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Abstract: The nanoindentation creep behaviour of several different polymers has been investigated. The extent of
creep ¢ is represented by the Chudoba and Richter equation: ¢ = ¢, In(e,t + 1), where ¢ is the loading time and &,
and &, are material constants. Creep was determined in this way for a variety of polymers at Ty, = 301.7 K. Some
of the materials studied were far above, some far below and some near their glass transition temperatures T,. The
creep rate &, was plotted as a function of y = (T; — Texper); a single curve was obtained in spite of a large variety
of chemical structures of the polymers. The ¢, = ¢,.(y) diagram can be divided into three regions according to the
chain mobility. At large negative y values, the creep rate is high due to the liquid-like behaviour. At large positive
y values in the glassy region, the creep rate is higher than that in the negative y-value region; the creep mechanism
is assigned to material brittleness and crack propagation. In the middle y range there is a minimum of ¢,.. These
results can be related to glassy and liquid structures represented by Voronoi polyhedra and Delaunay simplices.
The latter form clusters; in the glassy material there is a percolative Delaunay cluster of nearly tetrahedral high-
density configurations. The creep mechanism here is related to crack propagation in brittle solids. In the liquid
state there is a different percolative Delaunay cluster formed by low-density configurations, which, as expected,
favour high creep rates.
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INTRODUCTION

When materials are subjected to a constant load
for a period of time, a time-dependent deforma-
tion — namely creep — is observed. Creep is an impor-

very high strain rate indentation in addition to more
conventional quasi-static indentation, thus enabling
comparison between PBM properties at high and low
strain rates. Results to date have shown that it is not
always possible to infer properties at high strain rates

tant phenomenon not only for describing viscoelas-
ticity of polymer-based materials (PBMs) but also in
the design of products made from PBMs. Thus, creep
affects significantly service performance and service life
of PBMs.! =8 A better understanding of creep would
clearly improve our ability to enhance the service per-
formance of polymers, polymer-containing composites
and hybrids.

We have performed creep testing of several
polymeric materials using nanoindentation. The
technique has been used to characterize mechanical
properties such as hardness and elastic modulus of
a wide variety of materials, although there is still
some debate about whether it is possible to determine
meaningfully the hardness of strongly time-dependent
materials.’~!3 Results obtained from nanoindentation
have an important advantage over those from
conventional methods: they can separate creep from
wear. The nanoindentation has been performed with
a Micro Materials NanoTest system which allows for

from measurements obtained at lower strain rates.!3~1>

In previous work®!>~18 we concentrated on the
exact fitting of the initial phase (0—60 s) of indentation
creep results to a simple equation proposed by
Chudoba and Richter:!°

e =¢cln(ez+ 1) (1)

where ¢ is the increase in depth at maximum load,
t is the loading time and &. and &, are mate-
rial constants determining the extent of creep and
the rate of creep, respectively. Since the quality of
the fit of experimental results to Eqn (1) is very
good, the method has been used to identify subtle
changes in creep behaviour with additive loading or
density of cross-linking of a range of polymer sys-
tems such as acrylonitrile/butadiene/styrene (ABS),!”
poly(ethylene terephthalate) (PET),!>!7 poly(ethylene
oxide) (PEO) + clay®!” and cross-linked plasma poly-
merized hexane films.!%1® The initial depth prior to
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the hold segment (see below) was kept constant by
means of a depth-terminated nanoindentation load
ramp.

We know from the viscoelasticity theory that
creep, including its time dependence, is controlled
in polymeric materials by the free volume available for
molecular (segmental) motions.!~® According to one
explanation, around the glass transition temperature
T, heating creates sufficient free volume of to allow
molecules to move relative to one another.?® As
advocated by Flory?! and others, the free volume
can be calculated as

o= — o (2)

where v is the specific volume (usually in cm3g™1)
and o* is the incompressible or hard core volume
obtainable from o(T, P) results via an equation of
state such as that developed by Hartmann and
Haque.?? We postulated that a correlation between
the parameters in Eqn (1) and 7, (a point representing
the glass transition region) would exist. We keep in
mind that the location of T, is determined by of
changes.

EXPERIMENTAL

Materials

Materials selected were based on wide ranges of their
chemical structures, mechanical properties and a vari-
ety of applications. Polystyrene (PS) was purchased
from Aldrich Chemicals Company. Santoprene® was
supplied by Advanced Elastomer Systems, Houston,
TX. Santoprene is a thermoplastic elastomer, con-
taining ethylene propylene diene monomer (EPDM)
and polypropylene (PP) copolymer. Surlyn® 8140 was
supplied by EI du Pont de Nemours, Wilmington,
DE; it is a thermoplastic resin, an advanced ethy-
lene/methacrylic acid (E/MAA) copolymer, in which
the MAA groups have been partially neutralized
with sodium ions. Polycarbonate (PC), acrylonitrile-
butadiene-styrene (ABS) copolymer and polytetraflu-
oroethylene (PTFE) were supplied by Dow Chemical
Company. PP was supplied by Phillips. Low-density
polyethylene (LDPE) was supplied by Huntsman.
Polyethersulphone (PES) was supplied by Solvay
Engineered Plastics.

Nanoindentation creep testing

A NanoTest System manufactured by Micro Materials
was used for the nanoindentation creep testing;
the technique has been described previously.513-18
Briefly, the machine is a pendulum-based depth-
sensing system, with the sample mounted vertically
and the load applied electromagnetically as shown
schematically in Fig. 1. Current in the coil causes the
pendulum to rotate on its frictionless pivot so that
the diamond probe penetrates the film surface. We
used a Berkovich-type three-sided pyramidal indenter,
angle 65.3°, with an equivalent conical indenter
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Figure 1. Schematic of the NanoTest system.

angle of 70.3°. The equivalent angle gives the same
area-to-depth ratio as the actual Berkovich indenter.

Test probe displacement was measured with a
parallel plate capacitor achieving sub-nanometre
resolution. Indentations were load-controlled to 5
mN maximum load at 0.2mN s}, followed by a 60's
holding period at this peak load for creep testing.
Twenty tests were performed on each of the nine
polymer samples at various locations on the surface of
a given sample.

Analysis methodology

As already mentioned, Eqn (1) has been used
previously®!°~18 to fit the creep behaviour and has
been found to indicate sometimes rather subtle dif-
ferences in the rate and extent of the time-dependent
deformation; ¢. is interpreted as an extent term and
& as a rate term. Normalizing, that is dividing e. by
the initial deformation at the first indentation &£(0),
provides a dimensionless parameter, &./&(0), which
enables comparison of different materials. In our ear-
lier work, the initial deformation was set equal by
means of a depth-terminated load ramp, although val-
ues of ./¢(0) themselves were not explicitly quoted.
Somewhat similarly, Berthoud ez al.?> analysed the
logarithmic behaviour using an Eyring-type creep law
in terms of scalar stress and strain for a spherical
indenter. According to them, the fractional increase in
depth (i.e. strain) ¢/£(0) is

€/€(0) = meg In(z/7 + 1) 3)

where 7 =1/, = creep time and g = &./6(0) =
strain rate sensitivity. We have chosen to fit the first
60s of the experimental creep data to a modification
of Egn (1) such that quantities on both sides are
dimensionless:

£/€(0) = [ec/e(0)] x In(erz + 1) (4)
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Figure 2. lllustrative creep results for (a) PS, (b) PP and (c) PES.

It has been shown previously?* that s, varies with
the loading time while ¢,/¢(0) is relatively insensitive
to the loading time.

RESULTS

Although indentation testing is possible at non-
ambient temperatures (25—750°C) with the Nano-
Test, in this study all the indentation creep properties
were determined at a temperature close to room
temperature, Texper = 307.1 K. Illustrative creep test
results for PS, PP and PES are shown in Fig. 2. In
all cases the fit to Eqn (4) is excellent. The results
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are summarized in Table 1. By testing close to room
temperature, on purpose some polymers studied are
far above, some far below and some near the glass
transition temperature. Since large differences in
behaviour are expected far below and far above Ty,
we define

y= Tg - Texper 5)

to represent numerically the distance from the glass
transition temperature. Clearly negative y values
correspond to rubber- or liquid-like behaviour and
positive y values to glassy behaviour.
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Table 1. The creep parameters for each polymer and the glass
transition temperatures

Polymer ee/€(0) er Tg (°C)
PES 0.0155 0.939 206.4
PC 0.0139 1.028 144.8
ABS 0.0296 0.521 109.4
PS 0.0320 0.477 107.5
Surlyn 0.0220 0.395 57.4
PTFE 0.0400 0.442 111.6
PP 0.0440 0.325 -7.8
LDPE 0.0130 0.696 —126.8
Santoprene 0.0710 0.155 —46
0.08
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Figure 3. Strain rate sensitivity e¢/¢(0) as a function of y as defined
by Eqgn (5).

ANALYSIS OF THE RESULTS

Results of the first attempt to investigate the creep
parameters are shown in Fig. 3. The plot of ¢./£(0) as
a function of y is fairly complex. A maximum seems
to be present. Previously?* a complex relationship
has been observed also between &./¢(0) and T — T,
for a range of amorphous and semi-crystalline
samples. In particular, ultrahigh-molecular-weight PE
(UHMWPE) showed large values of ¢./e(0) despite
being far from T}, in sharp contrast to LDPE which
exhibits low &./e(0). Differences in crystallinity may
be responsible for this.

In turn, we now consider the strain rate sensitivity
as a function of the creep time. Figure 4 shows such
a plot. In this case a clear correlation is found. An
inspection of earlier data indicates that this correlation
applies to a variety of polymer systems.

Finally, we return to our considerations based on
the free volume defined by Eqn (2). Large negative
values of y defined by Eq. (5) mean that we are far
above T; in the liquid or rubbery region. This implies
high of values, consequently large chain mobility, and
thus high creep rate ¢,. We plot ¢, = &.(v) in Fig. 5.

Apart from some variations possibly caused by
differences in crystallinity, a single &,(y) curve has been
obtained. Our initial assumption has been confirmed:
the larger the negative values of y, the larger the creep
rate.
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Figure 4. Strain rate sensitivity ¢¢/¢(0) as a function of creep time
1/¢;. The perfect fit would correspond to RZ = 1.

1.6

1.4-
1.2-
10-

> 081
0.6—-

0.4 1

0.2

0.0 T T T T T T T T T T T T T T T T
-200 -150 -100 -50 0 50 100 150 20
y

Figure 5. Creep rate ¢, as a function of y defined by Eqn (5).

A more detailed analysis of Fig. 5 led us to divide
the range of y into three different regions. One at large
negative y values has already been explained. Another
is at large positive y values, i.e. for T of polymers far
above Texper. Thus, polymers are glassy in this region.
The mechanism, therefore, has to be vastly different.
Large negative y values are caused by chain mobility
but at large positive y values there is very little mobility.
Thus, fory > 50 K or so, material brittleness and crack
propagation are likely to be the dominant mechanisms
of creep. We recall molecular dynamics simulations
of crack propagation in two-phase polymers including
polymer liquid crystals (PLCs).2-26

In the middle of y range, that is for small y values,
there is a minimum of &,. We do not have brittleness
caused by large positive y values, nor high chain
mobility due to high free volume for large negative y
values. Thus, both creep-causing mechanisms are weak
around y = 0. We recall also an earlier result for the
PEO + clay system in which the value of ¢, decreases
with increasing amount of clay, a consequence of a
mobility decrease.®

Analysing the results presented in Fig. 5, we recall
the application of the Voronoi—Delaunay approach?’
to understand the difference in the structure between
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Figure 6. Voronoi—-Delaunay tessalation for a set of points in
two-dimensional space.

liquid and glassy phases.?® This is based on a century-
old approach of the Ukrainian mathematician Hrihory
(Georges in his papers written in French published
in a German journal) Voronoi.??3° Consider a set of
points in space. For simplicity let us limit ourselves to
two dimensions. We draw lines connecting each point
to its nearest neighbours; these are the thin lines in
Fig. 6. The resulting structure is called the Delaunay
simplex.

At the midpoint of each connecting line between any
two points of the original structure a line is now drawn
perpendicular to that connecting line (thick lines in
Fig. 6). For every point we use the perpendicular
lines to create the smallest polygon surrounding the
point. The polygon is an intersection of half-spaces (for
details see either the original papers?®3° or Brostow
and Castario?”) and is called the Voronoi polygon. It is
a dual structure with respect to the Delaunay simplex.

In three dimensions we have the Voronoi polyhedra
instead of polygons. For a given set of points, the
complete set of the polyhedra is called the Voronoi
diagram. There are computer methods of generating
the Voronoi diagram for a given set of points.>!:>?
Dealing with amorphous (glassy) or liquid materials,
we find that the Voronoi diagram characterizes the
material structure. The points correspond to atoms
(in metals, or for instance in argon), to ions, or in
polymeric materials to single mers or to representative
(statistical) mers.?! The Voronoi diagram approach
is applicable to any materials including crystals.
However, in crystals the results are equivalent to
those given by classic crystallography. The connection
between the Delaunay figures (constituents of the
Delaunay simplex in Fig. 6) and the crystal cells is
easy to see.

Methods of characterization of structures by the
Voronoi polyhedra rely on the size distribution of
the polyhedra, distribution of the numbers of faces,
distributions (or averages) of the face surface areas, etc.
A useful measure of the structure has been defined by
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Medvedev and Naberukhin?? and called tetrahedricity
Ty. It can be calculated from the Delaunay simplex
information as

Th=Y (G:i—1*/15()° (6)

i>j

where /; is the length of the i-th simplex edge
and (/) is the average edge length value in the
material. According to Eqn (6), for 71, = 0 we have
a regular tetrahedron structure. Thus, the higher are
the values of T}, the larger are deviations from regular
tetrahedricity.

It has been demonstrated®® that liquids (our y
negative) have monomodal histograms of relative
frequency of occurrence wversus Ty. There is a
percolative cluster, with low local density and high
mobility, going across the entire material. Thus, such
a cluster tends to be deformed easily and favours high
&r. This situation corresponds to the left branch of the
curve in Fig. 5, with experimental points marked by
asterisks.

In the glassy phase (y positive), the liquid-like
cluster is absent.>®> There is a marked minimum in
the histograms for 7y, ~ 0.016. For Ty, < 0.016 there
is a different percolative cluster consisting of a nearly
regular tetrahedral configuration with high segmental
density. It seems plausible to assume that this T}
region corresponds in Fig. 5 to the central part of the
diagram; it includes also some small negative y values.
We are close to T on either side of y = 0; T, is low, the
tetrahedra nearly regular. For larger positive y values
we see a jump to a higher ¢, plateau. As already argued
above, the mechanism of creep here is similar in nature
to crack propagation in brittle solids.

The present work is a part of a large programme
aimed at understanding the tribology of PBMs using
a variety of approaches.>*=37 The conclusions of this
study are also supported by results of nanoindentation
creep tests at elevated temperatures.>®
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