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Microhardness studies of chain-extended PE: II.
Creep behaviour and temperature dependence
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The variation of hardness with indentation time has been investigated for chain-extended
polyethylene (PE), other PE samples crystallised under different conditions and paraffins.
Hardness is shown to decrease with indentation time for all the samples investigated
according to a power-law. Chain-extended PE, produced by high pressure crystallization or
annealing, flows at the lowest rate under the indenter of all the PE samples considered. On
the other hand, paraffins creep at the highest rate. Creep behaviour depends markedly on
the crystal thickness of the material. The mechanical properties at long indentation times
seem to be determined primarily by the deformation modes of the crystals. The
temperature dependence of hardness and that of the creep behaviour has also been
investigated. In chain-extended PE, the softening of the sample and the higher rate of creep
with increasing temperature are discussed in terms of the thermal expansion of the unit
cell. © 2000 Kluwer Academic Publishers

1. Introduction The time dependent part of the plastic deformation
Recent years have seen the microindentation hardnedsiring loading (creep) also plays an important role [9].
technique gaining increasing application in the characHardness values reported in the literature usually refer
terisation of the structure and morphology of polymersto short indentation times of a few seconds so as to
[1-5]. The method uses a sharp indenter that penetrat@sinimize creep. Several microindentation studies on
the surface of the specimen upon application of a giverpolymeric materials show that hardness decreases with
load at a known rate. Pyramidal indenters are best suiteithddentation time, following a function of the form [9]:

for indentation tests. Here the hardness, in principle,

does not depend on the size of the indentation and the H=Ht™ 1)
elastic recovery is minimised in comparison to other

indenters. During an indentation test the response of whereHj is the hardness at a given reference tirael
polymeric material is initially elastic. When the stressesand k is the so-called creep constant. The creep be-
exceed the elastic limit, plastic flow occurs and a permahaviour of extruded PE fibres has also been investigated
nent deformation arises. At this stage, the plastic yield10, 11]. In that cas& was shown to be an anisotropic
stress and the elastic modulus govern the elasto-plastinagnitude, with values in the range3L0-2>-8 x 102
response to indentation [6]. When the load is removeddepending on indentation direction and extrusion tem-
the indentation depth recovers elastically while the diperature [11]. A decrease of hardness with increasing
agonal of the impression remains nearly unaltered [7]indentation time was also found for cold-drawn chain-
The complicating effects of viscoelastic relaxation arefolded and chain-extended PE [12]. The question as
usually minimised by measuring the indentation diag-to how the creep behaviour of a polymeric material is
onal immediately after load release [8]. The size ofaffected by morphological or structural changes, how-
the permanent area of impression has been shown ®&ver, still remains open.

depend on the arrangement and structure of the micro- The present paper is the second of a series concerning
crystals and the specific morphology of the polymericthe study of the microhardness of chain-extended PE
material [8, 9]. From a mechanical point of view, the [13, 14] and describes the time dependence of microin-
polymer may be regarded as a composite consisting alentation hardness of chain-extended PE samples com-
alternating crystalline and disordered elements [8]. Arpared to their chain-folded counterparts. For the sake
earlier study of the hardness dependence on the densityf comparison, data for the creep behaviour of a series
o, of melt crystallized polyethylene (PE), revealed thatof paraffins are also discussed. High pressure anneal-
for crystallinities larger than 50%, the plastic strain ising or crystallization of PE is known to produce chain-
dominated by the deformation modes of the crystals [9]extended lamellae [15, 16], in contrast to chain-folded
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PE obtained from crystallization from the melt atatmo- The dependence of hardness on indentation time for
spheric pressure. The different morphologies and mithe series of even paraffins was also investigated for
crostructure developed for the same polymer in theseomparison with the creep behaviour of PE. Microhard-
systems provides a good opportunity to investigate th@ess measurements fopdOwnvere performed at room
dependence of creep on morphology and microstruciemperature. Microindentation experiments on other
ture for polymers of different molecular weight. The paraffins investigated were carried out at a temperature
effect of measurement temperature on the hardness afid determined from:

creep behaviour of these systems is also investigated.
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2. Experimental
2.1. Materials
PE moulded sheets of Rigidex Bl = 155000 g/mol)

whereTcoois the melting point of the & paraffin,T; is
room temperature ant, is the melting temperature

and Hifax (M, > 2 x 1P g/mol) were treated at 13G of the paraffin wittn carbon atoms. This procedure was
for different annealing times (see ref. [13] for more considered to provide equivalent testing conditions for

details). In addition, the original moulded sheets were?!! the paraffin systems under study.
crystallised or annealed at high pressuré (kbar) at

different temperatures as described in the precedin

paper [13]. In the present study, we also report data fog- Results o )
Rigidex 9 and Hifax samples crystallised at 3 kbar and3-1- Hardness variation with

4 kbar following a procedure analogous to thatreported  indentation time -
in ref. [13]. Fig. 1 illustrates a double logarithmic plot &f as a

The thickness of the lamellae for all chain-extendedunction of indentation time, according to Equation 1,
PE samples has been measured by gel permeation chi®r the various isotropic PE samplebl, = 155000
matography following treatmentwith fuming nitricacid 9/mol) prepared under different conditions. Data near
as described in part | [13]. The average crystallinel =0.1 min are usually adopted as the hardness value
lamellar thickness for chain-folded samples was defor polymers [8, 9]. The high degree of crystallinity and
termined from small angle x-ray experiments [13]. large crystalline lamellar thickness values observed on

A series of even paraffins was also investigated. Th&hain-extended PE samples give rise to unprecedent-
number average of carbon atoms ranges from 20 to 4@dly highH values [13] (see Fig. 1). In addition, the
The samples were quenched from the melra@.0rhe  hardness of chain-folded PE was shown to increase on
Cyo paraffin presents the lowest melting temperaturé‘””eal'”g (see Fig. 1) according to the crystal thickness
from the series of paraffins investigatdgh(= 3099 K). increase. A detailed discussion of the hardness varia-
The temperature dependence of microhardness for thi#on With the processing conditions and a description

series of paraffins was the object of an earlier study [17]°f the morphology of chain-folded and chain-extended
samples is given in part | [13]. In all caskksfollows a

power-law decreasing function with indentation time.

2.2. Techniques According to Equation 1, the slope of each straight line

Microhardness measurements on all samples were car-
ried out at room temperature except when stated em
ploying a Vickers pyramid diamond. The microhard-
ness valueH, was derived from:

M, =155.000 g/mol
100 -

] M Chain

0 extended

|

P
H= 1.854@

)

P is here the applied load ardithe diagonal of the
residual impression. The permanent deformation wa:$
measured immediately after load release to avoid lonE,
delayed recovery. Loads of 147, 245, 490 and 981 mMT
were used, for an indentation time of 0.1 min, in order
to correct for the instant elastic recovery. This correc-
tion was then applied to derive th¢ values using in-
dentation times in the range 0.1-21 min and a load o
147 mN.

A hot plate, capable of being controlled between
25 and 140C was used for hardness measurement:
at higher temperatures. The hot stage temperature w:
calibrated against various polycrystalline standards. Ir.
order to improve the optical contrast of the Impresswn%igure 1 Double logarithmic plot of hardness vs. indentation time for

Chain
folded
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at high temperatures a 1@0thick aluminium film was
evaporated on the polymer surface.
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TABLE | Processing conditions and creep constant for the PE sampleghe dependence of |dg on |ogta is linear. Thek values

investigated. for all the high molecular weight samples investigated
Sample Processing conditions  kx 12 are included in Table I. For them also the rate of creep
is higher for the atmospherically-crystallized samples
Compression moulded 104 (k~0.08-0.12) than for the pressure-crystallized ma-

fﬂhai”'lf‘;'gedlos ol 1a=ggg :a=2-1h h ﬂ-g terial (K ~0.04—0.08). Finally, no significant variation
w=1.55x g/mo Q= a= . . .
(Rigidex) T.—130°C t.—3 h 117 of k with M, is observed.

Ta=130C t,=24 h 11.2

Ta=130C =70 h 12.3

Annealed at 235C (5.3 kbar) 5.8 3.2. Temperature dependence of hardness
Chain-extended Annealed at 245(5.3 kbar) 6.8 Fig. 3 shows the hardness variation with temperature for
Mw=155x10° g/mol  Crystallised at 22% (3 kbar) 5.2 a chain-extended high molecular weight sample crys-
(Rigidex) Crystallised at 24€ (4 kbar) 5.4 tallized at 260C and 5 kbar. Hardness is known to vary

Crystallised at 260C (5 kbar) 6.3

with temperature according to [9, 17, 18]:
HO020 (fraction of Rigidex) Crystallised at 260 (5 kbar) 7.0

Compression moulded 9.5 H = Ho e—ﬂT (4)
Chain-folded Ta=130C t,=0.1 h 8.4
My > 2 x 16¢ g/mol Ta=130C ta=1 h 9.4
(Hifax) Ta=130C t,=3 h 11.6 where Hg is the hardness at 0 K3 is the coefficient
Ta=130C ta=24 h 7.8 of thermal expansion andl is the absolute temper-
Ta=130C ;=70 h 11.9 ature of measurement. The data in Fig. 3 give a
. Annealed 235C (5.3 kbar) 7.0 value of 5.31x 10~3 K1 within the temperature range
Chain-extended Annealed 245 (5.3 kbar) 7.9 . .
My > 2 x 10° g/mol Crystallised at 22% (3 kbar) ~ 3.9 200C < T <100°C. NearT =100°C there is an inflex-
(Hifax) Crystallised at 240C (4 kbar) 3.6 ioninthe hardness vs. temperature plot, leading to much
Crystallised at 260C (5 kbar) ~ 4.7 higherg values forT > 100°C (8~ 2.2 x 1072 K1),

From indentation experiments on other semicrystalline
polymers [18],8 values in the range 0102 K~* are
shown in Fig. 1 offers a measure of the rate at whichreported. These values are larger than those found for
the material is displaced under the indenter (creep corchain-extended PE below 1QD. Fig. 3 also includes
stant). Results show thkis lowest for chain-extended the variation of the cross sectional area per molecule
PE samples. The values of the creep constants for aih the unit cell,A (A=a x b/2), vs.T for an infinitely

the samples investigated are given in Table |. The datéhick PE crystal, as taken from reference 19. The grad-
collected in this table confirm that medium molecu- ual variation ofAvs.T for T > 60°C (dashed line) has
lar weight chain-extended PE samples creep less undéeen drawn by extrapolation of the low temperature
the indenter, wittk values in the range 0.05-0.07, than data. One sees that the increase in the cross-sectional
the atmospherically-crystallized samples, which showarea of PE with temperature parallels tHedecrease

k values in the range 0.10-0.12. Fig. 2 presents a dowbserved with increasing temperature.

ble logarithmic plot ofH vs.t for chain-folded and Fig. 4 shows the variation of logl with logt for
chain-extended high molecular weight samples; agaithe chain-extended PE sample of Fig. 3 measured at
two different temperatures. The rate of creep under
the indenter clearly increases when the temperature

M. >2x10° g/mol
100 v 100
: % Chain -
] extended & - 188
- = 9
o 1 T » >C§'
= =
T o
2 50
< 18.4
5 4 Chain -
folded
10 e 0 | | 18.0
0.1 1.0 10.0 100.0 0 50 100 150
t [min] T[°C]

Figure 2 Plot of logH vs. logt for high molecular weight PE samples: Figure 3 Temperature dependence of hardnesst ferl min () and
O, original moulded films\, annealed at 13C for 1 h;¢, crystallised  the cross sectional area per molecule of the unit cel) for the high
at 260C and 5 kbar. molecular weight sample crystallised at 260under 5 kbar.
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Figure 4 Plot of log H vs. logt at two different temperatures for the Figgre 5 Plot of k VS. I¢ for the \_/arious materialsE!, _paraffins; .
high molecular weight sample crystallised at 26Qunder a pressure of ~ chain-folded PE (Rigidex) , chain extended PE (Rigidex, chain-
5 kbar. extended high molecular weight PE.

is raised from room temperaturk £ 0.05) to 123C  Vvestigated samples being largely independent of crys-
(k=0.16). tallinity while depending strongly on the thickness of

the crystals.

4. Discussion 4.2. Temperature dependence of hardness

4.1. Creep-microstructure correlation The softening of chain-extended PE with increasing
The results compiled in Table | show that thealues of o herature is directly related to the thermal expansion
all chain-folded PE samples lie in the range 0.08-0.12¢ 16 crystalline phase, which induces a decrease in the

apparently independent of the molecular mass of the,pegjon energy of the molecules. The cross sectional

sample. The chain-folded high molecular weight mate— .4 gata in Fig. 3 do not show an inflexion point at

rial_exhibits crystallinity valuesy, intherange 0.5-0.6, T . 100°C as these data have been calculated from the
while values for the lower molecular mass PE sampleg,yranolation of theA values at low temperatures [19].
are as high as 0.84 after long annealing treatments [13}, 5qgition, the thermal expansion of the amorphous
Hence, the creep behaviour of the samples varies “m‘?egions, which represents 24% of the material [13],

with the level of crystallinity. On the other hand, chain- 1 also contribute to thel decrease with increasing
extended PE presents a higher resistance to plastic ﬂoi’émperature.

under the indenterk(=0.04-0.08) than chain-folded 116 inflexion observed at 100 when examining

PE (=0.08-0.12). A possible reason for the differ- \ho pehaviour of hardness with temperature, suggests
ent creep behaviour found for PE samples crystalliseq,,q gifferent mechanisms. On the lower temperature

at high and atmospheric pressure follows from Fig. Sgjge the deformation of crystals may be dominated
Here, the plot ok as a function of the crystalline lamel- by a chain slip mechanism. At = 100°C, the higher

lar thicknessl, for all PE and paraffin samples, Shows (516 of creep of the material may be connected with
that there is a close relgtlonshlp between the creep CoRre onset of torsional motions of the chain segments
stantand the crystal thickness. At smalalueskde- 51450 the chain axis, inducing partial disordering of

creases steeply with incregsing crystgl thickness. Howg, o crystalline lattice [9] preparatory to melting of the
ever, the rate of decrease is substantially reduced WhgRinnest/most deformed lamellae.

|lc approaches values for chain-folded PE. Atlafge  The gata presented in Fig. 4 show that the rate of

values k remains approximately constant. creep of the material is also temperature dependent.

In accordance with previous studies on melt crys—rhis'means that thie-parameter increases as the cross
tallised PE samples [9], we suggest the following de-,

X ; X ; “~sectional area per molecule in the unit cell of PE is
formation modes of the material during an mdentatlonexpanded_
test: on the initial, quasi-elastic stages of indentation,
the amorphous layers are deformed under the applied
compressive force and crystallites remain more or less. Conclusions
intact. However, at larger indentation times, with the — The hardness of chain-folded and chain-extended
disordered regions highly compressed, the mechanical PE has been shown to decrease with indentation
properties are primarily governed by the plastic defor-  time following a power-law.
mation of the crystals. The above proposed model of— The creep behaviour of chain-folded PE shows

deformation accounts for the creep behaviour of the in-  little dependence on the molecular mass of the
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sample (and hence, of the degree of crystallinity), 4.

within the range olM,, investigated.

— Thek-parameter seems to primarily depend on the
crystal thickness. Thus, chain-extended PE shows,
the lowest rates of creep of all morphologies and

paraffins the highest ones. The yield behaviour at 7.
8. F. J. BALTA CALLEJA, Trends Polym. ScP (1994) 419.
9. Idem Adv. Polym. Sci66 (1985) 117.

10.

long indentation times is dominated by the defor-
mation mode of the crystals.
— The softening of chain-extended PE with increas-

ing temperature correlates with the thermal expan- 1,

sion of the cross sectional area per molecule in the
unit cell.
— The creep constant increases with increasing tem-
perature, i.e., with the cross sectional area of the
unit cell.
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