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Abstract

The correlation between microhardness,H, yield stress,Y, and Young’s modulus,E, has been explored on various chain-extended
polyethylene (PE) samples and compared to chain-folded PE. Mechanical properties have been derived from tensile and compressive
experiments. The tensile yield stress,Yt, is shown to correlate with hardness followingH , 3Yt while H , Et=10 (Et is Young’s modulus
derived from tensile experiments). On the other hand, the compressive yield stress,Yc, is shown to correlate toH following the mechanical
models of elastoplastic indentation. Hence,H=Yc increases with decreasing elastic strain tending towardsH , 3Yc for a fully plastic
deformation. The atmospheric pressure compression-moulded samples show the lowestH=Yc ratios as a consequence of the largest fraction
of compliant phase. Moreover, theH=Ec ratio (Ec being the elastic modulus under compressive force) is shown to diminish with the decrease
of Yc=Ec: Chain extended PE provides the lowest values for theH=Ec ratio from all the PE samples investigated.q 2000 Elsevier Science Ltd.
All rights reserved.
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1. Introduction

During the last two decades investigation of the micro-
hardness properties of polymers has evolved from topics of
applied significance [1–3] to more basic studies aiming
to gain a deeper understanding of the microhardness-
morphology correlation in these materials [4–6]. The direct
influence of crystal thickness upon microhardness was
recognized early [7] and later verified in many chain-folded
lamellar examples [8–10]. In part I of this series [11], we
dealt with the influence of morphological aspects of chain-
extended polyethylene (CEPE) (lamellar thicknesses in the
micron range) on microhardness. CEPE, achieved by high
pressure annealing or crystallization [12,13], shows
enhanced mechanical properties with respect to chain-
folded PE produced under atmospheric conditions. The
outstanding hardness values found for CEPE are a conse-
quence of the unusually large lamellar thickness and high
degrees of crystallinity. Part II was devoted to the study of
the creep behaviour of the CEPE samples and their chain-
folded counterparts [14], the main conclusion being that

lamellar thickness is the dominant variable controlling the
time dependence of indentation. It was shown that the
micromechanical behaviour of each PE sample can be
unambiguously defined in terms of a creep constantk and
a microhardness value defined at a given reference time
[14].

The Young’s modulus and the fracture behaviour of
oriented CEPE were the object of an early investigation
[15]. The modulus was shown to be sensitive to the textural
changes occurring when the drawn polymer is annealed at
different temperatures [15].

The present work complements the preceding mechanical
investigations on isotropic CEPE and raises the question of
the microhardness correlation with macroscopic mechanical
properties (yield stress and Young’s modulus). Results are
discussed in the light of several mechanical models relating
the microhardness to yield stress and Young’s modulus.

2. Mechanical models

According to Tabor, the indentation pressure,Pm, across
the surface of a flat punch is approximately equal to three
times the yield stress,Y, in frictionless compression [16].
For a Vickers diamond pyramid, the ratio betweenPm andY
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takes a value of about 3.3�H � 0:927Pm� [16]. This rela-
tion applies for work-hardened metals, which behave as
ideally plastic materials, but fails for other metals, glasses
and polymers where the elastic strains are non-negligible
[17,18].

Marsh was the first one to suggest that an elastoplastic
indentation is similar to the expansion of a spherical cavity
under hydrostatic pressure in an infinite elastic–plastic
medium [17]. In this simplified model, the indentation pres-
sure is related to the yield stress and elastic modulus,E,
through:

Pm

Y
� C 1 KB ln Z �1�

whereC andK are constants andB andZ are related to the
Y=E ratio through Poisson’s ratio,n . Marsh showed that for
a high value of theY=E ratio (highly elastic materials), the
change to a radial flow mode of deformation would occur
more easily (lowPm=Y values). Using a Vickers indenter,
expression (1) was shown to be valid for a wide variety of
materials, ranging from metals to glasses and polymers,
leading to best-fit values ofC � 0:28 andK � 0:60: The
C andK constants allow for the correction for the possible
elastic contraction of the impression on unloading.

Following the expansion cavity theory, Johnson proposed
a model [19] where the contact surface of the indenter is
encased within a hemi-spherical core. The hemi-spherical
core of radiusa is immediately followed by a plastic zone.
The plastic–elastic boundary lies here at a radiusc, where
c . a: The model allows thePm=Y ratio to be related to a
single non-dimensional variableE tanb=Y; whereb is the
contact angle between the sample and the indenter�b �
19:78 for a Vickers indenter). Forn � 0:5; Johnson’s analy-
sis leads to:

Pm

Y
2
3

2 1 ln
E tanb

3Y

� �� �
: �2�

An additional term in the argument of the logarithm should
be introduced forn values other than 0.5. Studman et al.
[20] and Perrot [21] eliminated certain simplifying assump-
tions used in Johnson’s analysis. These two last approaches
lead to a modified form of Eq. (2) which still relatesPm=Y

linearly to ln�E tanb=Y� for n � 0:5 but which requires new
values for the numerical factors.

3. Experimental

3.1. Samples

We used standard linear unfractioned PE (Rigidex 9) with
Mn � 1:17× 104 g=mol and Mw � 1:55× 105 g=mol and
high molecular weight PE (Hifax 1900) withMw .
2 × 106 g=mol as used in parts I and II. In addition, a higher
molecular weight grade of PE, Rigidex H02054P, was also
used for high pressure crystallization because it was not
prone to giving segregated populations of short molecules
under these circumstances. Two morphologies were investi-
gated: the first was ordinary chain folded lamellae i.e.
compression moulded material crystallized from the melt
as described in the preceding paper [11]. Annealing of the
original moulded sheets was by immersing the specimens in
a glycerine bath at 1278C for a specific period of time
(ranging from 12 min to 96 h) following the procedure
described in part I [11]. The second material was CEPE
obtained by crystallization or annealing at 5 kbar [11].

3.2. Techniques

Microhardness measurements were performed at room
temperature (,218C) using a Vickers diamond pyramid
(included angle 2a � 1368�: Hardness was measured from
the diagonal of the residual indentation as described in
preceding reviews [5,9]. Loads ranging from 147–981 mN
were used to correct for the instant elastic recovery. An
indentation time of 0.1 min was used to minimize for the
creep effect. The resulting deformation was measured
immediately after load release in order to avoid complica-
tions associated with viscoelastic recovery.

Dumbbells shaped samples for tensile testing were cut.
All specimens had a gauge length of 1.0 cm and widths of
3–4 mm except for two specimens with a gauge length of
2.5 and 0.4 cm, both with a width of 1.5 cm. Specimen
thickness varied between 0.7 and 1.3 mm. Load extension
curves were obtained using an Instron table 1115 machine
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Table 1
Yield stress and Young’s modulus in tension and compression for the PE samples investigated

Sample Processing conditions H (MPa) Yt (MPa) Et (MPa) Yc (MPa) Ec (MPa)

Mw � 1:55× 105 g=mol Chain-folded Compression moulded 47 23.5 353 30.1 537
Ta � 1278C ta � 12 min 77 25.8 458 37.5 700
Ta � 1278C ta � 1 h 74 25.4 552 39.0 840
Ta � 1278C ta � 96 h 86 28.7 766 43.5 1165

H02054P Chain-extended Crystallised at 2608C (5 kbar) 110 34.2 1317 54.4 2000
Mw . 2 × 106 g=mol Chain-folded Compression moulded 31 15.1 219 18.6 333

Ta � 1278C ta � 96 h 45 16.8 348 24.4 530
Chain-extended Annealed at 2358C (5.3 kbar) 76 27.7 601 34.8 915

Annealed at 2458C (5.3 kbar) 107 34.4 931 57.4 1415
Crystallised at 2608C (5 kbar) 84 20.3 1620 41.0 2470



operated at a crosshead speed of 0.05 cm min21. The cross-
head velocity was chosen to be comparable to the strain rate
in the hardness tests [22]. From these experiments, the
initial Young’s modulus,Et, and true tensile yield stress,
Yt, were calculated.

Specimens in the form of flat plates,1 mm thick were
subjected to a plane strain compression test described by
Williams and Ford [23]. This procedure consists of
compressing the specimen between two parallel dies 5 cm
long by 2.55 mm wide and lubricated with petroleum jelly
to give negligible friction. The specimen plate width varied
between 2 and 6 mm (depending on the availability of the
material). At least three specimens of each type were tested.
The advantage of this test is that the area under compression
remains constant. Load compression curves were obtained

using an Instron compression load cell and placing the dies
between the Instron compression plates. The crosshead
speed was 0.01 cm min21. Values for Yc were obtained
from these experiments.Ec was estimated fromEc <
�Yc=Yt�Et assuming that the elastic strains at the yield
point in a compressive and tensile test are roughly the same.

Table 1 collects the values ofH, Yc, Ec, Yt andEt for the
chain-folded and chain-extended PE samples investigated.

4. Results and discussion

4.1. Hardness to yield stress correlation

Fig. 1 shows the plot ofH as a function of the tensile yield
stress (solid symbols) and the compressive yield stress
(open symbols) for the samples investigated. In both
cases, the higherH and Y values correspond to chain-
extended samples while the lower ones are associated to
the starting chain-folded material (see Ref. [11] for a
detailed discussion). It is seen that in all casesYc is larger
thanYt. This difference has been ascribed to the effect of the
hydrostatic component of stress on isotropic polymers
including PE [24]. The data in Fig. 1 fit into two straight
lines which pass through the origin yieldingH=Yt , 3 and
H=Yc , 2: Previous investigations carried out in our labora-
tory on melt crystallized PE already indicated thatH , 3Yt

when the strain rate in the tensile tests is comparable to that
employed in the hardness tests [22]. A closer inspection of
Fig. 1 reveals slight deviations fromH=Yt , 3; the original
moulded samples exhibiting valuesH=Yt , 2 while the
chain-extended samples showH=Yt ,3–4. On the other
hand, the H=Yc ratio considerably deviates from that
predicted by the theory of plasticity�H=Yc , 3� even for
highly crystalline samples such as CEPE, where one
would expect the elastic strains to be minimised.

4.2. Comparison with elastoplastic models

The above results evidence the elastoplastic response to
indentation of all the PE samples investigated. Hence, it is
convenient to discuss the hardness correlation with the yield
stress in the light of the various models developed to
account for the elastic–plastic strains under a compressive
stress. Fig. 2 shows the semi-logarithmic plot of theH=Yc

versusEc tanb=Yc data for all the PE samples investigated.
The Ec=Yc ratio is a measure of the reciprocal value of the
elastic strain of the material. Hence, the observed tendency
of theH=Yc values to increase towardsH , 3Yc (ideal plas-
tic behaviour) can be related to a decrease of elastic strains.
The H=Yc ratio is lowest for the compression moulded
(chain-folded) samples, where the fraction of compliant
(amorphous) phase is the highest. The various straight
lines plotted in Fig. 2 are drawn according to the different
models of elastoplastic indentation (usingH � 0:927Pm�:
In our calculations, we have used the approximationn �
0:5: The theoretical straight lines in Fig. 2 are represented
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Fig. 1. Variation of hardness with tensile (solid symbols) and compressive
yield stress (open symbols).W, X: compression moulded samples;K, O:
annealed samples at atmospheric pressure;A, B: chain-extended samples.

Fig. 2. Plot ofH=Yc vs. log�tanbEc=Yc� for: W, compression moulded PE;K,
annealed PE at atmospheric pressure;A, CEPE;S, work-hardened metals
[16]. The straight lines follow the theoretical models of elastoplastic inden-
tation from: ····· ·Marsh [17]; —Johnson [19]; – – – Studman et al. [20];
— — Perrot [21].



within the region of elastoplastic contact. This approxi-
mately comprisesH=Yc values from 0.5 (first yield for a
Vickers indenter occurs atPm , 0:5 Y [19]) up to three
(fully plastic deformation). Along the abscissa, for
Ec tanb=Yc values higher than 40–60, the rigid-plastic
mode of deformation prevails while forEc tanb=Yc , 1;
the response is largely elastic. Data for some work-hardened
metals have been also included in Fig. 2 to illustrate the
H–Yc correlation for fully plastic materials,H � 3Yc

(horizontal dashed-dotted line).
The theoretical straight lines in Fig. 2 agree reasonably

well with the experimental data for all the PE samples
investigated. The best fit possibly corresponds to Johnson’s

model although the difference with other approaches is
small within the range ofH=Yc values considered.

According to Johnson’s model, thePm=Ec ratio is
described through:

Pm

Ec
� Yc

Ec

2
3

2 1 ln
Ec tanb

3Yc

� �� �
: �3�

Analogous equations can be derived for the mechanical
models of Marsh [17], Studman [20] and Perrot [21]. Fig. 3
represents the theoretical curve described in Eq. (3) relating
Pm=E with Yc=Ec and using a value ofH � 0:927Pm: Data
for work-hardened metals are included together with the
straight line indicating the fully plastic behaviour (dashed
line). For Yc=Ec , 0:01 �Ec tanb=Yc . 40�; the material
behaves as ideally plastic and Tabor’s relation applies
�H=Yc , 3�: The data plotted in Fig. 3 for all the PE samples
investigated are shown to be in good agreement with Eq.
(3). As theYc/Ec ratio diminishes towards the fully plastic
deformation, theH=Ec values decrease. Chain-extended PE
shows the lowestYc=Ec values in agreement with the
higher crystallinity values found for this material.

4.3. Hardness to elastic modulus correlation

Fig. 4 illustrates theH vs.Et values for all the PE samples
investigated. Data from other melt crystallized PE samples
(taken from Ref. [25]) have been also included. Micro-
hardness shows a general tendency to increase with increas-
ing elastic modulus. In the previous section we found
H , 3 Yt: Moreover, Struik developed a model on account
of the intermolecular forces between two molecules, which
relates the yield stress to the elastic modulus offering the
prediction [26]:

Y < E=30: �4�
Struik successfully tested Eq. (4) for various semicrystalline
and amorphous polymers subjected to tensile experiments.
If we make use of Eq. (4) together withH � 3 Yt; then we
obtainH < E=10: This correlation has been represented in
Fig. 4 by a straight line. The experimental data correspond-
ing to chain-folded PE are in fair agreement withH �
Et=10: However, data for CEPE, most especially for CEPE
with high molecular weight�E � 1620 MPa�; show severe
deviations from the theoretical predictions. This result
seems to imply that lamellar thickness is here no longer
the dominant morphological factor. In the case of chain-
extended material, lamellar connectedness plays instead a
more decisive role in determining theE value. The main
reason for ductility in ultrastiff CEPE has to be sought, in
fact, in the strength and toughness of the interlamellar
material, which directly increases with the number of
interlamellar connections [27].

5. Conclusions

1. For melt crystallized and chain-extended PE with a wide
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Fig. 3. Plot ofH=Ec as a function ofYc=Ec for all the PE samples investi-
gated. Data for work-hardened metals are included for comparison.
Symbols as in Fig. 2. The theoretical curve is drawn according to Johnson
[19].

Fig. 4.H variation withEt for: X, compression moulded PE;O, annealed PE
at atmospheric pressure;B CEPE;P, melt crystallised (chain-folded) PE as
taken from Ref. [25].



range of morphologies we find the relationship:H , 3 Yt

provided the strain rates employed in the tensile and
indentation tests are comparable.

2. For the yield stress in compression, deviations from
Tabor’s relation giving valuesH , 2 Yc are found.
This is presumably due to the elastic strain of the
indented material. A detailed analysis of theH=Yc ratio
on the basis of mechanical models of elastoplastic inden-
tation reveals that H=Yc linearly increases with
ln�tanbEc=Yc�: Compression moulded (chain-folded)
PE samples, which present the lowest crystallinity of
all the samples investigated, also show the lowestH=Yc

ratio as a consequence of the comparatively large elastic
strains.

3. The H=Ec ratio is shown to decrease with
decreasing Yc=Ec ratio following the theoretical
prediction for elastoplastic indentation. CEPE
shows the lowestH=Ec values in agreement with
an enhanced plastic behaviour in contrast to chain-folded
PE.

4. Hardness is related to Young’s modulus, as derived from
tensile experiments, throughH , Et=10; in agreement
with Struik’s model predictions ofY , E=30:
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[6] Baltá Calleja FJ, Fakirov S. Trends Polym Sci 1997;5:246.
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