolution of the nanoindenter were 0.1 nm
and 0.75 pm, respectively. P and h were recorded
simultaneously for a complete load-hold—unload
cycle with a spherical indenter with a radius (R) of
20 pm. Ten indentations separated by a distance of
25 pm were made on each sample. The indentations
were performed on the smooth surface of the cross
section of the injection-molded bars. The cross sec-
tion of the sample was ground by appropriate sand
paper and subsequently polished by 0.05-pm alu-
mina powder. The nanoindentation tests were con-
ducted at the range of strain rates and temperatures
similar to the tensile and compression tests. The
strain rate in nanoindentation was calculated as fol-
lows:*?

E=- (10)

(strain rate)=(displacement rate in depth)/(dis-
placement in depth) E was determined with the
Oliver-Pharr method? using the following equations:

T S
b= ai-wva (1a)
dpP
0= E hmax (11b)

where A is the contact area corresponding to the
maximum load (Pmax), S is the stiffness at the incep-
tion of the unloading curve, v is Poisson’s ratio, E, is
reduced or effective modulus, and & is indentation
depth (see Fig. 2). In the case of a relatively small £,
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Figure 2 Typical indentation load versus indentation
depth curve obtained by the load-hold-unload nanoinden-
tation test.

a spherical indenter can be approximated as a para-
boloid of revolution. The contact depth (k) is then
given by the following equation:

P
he = hmax — 0.75% (12)
From geometric considerations, A is
A =nh.(2R - h,) (13)

S is affected by the viscoelastic behavior of the
material. If the material is creeping under P of the
indenter tip and P is suddenly reduced, the dis-
placement may continue to increase even after the
applied P is reduced. This behavior creates an ab-
rupt slope change in the unloading curve as the ma-
terial begins to recover; this makes it difficult to
determine the unloading slope. To prevent this, the
indenter was held for 60 s after P,,, was reached.
This time was long enough to mitigate this effect
significantly. Thus H and E; of the samples were cal-
culated through the nanoindentation tests, since
H=P,.x/A and E;=E..

The nanoindentation results could also be used to
extract Y of the materials on the local scale. For this
purpose, as mentioned in the Introduction, the ana-
lytical equations developed for the transition regime
were applied. With the values of PSI and n of poly-
propylene (PP), the yield stress by nanoindentation
(Yecm) can be obtained from Eq. 5. Actually, the it
could be considered an ideal elastic—plastic material
up to strian & ~ 10%. After this amount of strain, it
exhibited strain-hardening behavior (see Fig. 3). It
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should be pointed out that For a spherical indenter,
the strain in indentation (&ingentation) 1S calculated as
follows:®

0.2a N

€indentation ~ R &r (14)

where ¢, is the representative strain in the macro-
mechanical test. However, in this study, the maxi-
mum representative strain was about 7%. Therefore,
the n value in eq. (5) could be neglected. In other
words, eq. (3) could be used to extract Y via the
indentation test.

Figure 4 illustrates the effect of the pressure sensi-
tivity of the material in the elastic-plastic regime of

35
3F
25}
= i
= N tan (alpha)
15} E
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05 -
D 1 1 1 1 1 1 1
] 5 10 15 0 25 EES 40
Ea/4RY

Figure 4 Effect of pressure dependency of the material
on the elastic—plastic regime of indentation (tan o varied
from 0 to 0.5).
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Figure 5 TOM of the skin—core structure of the injection-molded PP. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

the indentation. As shown, changing tan o from 0
to 0.5 did not induce any significant changes in the
indentation response. Therefore, to measure Ygcwm,
the PSI value could also be ignored. Thus, Johnson
model, that is eq.6, could be used to extract Ygcm.

Microscopy

To study the skin—core structure of the injection-
molded samples, transmission optical microscopy
TOM; Olympus BX52 (Tokyo,: Japan) was incorpo-
rated. Thin slices (50-100 pm) perpendicular to the
molding direction were prepared via polishing (see
schematic in Fig. 5).

RESULTS AND DISCUSSION
Local versus global mechanical properties

Figure 5 illustrates the skin—core morphology of an
injection-molded PP. As seen, three distinct regions,
that is, the skin, transition, and core, were recognized.
The local mechanical properties of each individual
layer and also the average global mechanical proper-
ties of the bulk sample are plotted in Figure 6. As
illustrated, E; and Ygcym showed progressive increase
from the skin to the core. In fact, depending on the
crystalline structure and morphology, each layer had
specific mechanical properties. However, only an av-
erage mechanical property can be given for the bulk
sample. Figure 6(b) also compares the Y values of the
samples obtained by various macroscale methods. As
shown, the magnitude of the local Y value obtained at
the core region was almost equal to Y. This may have
been due to the fact that in the compression experi-
ment, the core region had the most influence on the
mechanical properties of the sample compared to the

Journal of Applied Polymer Science DOI 10.1002/app

skin and transition regions, that is, the edge of the
sample.

Figure 7 compares the effect of changing the melt-
ing temperature of iPP during the injection-molding
process on the microstructure of the samples.
Clearly, the skin thickness decreased with increasing
melting temperature. Larger spherulite size was also
found in samples processed at a higher melting
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Figure 6 Plots of (a) E and (b) Y, of the injection-molded
PP samples on the local and global scales.
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Figure 7 TOM of the injection-molded samples processed
at different melting temperatures (T,,’s). [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

temperature. The effect of altering the melting tem-
perature on the local- and global mechanical proper-
ties of the iPP samples are also summarized in Fig-
ure 8(a,b). The local mechanical properties with
increasing melting temperature in all of the layers
close to the skin. This behavior may have been due
to the fact that with increasing melting temperature,
the crystalline orientation and also formation of cy-
lindrical crystallites were eliminated.”> However, E;
and Ygcwm increased with increasing melting temper-
ature at the core region. This may have been due to
the increase in the spherulite size (as evident in Fig.
7) and also the increase in the degree of crystallin-
ity.”> As shown in Figure 8, whereas an increase in
the melting temperature led to decreases in E; and Y
close to the skin, it did not change E; and Y on the
global scale. As illustrated in Figure 8(a), E; of all of
the samples at the core was always greater than E,.
Actually, there was an almost constant difference
(ca. 500 MPa) between them. Obviously, the reduc-
tion of the plastic region size beneath the indenter
tip led to a more precise measurement of E; and,
consequently, the observation of closer E; and E; val-
ues. To create this condition, & into the sample had
to be minimized. In the case of a spherical indenter,
this means that the ratio of the indentation depth to
the radius of the indenter tip (h/R) was kept as low
as allowed. However, to have better accuracy in the
local Y measurement larger plastic deformation is
preferred. Thus, in this study, all nanoindentation
tests were carried out in at an /1/R equal 0.06.
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The local (core region) and global mechanical
properties of PP are summarized in Table 1. As also
shown in Figure 8(b), in general, Ygcy for the core
was very close to the global Y.. Obviously, during
the indentation process, the stress state beneath the
indentation tip was compressive. Therefore, this
agreement between Ygcy and Y. was expected. For
the rest of this study, the local mechanical tests were
only carried out at the core region of the samples.

Correlation between H, E, and Y in
nanoindentation process

Next, the correlations between H, E, and Y for all of
local (at the core region) and global measurements
were evaluated at different temperatures and strain
rates.

Figure 9(a) shows the correlation between H and E.
Least squares straight lines are drawn passing through
the origin and the experimental data. The slopes of
these lines give the correlational relationships between
E and H for the global tensile and local nanoindenta-
tion tests, which are 16.28 and 22.12, respectively.
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Figure 8 Effect of various melting temperatures (Tpei’s)
on the local and global scale on the mechanical properties
of the iPP samples: (a) E and (b) Y.
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TABLE I
Local (Core Region) and Global Mechanical Properties of PP

Test conditions

Melting

Temperature Strain rate temperature in E; E; Y02 Y, Y. Yecm H
°C) (1/s) injection molding (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
20 0.1 240 1880 2506 20 34.8 59.1 53.8 110.7
40 0.1 240 1536 2037 171 29.7 519 415 93.9
60 0.1 240 946 1307 10.6 21.5 38.3 38 79.2

80 0.1 240 586 1115 6.9 15.9 30.1 29 63
20 0.01 240 1745 2500 18 31.8 51.8 494 105.3
20 0.001 240 1695 2457 16.4 28.5 494 475 102.3
20 0.1 225 1897 2689 21.8 349 65.6 57.5 121.8
20 0.1 210 1876 2396 20.3 349 57.1 46.6 104.1
20 0.1 195 1882 2483 20 35.4 54 44.8 102.3

These results did not agree with those of Flores et al.'®
and Gimenez et al.’s?° studies. However, nanoindenta-
tion results were closer to the work of Gimenez et al.
(i.e., E/H = 20). Furthermore, as shown in Figure 9(a),
the coefficient of correlation, R? value for nanoindenta-

3000 -
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Z
>
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Hardness, MPa

Figure 9 Variation of H with (a) E and (b) Y for different
methods of measurement.
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tion was much higher than that of the tensile test. As
shown, the high temperature test data show deviation
from straight lines for both nanoindentation and ten-
sile measurements (as indicated by arrows in the fig-
ure). This behavior could be explained according to
the structural changes occurring during the indenta-
tion of semicrystalline polymers. It was stated that the
structural changes during indentation could be di-
vided into three steps:**

1. Elastic bending of crystals (very small strain),

2. Interlamellar sliding and separation involving
shear and compression deformation of amor-
phous layers (moderate strain), and

3. Lamellar fracture and chain bridging in frac-
tured blocks and destruction of cooperative
blocks (large strain).

Among the aforementioned steps, the elastic
bending of crystals, interlamellar sliding, and elastic
separation contributed to E; and E; at moderate tem-
peratures. However, with increasing temperature, la-
mellar fracture and chain bridging of the fractured
blocks play more important role in the deformation
mechanisms of indentation than those of the elastic
bending and interlamellar sliding and separation. This
means that at moderate temperatures almost the same
factors influenced the magnitude of E and H, whereas
at elevated temperatures, the elastic part of this

TABLE II
Correlations between H, Y, and E Values for PP
E/H E/H

c=E/Y (measured) (=c/b)

EE E b=H/Y E, EE E E
Y2 90 120 5.6 16 21.4
Y/ 50 70 3 16.3 221 167 233
Y. 30 40 2 15 20
Yeem 352 50 2 176 25
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Figure 10 Plots of H/Y versus log(E,/4RY) for the local
and global measurements at various (a) temperatures and
(b) strain rates.

contribution (the first two steps) are diminished.
Therefore, the data for high-temperature tests showed
deviation from the two straight lines E; = 21.1H and
E;=16.3H.

Figure 9(b) illustrates the correlation between H
and Y, as measured by local and various global
methods. As shown, the data from the compression
and nanoindentation (ECM) tests were in good
agreement with the Flores et al.’s results for com-
pression and microhardness (H = 2Y,) tests. Y,
obtained at a maximum load before the stress-drop
was close to but falls slightly below Tabor’s solution,
that is, H = 3Y, and Flores et als tensile experi-
ments. In this case, the deviation of test data from H
= 2Y at elevated temperatures was not observed.
This means that maybe the same deformation micro-
mechanisms influenced H and Y.

937

All of the data for the correlation between H, Y,
and E are summarized in Table II. The relations (c)
between E and Y are also gathered in Table II. We
obtained these data by plotting least squares straight
lines passing through the origin. E/H values that we
obtained by dividing ¢ = E/Y with b = H/Y are also
shown in Table II. It is clear that the calculated E/H
values agree well with those measured. We con-
cluded that although there was no any agreement
between these data and Struik’s model, that is, Eq. 9
and Ref [21], a meaningful relation between H, Y,
and E was observed.

Evaluation of Johnson’s expansion cavity model at
different
temperatures and strain rates

Figure 10 illustrates the plot of H/Y against log(Ea/
4RY) for the local and global measurements at vari-
ous temperatures and strain rates. According to
Johnson’s model, Eq. 6, represented by the dashed
straight lines. Tabor’s plastic solution, H/Y=3.0, is
also superposed as horizontal lines in Figure 10. It
can be seen that data points obtained using values
of Y. and E; follow Johnson’s equation. However,
with increasing temperature or strain rate, as indi-
cated by arrows in Figure 10, moves towards or
away from Tabor’s solution. Although the data are
few, it can be concluded that the ECM could predict
the indentation process at various temperatures and
strain rates.

CONCLUSIONS

On the basis of the results obtained, we drew the
following conclusions:

* The nanoindentation of PP can be considered a
pressure-independent, elastic, perfectly plastic
process. For which, Johnson’s model is applica-
ble to predict H/Y in the transition region in
the indentation process.

» A specific correlation between E; (obtained at
the local core region) and E; (determined from
bulk tensile tests) was found, which is: E; = E,
+ 500 MPa.

* The yield stress obtained by nanoindentation,
Yecam is close to the bulk compressive yield
stress, Y,

» The E/H values for the tensile and nanoindenta-
tion measurements were found about 16 and 22,
respectively. Because at elevated temperatures,
the elastic part of deformation beneath the
indenter tip was small, this correlation was not
valid.

* The relation between H and Y in the compres-
sion and nanoindentation tests was found to be

Journal of Applied Polymer Science DOI 10.1002/app
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H =~ 2Y, different to Tabor’s solution. which is
followed by the data of H and Y;"**. However,
meaningful relations between H, Y, and E was
observed.

» With variation of temperature and strain rate,
Johnson’s model was only valid for Ygcym and
the compressive tests as well as E;.

We would like to thank Prof. Y.-W. Mai and the Australian
Research Council for providing financial support to one of us
(RLK) for conducting this study at the CAMT, the University
of Sydney.
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