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Abstract: We compared the results of various microscale indentation creep (microcreep) measure-
ments with macroscale tensile creep (macrocreep) measurements of three common polymers: high-
density polyethylene (PE), polypropylene (PP), and polystyrene (PS). The main objective was to
verify if the short-term microcreep experiments could predict long-term macrocreep behavior of
the selected polymers, whose properties ranged from very soft and ductile (PE) to very hard and
brittle (PS). The second objective was to compare several creep predictive schemes: the empirical
power law model (PL) and several types of phenomenological elasto-visco-plastic models (EVP).
In order to facilitate this task, we developed a universal program package named MCREEP, which
fits PL and EVP models to both tensile and indentation creep data. All experimental results and
theoretical predictions documented that: (i) regardless of the creep experiment type, both micro- and
macrocreep resistance increased in the following order: PE < PP < PS, (ii) the short-term microcreep
experiments could be used to predict qualitatively the long-term macrocreep behavior, and (iii) the
simple empirical power law model yielded better predictions of long-term creep behavior than the
more sophisticated elasto-visco-plastic models.
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1. Introduction

In materials science, creep (sometimes called cold flow) is a slow deformation of a
solid material subjected to a long-term load. It is especially important for soft polymer
materials (such as synthetic polymers and biopolymers), which typically exhibit much
higher creep than hard inorganic materials (such as metals, alloys, ceramics, minerals and
rocks) [1]. While the inorganic materials at common loads tend to exhibit relatively low
deformations that are mostly elastic (i.e., time-independent and reversible), the polymer
materials at comparable loads usually exhibit substantially higher deformations that are
typically elasto-visco-plastic (i.e., time-dependent and not always fully reversible) [1,2].

Typical macroscale creep experiments (macrocreep) on polymers are performed in
tension (tensile creep; ISO 899), at relatively low stresses (below the yield stress, Y), and the
experiment times are long (ranging from hours to days or even weeks) [3-5]. Microscale
creep experiments (microcreep) are less common, but they can be performed easily by
means of modern microindentation or nanoindentation hardness testers (indentation creep;
ISO 14577). In comparison with macrocreep, the maximum stresses during the microcreep
indentation measurements are usually higher (above Y), the experiments are shorter (mea-
surement times from tens of seconds to minutes), and the specimens can be much smaller
(the typical indent size on a polymer surface is 10-100 um) [6,7]. More detailed explanation
and comparison of macrocreep and microcreep experiments is given below in Section 2,
but even the basic pieces information within this paragraph indicate that microcreep ex-
periments show two important advantages: (i) significantly shorter measurement times
and (ii) smaller testing specimens. The smaller testing specimens mean not only a lower
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consumption of material (which may be an issue for some special systems prepared in a
laboratory scale), but also a higher reliability of the results due to the better statistics (with
a single specimen for macrocreep it is possible to perform tens or hundreds of microcreep
measurements), and a possibility to investigate local changes of the creep behavior (for
example in the samples exhibiting core-shell morphology due to aging or oxidation). There-
fore, a question arises if it is possible to replace the time-consuming macrocreep tensile
experiments with the shorter microcreep indentation experiments, or at least to employ the
microcreep measurements in preliminary studies and predictions of macrocreep behavior.
According to the available literature, the number of studies comparing the macroscale
tensile creep with micro- or nanoindentation creep is quite modest [8-13], some of them
employs both tensile and indentation creep in macroscale [14-16], and just a few articles
deals with polymer materials [17,18].

This study is focused on direct comparison of macroscale tensile creep (macrocreep)
and microscale indentation creep (microcreep) measurements on three very common
polymers—high-density polyethylene (PE), isotactic polypropylene (PP) and atactic
polystyrene (PS)—whose properties range from soft and ductile (PE) to hard and brit-
tle (PS). We wanted to answer the following two questions: (i) Is it possible to make
qualitative or even quantitative predictions of a long-term macrocreep behavior from
short-term microcreep experiments? (ii) Is the widely used power law model (PL) better
in the predicting of long-term creep data (for both tensile and indentation experiments)
than the more sophisticated elasto-visco-plastic models (EVP)? Moreover, we aimed at
the development of a simple, user-friendly software, which will process both tensile and
indentation creep data in an efficient, consistent and transparent way.

2. Theoretical Background

This section summarizes the key creep relations that were employed in our study.
More creep theory is to be found in suitable textbooks [3,5,19]. We start with the description
of creep from standard tensile experiments (Section 2.1), continue with specifics of creep
determined from indentation experiments (Section 2.2), and finish with a comparison of
tensile and indentation creep measurements and processing (Section 2.3). Moreover, the
last Section 2.3 discusses briefly why the indentation creep experiments might be suitable
for macroscale tensile creep predictions.

2.1. Creep in Tensile Experiments
2.1.1. Principle of Experiments and Basic Types of Tensile Creep Curves

Figure 1 shows a typical tensile creep experiment on a polymer system. The principle
of tensile creep experiment (Figure 1a) is very simple: a deadweight (with mass m) is hung
on a rectangular polymer specimen (with length L, width W and thickness T). The acting
force F = mg (where g = gravity of Earth) induces stress o = F/A (Where A=W x T =
cross-section area) in the specimen.

H Clamp u 81 15 1 oy 03> 0,> 0y
s °]
ample s o 10 4
unloaded = 47 it
i (t,€,) S 5 ] . 54
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01— L_ 04
Deadweight 0 20 40 60 80 100:120 0 100 200 300 400
to Time (s) 4 Time (sx10%)

Figure 1. Scheme of a typical tensile creep experiment with a polymer sample: (a) the experiment
geometry, (b) the typical sample loading as a function of time = the o-t curve, (c) the typical creep
curves (e-t curves) showing the time dependence of strain, ¢, for three different levels of loading. The
creep curves were redrawn according to our measurements and available literature [20-22].



Materials 2023, 16, 834

30f26

We measure the specimen deformation in the form of tensile strain & = ¢ = AL/L
(where AL is length change of a testing specimen) as a function of time (t). As the dead-
weight is applied instantaneously, the -t curves are rectangular functions (Figure 1b) and
corresponding e-t curves (creep curves) show instantaneous elastic deformation followed
by viscous (or visco-plastic) deformation (Figure 1c). The creep behavior is influenced
strongly by the ratio of the applied stress (¢) and yield stress of the polymer (Y) as de-
scribed elsewhere [20-22]. Typically, if o/Y ratio is below 0.3-0.5, we observe just primary
creep (Figure 1c, light red curve). For c/Y between 0.3-0.5 and 0.9-1, the creep curves
exhibit primary creep, secondary creep, and tertiary creep stage, followed by rupture of
the specimen (Figure 1c, medium red curve). For o/Y above 0.9-1, the material deforms
quickly and breaks in a short time (Figure 1c, dark red curve).

In most of real-life applications, the polymers are used at loads well below their Y,
where their deformation is slow and reversible (Figure 1c, light red curve). At higher
stresses the material deforms irreversibly or even breaks (Figure 1c, medium and dark
red curves), which is rather impractical. In this study, all tensile creep experiments were
performed at /Y < 0.5, where all investigated polymers exhibited just the primary creep.

2.1.2. General Relations for Tensile Creep

The deformation of materials depends on their elasto-visco-plastic properties. In
ideally elastic specimens, the deformation is instantaneous, independent on time (t) and
proportional just to the applied stress (0):

e=0/E=Co @D

where E and C = 1/E is the elastic modulus and compliance in tension, respectively.
For polymers, which are elasto-visco-plastic materials, Equation (1) describes just their
initial elastic deformation. This initial deformation is followed by a time-dependent creep
deformation. In general, the total deformation &(f,0) consists of three components: (i) elastic
deformation gy(c) that is instantaneous and reversible, (ii) viscous deformation e,(t,o) that is
time-dependent and reversible, and (iii) plastic deformation e,(c,t) that is time-dependent
and permanent. In the mathematical description of creep experiments, it is practical to
combine viscous and plastic deformation into one viscoplastic deformation ey (t,0):

e(o,t) = eg(0) +ep(t,0) +ep(t,0) = eo(0) +evp(t,0) )

For polymers, the viscous deformation is usually viscoelastic (the elastic component
causes reversibility) and the plastic deformation is usually viscoplastic (the viscous compo-
nent causes time-dependent behavior). This is evident from the elasto-visco-plastic models,
which are discussed below in the Section 2.1.4. The reason why we combine the viscosity
and plasticity contributions (¢, and ¢,) into one member (¢;)) is that the standard creep
measurement monitors just the overall deformation as a function of time and, as a result, it
is not possible to determine which part of the deformation is reversible and which part is
permanent. In order to differentiate the reversible and permanent deformation, we need
an additional measurement after releasing the load. Such an experiment is called the creep
recovery or elastic recovery or reverse creep [23]. In terms of the tensile compliance (which was
defined above as C = 1/E = ¢/0) Equation (2) can be re-written as:

C(o,t) = Co(0) + Co(t, o) + Cp(t, o) = Co(0) + Cop(t,0) (3)

If the experimental creep curves (Figure 1c) could be fitted with a suitable analytical
function, then the prediction of creep behavior would be greatly facilitated. The creep
of polymers usually exhibits non-linear viscoelastic behavior [19,24]. Consequently, the
linear viscoelasticity theory yields just approximate creep predictive models, while the
non-linear viscoelasticity theory failed to give simple creep models of practical value [19].
As a result, there are two main practical approaches how to describe creep of polymer
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materials: empirical creep equations (Section 2.1.3) and phenomenological descriptions
employing spring-and-dashpot models from linear viscoelasticity theory (Section 2.1.4).

2.1.3. Empirical Equations for Tensile Creep

Many equations describing creep behavior of polymer systems as a function of stress
(0) and time (f) have been proposed [3,24]. Most of them are purely empirical, while others
have some theoretical basis. Despite their wide variety of form, they fall into two main
classes, corresponding to the two general equations:

e = F(o,t) )

e = f(o)h(t) Q)

where ¢ is the deformation and f, h and F are functions of ¢ and/or t. The first group of
empirical relations (represented by Equation (4)) is more general, but the second group
(Equation (5)) is more attractive, because it separates influence of stress and time into two
independent functions. Surprisingly enough [24,25], the creep behavior of many polymer
systems at lower stresses (0/Y < 0.3-0.5) has been described plausibly by a simple power
law model (PL):

e(t,o)=Ay-om-t" (6a)

e(t) = Ay - 1" (6b)

where A1, Ay, m and n are empirical parameters of the investigated material. The PL model
(Equation (6a)) accounts for non-linear viscoelastic behavior, as the creep deformation ¢ is
proportional to a non-linear function of stress (f(c) « ¢™). The second form of PL. model
(Equation (6b)) corresponds to the situation when we study creep just as a function of time
for given stress (i.e., o = constant and A, = A; - ¢™). This approach is quite common in the
literature [24] and we use it in this work as well.

Although PL model was quite successful in describing creep of many polymer systems,
there are good physical reasons for expecting that the creep equations should contain a
constant member. Such a member would correspond to instantaneous elastic deformation
(g9 in Equation (2)). This fact is reflected in a slightly improved empirical model that is
called Nutting’s law (NL) [26,27]:

e(t,o) =¢o(0) + Az -0 - 1" (7a)

e(t) = eg+ Ag - " (7b)

where ¢y, A3, As, m and n are empirical parameters of the investigated material. The
parameter gy(0) equals to o/E if the load is applied instantaneously (cf. Equation (1)),
otherwise it can take more complex forms as described elsewhere [27]. In analogy with PL
model, Equation (7a) transforms to Equation (7b) if we study creep just as a function time,
while the stress is fixed (A4 = A3 - 0™). It is worth noting that NL model is a special form of
Findley power law model (FL) [4,19]:

e = £0(0)fo(0) + As - f(0) - 1", ®)

where fy(0) and f(0) are material-specific functions. Further work revealed that fy(0)
and f (o) are hyperbolic sines of o and two material-specific constants o, and o, (fo(o) =
sinh(c/0,) and f(0) = sinh(c/0,). We note that FL transforms to NL if fo(c) =1 and f(0) =
o™ (compare Equations (8) and (7a)) or if we take o as constant (compare Equations (7a,b)
and (8)).

2.1.4. Elasto-Visco-Plastic Models for Tensile Creep

The tensile creep can be described not only by simple empirical equations, as shown in
the previous section, but also by more sophisticated phenomenological elasto-visco-plastic
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(EVP) models. Various types of EVP models are covered in most textbooks of polymer
physics [23,28], so we will just revise them briefly. In general, the EVP models combine
elastic elements (Hookean springs), viscous elements (Newtonian dashpots), and/or plastic
elements (such as sliding frictional elements) [18,23,29]. The EVP models employed in this
work (Figure 2), which are suitable for creep description, are based on previous studies of
Oyen et al. [30-32] and Mencik et al. [6,33].

E
WA= Model EVP1:

S+ D+ 1KV

Model EVP2:

i i S+ D+ 2KV

VAV‘ = VAY‘VEZ VAV‘ ks Model EVP3
ode &

| —— ;rh 172 _Er')3 S 5 D " 3|(V

_/
Y
S-element  D-element KV-elements = Kelvin-Voigt elements — Model elements
a ; N ¢ Deformations
e(t) = A et)=0- e(t) = JZ— [1 — exp (——)] — of individual
0 n (i E; T
i=1 elements
N ¢ Compliances
J@)=0C, J)=Cyut J(t) = Z C; [1 — exp (— r_)] — >  of individual
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Figure 2. EVP models of a polymer system, which are suitable for the creep description. The model
consists of elastic elements (springs; S), viscous elements (dashpots; D) and several viscoelastic
elements (spring and dashpot in parallel configuration; Kelvin—Voigt element; KV). The number of
KV elements can be adjusted to given experiment; for common creep experiments it usually ranges
from one (a) to two (b) or three (c) [6]. We note that possible plastic deformation during the tensile
creep experiment is comprised in the D-element (which represents, in this case, also irreversible
deformation).

The mathematical definition of the EVP model shown in Figure 2 is given by Equa-
tion (9), which describes the creep deformation as a function of time (the meaning of all
parameters is described in Figure 2):

ot X1 t
e(t)—EO+(717+(7i_ZlEi[1—exp(—Ti)} )

The right-hand side of the equation consists of three basic terms: elastic term (spring
element in Figure 2, representing instantaneous elastic deformation), viscous term (dashpot
element in Figure 2, representing viscous deformation that increases with time linearly),
and sum of viscoelastic terms (sum of KV elements in Figure 2, representing viscoelastic
deformation, which increases with time non-linearly up to a certain limit). By the dividing
of both sides of Equation (9) with o, considering the definition of time-dependent creep
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H Indenter Loading force

b A 4

Contact
point

Sample

compliance (C(t) = £(t)-0) and instantaneous creep compliance (Cy = 1/Ep), and defining
fluidity (Cy = 1/#) we obtain:

C(t) = Co+ Cot + %ci {1exp<;ﬂ. (10)

i=1 i

The advantage of EVP models consists in that we obtain some parameters with
physical meaning, namely C(t) and Cy. C(t) is the tensile creep compliance (and modulus
E(t) = 1/C(t)) as s function of time. Cj represents the initial, elastic, time-independent
tensile compliance (and modulus E = 1/C) of the polymer. C, is the inverse viscosity of
dashpot element (C, = 1/7). C; and 7, are compliance magnitude and retardation time of
i-th KV element, respectively. Nevertheless, as discussed by Mencik et al. [6,33], the EVP
parameters associated with D and KV elements (Cy, C; an 7;) should be taken simply as
constants of the model describing the time-dependent behavior of the material.

2.2. Creep in Indentation Experiments
2.2.1. Principle of Indentation Creep Experiments and Shape of Indentation Creep Curves

Figure 3 shows a typical indentation creep experiment on a polymer system. The
principle of the indentation creep experiment (Figure 3a) is analogous to that of the tensile
creep experiment (Section 2.1.1), but the experiment geometry is rather different: a sharp
tip (with a high and known elastic modulus) is forced against the polymer surface (with
much lower and unknown elastic modulus). The acting force F causes the gradual, time-
dependent penetration of the tip into the investigated specimen.

3000 A

(tyhy)

— E 2000 4
2
<
1000 A
e o1 ; ; ;
(ty,h,) 0:4° 8 12 16°20°24 0 250 500 750 1000
Lo 1 oTimes) L T Time (s)

Figure 3. Scheme of a typical indentation creep experiment with a polymer sample: (a) the experiment
geometry, (b) the typical sample loading as a function of time = the F-f curve, (c) the typical creep
curves (t-h curves) showing the time dependence of the tip penetration depth, h, for three different
levels of loading. The curves were taken from our parallel measurements on PE sample (unpublished
results).

In contrast to tensile creep experiments, the loading cannot be applied instantaneously,
because current instrumented indenters have to increase F at a finite rate. This results
in the characteristic trapezoidal loading during the indentation experiments (Figure 3b),
which differs from the typical rectangular loading during tensile creep measurements
(cf. Figure 1b). As the loading force increases continuously, the indentation creep curves
(Figure 3c) do not show instantaneous elastic deformation (cf. Figure 1c). Moreover, the
shape of indentation creep curves is basically the same regardless of the loading force
(compare Figures 1c and 3c). When F increases, the mean contact pressure under the
tip (P, = F/A, where A is the projected contact area of the tip on the specimen surface)
remains the same, and the overall character of the deformation does not change, due to
the fact that the relatively small tip is surrounded by a large volume of bulk material. This
principle holds for all tip geometries on condition that the mean contact pressures, P,
are higher than the yield stress of the investigated specimen, Y, according to the relation
P, > cY, where ¢ takes the values from ca 1.5 to 3. More details are to be found in the
literature [34]. From the point of view or real applications, it is enough to conclude that the
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above condition (P, > cY; c ranging from 1.5 to 3) is fulfilled automatically for all polymer
samples and sharp tips unless the loading forces F are not extremely small.

2.2.2. Basic Relations for Indentation Creep

There is a large difference between the basic description of the tensile creep (which
were discussed above in Section 2.1.2) and the basic description the indentation creep
(which will be summarized in this section). In principle, it would be possible to adjust the
general relations from the field of tensile creep (Equations (1)—(3)) for indentation creep
in order to separate elastic, viscous and plastic components of the total deformation, but
the typical approach is different. This could be attributed both to historical reasons and
different nature of indentation experiments. On the other hand, the empirical equations
and EVP models describing indentation creep are analogous to those describing tensile
creep, as described in the following two sections (Sections 2.2.3 and 2.2.4).

In the field of non-instrumented microindentation hardness testing (MH), the mea-
sured quantity is the size of the imprint of the tip on the surface of the investigated material.
From the imprint size, it is possible to calculate hardness (H). For polymers, the great ma-
jority of experiments were performed with the Vickers tip [35], and so the most frequently
reported quantity is Vickers microhardness (Hy). Special MH measurements can yield also
microcreep (Cy) and microplasticity (Py) as explained elsewhere [7]. The basic relation
for microcreep determination was introduced by Balta-Calleja and co-workers [36], who
studied the time-dependent part of the plastic deformation of the polymer surface under
the indenter and noticed that (H) decreases with time according to a simple relation:

H=Hyt™", (11)

where Hy is a coefficient reflecting both sample properties and experimental conditions, and
n is a constant furnishing the rate of creep of the material. The values of n for many polymers
were collected in the nice and comprehensive review of Flores et al. [37]. In the classical
approach, the constant 7 is obtained by measuring of hardness (H) at multiple hold times
(t) and determining the slope of log(H)-log(t) lines (Figure 4a). In an alternative approach,
more compatible with the MHI data evaluation, the hardness values are converted to
h? (square of the penetration depth) and 7 is determined from the log(h?)-log(t) lines
(Figure 4b). The conversion of Equation (11) is straightforward once we know the geometry
of the indenter; in the non-instrumented MH testing, the most common is Vickers indenter
(H=Hy =F/A; and Ay = 26.4h%; [34]), and we obtain:

F

2 _
= 26.4H,

= Ag - ", (12)

which is equivalent to the well-established power law model that is known from the tensile
creep data interpretation (compare Equations (12) and (6b)). The value of creep constant,
n, which reflects the creep rate in the log-log scale, can be referred to as microcreep, Cy
(sometimes Cy is marked a K [37] or MC [38,39]).
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Figure 4. Basic relations for creep in (a,b) non-instrumented MH testing and (c,e) instrumented MHI
testing. The experimental data in all graphs (blue points and curves) come from real indentation
experiments on PE. In MH testing, the value of creep constant, 11, can be determined from measure-
ment of hardness, H, for several hold times, t. The value of creep constant can be determined either
from (a) log(H)-log(t) relation according to Equation (11), or (b) from log(hz)-log(t) relation according
to Equation (12). In MHI testing, the creep can be characterized either (c) by a simple evaluation of
penetration depths according to Equation (13) or (d) from the fitting power law model on the whole
h-t curve according to Equation (15); the fitting of power law to MHI data (e) can be performed in
log(hz)—log(t) scale as well, in analogy with MH—compare subplots (b) and (e).

In the field of instrumented microindentation (MHI), the simple evaluation of creep
from h-t curves is defined in ISO 14577 standard as:
hy — hy
hy

Cir= x 100%, (13)
where h; and h; are the penetration depths of the tip at the beginning and at the end of
maximal loading, as illustrated in Figure 4c. Alternatively, it is possible to fit all 1 values
(measured during the maximum load) in an analogous way to Equation (12), i.e., using the
relation h? = const-t"). This is shown schematically in Figure 4d,e. It is worth noting that for
pointed indenters (such as Vickers and Berkovich), it is more correct to fit h>-t data than h-t
data. The reasons will be explained below in Sections 2.2.3 and 2.2.4.

2.2.3. Empirical Models for Indentation Creep

The empirical equations for tensile creep (Section 2.1.3; Equations (4)—(8)) can be
applied to indentation creep as well, under the following two conditions:

e  The tensile strain (¢) is replaced by indenter penetration depth (%), taking into account
the indenter (i.e., tip) geometry (see Equation (14) below).

e  The tensile stress (0) is replaced with mean contact pressure under the indenter
(P = F/A; as defined in Section 2.2.1 and elsewhere [34]).

According to rather comprehensive theory [30,32,40-42], which is summarized nicely

in the studies of Mencik et al. [6,33], the general equation for tensile creep (Equation (4))

should be transformed to the general equation for indentation creep (Equation (14)) as
follows:

h™ = K- F(Ppy,t). (14)

The comparison of Equations (4) and (14) shows that the creep strain (¢) changes to
h™ /K, where constants m and K a depend on the tip geometry [6]:

For spherical tips: m = 3/2 and K = 3/(4+/r), where r is the tip radius.

For pointed tips (Vickers, Berkovich, conical): m = 2 and K = t/(2tanx), where « is the
semi-angle of the indenter tip or equivalent cone (for the most common Vickers and
Berkovich tips « = 70.3°).

It is, of course, possible to fit h-t curves with an arbitrary empirical relation without the
recalculations above (and many authors ignore them), but at the cost of lower compatibility
between the results from tensile and indentation creep experiments, or between the results
from different indentation methods.
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Most of the studies dealing with indentation creep of polymers try to predict h(t) for
a given load [43—46]. The most widely used indenters are Vickers (for microindentation)
and Berkovich (for nanoindentation). If we consider the simpler version of the power law
from tensile creep theory (Equation (5)) and perform all abovementioned substitutions, we
obtain: , -

:713 mn:A‘n 1
h 2tantx< m)"t 7-E (15)

which is similar to Equation (12) from the non-instrumented indentation. The similarity of
Equations (12) and (15) is logical, because both MH and MHI creep experiments measure
basically the same quantity.

2.2.4. Elasto-Visco-Plastic Models for Indentation Creep

The elasto-visco-plastic models from tensile creep (Section 2.1.4) can be applied to
indentation creep data as well, but the following modifications should be made to obtain
physically meaningful parameters, comparable to those from tensile creep:

e  The tensile strength (¢) is replaced by penetration depth (k) considering the indenter
geometry, as described in the previous section (i.e., by means of Equation (14) with
correct constants for given indenter).

e The difference between the instantaneous rectangular loading in tensile creep ex-
periments (Figure 1b) and the finite-rate trapezoidal loading in indentation creep
experiments (Figure 3b) must be corrected for, as specified below.

After all theoretical considerations, which have been described elsewhere [6,33], Equa-
tion (9) changes as follows in order to describe indentation creep:

N
h(t)™ = FK|Co+ Co(t — tr/2) + iZlCi{l — i exp(—_é) }1 , (16)

where the constants m and K come from Equation (14), F is the loading force, fr is the
ramping time (i.e., time needed to achieve full loading force, F), p; are ramp correction
factors defined below (Equation (17)), and the remaining model parameters (Cy, Cy, C; and
T;) are compliances and retardation times analogous to those in Equations (9) and (10). The
term tR /2 expresses the fact that the indenter penetration during the load increase period
tg corresponds to the average force F/2 [33]. The ramp correction factors, p;, which were
introduced by Oyen [30], reflect the difference between rectangular and trapezoidal loading
(i.e., they are corrections considering the fact that the time ¢y is needed to achieve the full
load in indentation creep experiments):

0i = T exp (tR — 1). (17)

R T

The constants Cy, Cy, C;, T; and p;, might be obtained by minimizing the sum of the squared
differences between the measured and calculated /()™ values in Equation (16), but the
actual procedure must be modified. At first, there are several constant terms in Equation
(16) that do not depend on time (Cy, Cy, tr /2, and C;). Regression analysis cannot determine
them individually, but only as a whole. At second, the unknown ramping correction factors,
pi, depend on the retardation times 7;, which are also unknown. Therefore, the Equation
(16) must be re-written so that it was suitable for curve-fitting:

m N t
h(t)" = FK B+Cyt;Diexp(Ti) , (18)

where:
B =Co—Cotr/2+) .G (19)

D; = Cip; (20)
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The determination of material parameters then proceeds in four steps:

e  Step 1: The calculation of regression constants (B, C,, D;, and T;) by fitting h(f)" data
with the regression function described by Equation (18).

e  Step 2: The calculation of the ramp correction factors p; from Equation (17) using the
known value of g (ramping time) and the retardation times 7; from step 1.

e  Step 3: The calculation of compliances C; from Equation (20), employing the ramping
correction factors from step 2.

e Step 4: The calculation of compliance Cy from Equation (19), using the relevant
parameters from all previous steps.

The material parameters from Equations (16)—(20) are analogous to the tensile creep
parameters from Equations (9) and (10). Moreover, if we evaluate creep data according to
Equations (1)-(20), the material parameters and creep constants obtained from tensile creep
experiments (Equations (1)-(10)) are comparable to those obtained from the indentation
creep experiments (Equations (11)—(20)) as far as their values, units, and physical meaning
are concerned. In order to facilitate the tensile and indentation creep comparison, we
developed program package MCREEP, which takes all abovementioned relations and
equations into consideration. The MCREEP package fits both tensile creep and indentation
creep data with power law and elasto-visco-plastic models (more details in Section 3.4).

2.3. Comparison of Tensile and Indentation Creep Experiments

Both tensile and indentation creep measurements test, in principle, the same material
feature—the resistance to a long-term loading. Nevertheless, the geometry and setup
of tensile and indentation creep experiments are different. Moreover, there are some
differences due to various historical developments of the two methods. These result in
several similarities and dissimilarities of the two methods that are briefly summarized
below:

o  The homogeneity of the stress field in the two methods differs as a result of different
experiment geometry (as evident from the comparison of Figures 1a and 3a). In the
tensile creep experiments, the stress within the whole specimen in the same (Figure 5a),
while indentation creep experiments exhibit inhomogeneous stress distribution, with
a maximum stress just below the tip and gradual non-linear decrease at all directions
(Figure 5b). For the sake of completeness, we should note that the stress field during
the tensile creep experiments can somewhat change as the specimen is deformed,
but the basic difference between homogeneous and non-homogeneous nature of the
stress distribution during tensile and indentation experiments is evident and well-
documented in the literature [10,47].

o  The loading rates in tensile and indentation creep experiments differ due to different
experimental setups. In tensile creep measurements, we simply release a deadweight
and, as a result, we have (theoretically) instantaneous loading and rectangular loading
curve (Figure 1b). In instrumented indentation testers, the load must be increased grad-
ually (due to technical reasons and construction of the devices) and, consequently, we
have to use finite loading rates, which results in trapezoidal loading curve (Figure 3b).
The deformation in during the loading step of indentation experiments must be cor-
rected for, as described above in Section 2.2.

e The applied stress in indentation creep experiments is usually higher than in tensile
creep experiments. The tensile creep measurements are mostly performed at stress
(0) well below the material yield stress (Y). The reason is shown in Figure 1c—for
medium stresses (o > 0.3-0.5Y) applied for longer times, the polymer systems tend to
deform irreversibly (which is impractical for most applications) and for higher stresses
(0 > 0.9-1.0Y) the deformation is fast and followed by rupture (which means that the
tested material cannot be used at given conditions). The indentation measurements
(including indentation creep measurements) are usually carried out in the plastic
region [34]. In the plastic region, the mean contact pressure (Pr, = F/A, where F = the
applied loading force and A = the projected area) is proportional to the yield stress
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of the material (P, = cY, where ¢ = constraint factor, whose values range from 2 to
3 depending on the material and measurement conditions [35]). In other words, the
value of mean contact pressure Pp, during the indentation creep experiments is much
higher than Y, and all indentation creep curves look similar regardless of the loading
force F (compare Figures 1c and 3c). This is connected with the inhomogeneous
stress field in the indentation experiments (Figure 5b) and with the fact that the mean
contact pressure in the plastic region does not increase with loading force (P =Y, as
mentioned above and discussed elsewhere [34,35]).

o The evaluation of tensile and indentation creep experiments is slightly different due to the
all abovementioned differences and the separate historical development of tensile
and indentation methods: (i) The drastically simplified description of creep by a
single number has been established only in the field of the indentation experiments
(Section 2.2.2). (ii) The application of empirical models to tensile and indentation
creep data is more-or-less the same (Sections 2.1.3 and 2.2.3). (iii) The application of
phenomenological models to tensile and indentation creep data is analogous, but we
have to use correction factors for the finite loading rates and different geometry during
the indentation creep measurements (Sections 2.1.4 and 2.2.4).

o The correlations among the indentation and tensile creep measurements for polymer systems
is an open question and the subject of this study. On one hand, we might suppose
that various types of creep should be proportional to each other. On the other hand,
all abovementioned differences, together with the fact that polymers exhibit complex
elasto-visco-plastic behavior, indicate that the relations between tensile and indenta-
tion creep may not be so straightforward.

u Indentation creep experiment

Clamp
= .
QE) T P Loading force
o
8_ =
%) Specimen
surface
Clamp Inhomogeneous
Load stress distribution
due to deadweight inside the specimen

Figure 5. The difference between (a) tensile creep and (b) indentation creep measurement from the
point of view of experiment geometry and homogeneity of the stress field in the specimen.

3. Experimental
3.1. Materials

The macroscale uniaxial tensile creep tests and microscale indentation creep tests were
carried out on three different polymers: PE, (high-density polyethylene, Liten MB62, by
Unipetrol RPA; Zaluzi, Czech Republic) characterized by melt flow index MFI (190 °C,
5kg) = 20 g/10 min (ISO 1133); density (ISO 1183) 960 kg/m?; weight-average molar
mass My 420,000 g/mol; yield stress of 24 MPa, PP (isotactic polypropylene, Mosten
TB003, by Unipetrol RPA): MFI (230 °C, 2.16 kg) = 3.2 g/10 min; density 946 kg/ m3; My,
420,000 g/mol; yield stress = 34 MPa and PS (atactic polystyrene, Krasten 171, by SYNTHOS
Kralupy a.s.; Kralupy n. Vlt., Czech Republic): MFI (200 °C, 5 kg) = 1.7 g/10 min; density
1050 kg/ m3; My, 400,000 g/mol; and yield stress = 50 MPa.
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3.2. Sample Preparation

The macrocreep testing specimens were prepared by injection molding according to
the standard CSN EN ISO 5247-2-1A. The granulates of PE, PP, and PS were molten and
injected into the standard mold attached to the injection molding machine (ENGELSPEX
Victory 50; Engel, Austria). The temperature profiles used for the injection molding process
of the selected polymers are given in Table 1.

Table 1. Temperature profile used for plasticization and preparation of samples for creep testing.

Sample Zone 3 (°C) Zone 2 (°C) Zone 1 (°C) Die (°C) Mold (°C)
PE 185 180 180 190 40
PP 240 235 225 240 55
PS 225 220 220 230 35

3.3. Creep Measurements
3.3.1. Macroscale Tensile Creep

Uniaxial tensile creep was measured using a laboratory-made device with a dead-
weight fixed on a mechanical stress amplifier (lever) 10:1. A digital strain gauge (with
accuracy of about 1 pm) was connected with the upper clamp of the specimen to record the
displacement. The samples were prepared from injected dumb-bell specimens with initial
distance between grips 100 mm and cross-section 4 mm x 10 mm. All specimens for creep
measurement were stored in dark at room with the stable temperature (~22 °C). Mechanical
pre-conditioning before each creep measurement consisted in one-minute application of
stress, which produced a strain larger than the expected final strain attained in the following
creep experiment; the recovery period after the pre-conditioning was 1 h. Series of creep
measurements with the hold time of 100 min were performed at four gradually increasing
stress levels with one test specimen. The applied stresses were below the yield stress of
each material to avoid plastic deformation or breaking of the specimen. The selected loads
are listed in Table 2. Each measurement was followed by a 22 h recovery before another
creep test (at an increased stress) was initiated. The creep measurements were performed
in an air-conditioned room (nominal temperature 22 °C) and the creep devices were placed
in a closed wooden box padded with 2 cm of foamed polystyrene at all sides (including the
opening doors).

Table 2. The loads and corresponding stresses that were used in tensile creep experiments.

Load 1 Load 2 Load 3 Load 4
Sample
m (kg) o (MPa) m (kg) o (MPa) m (kg) o (MPa) m (kg) o (MPa)
PE 2 491 2.5 6.13 3 7.36 4 9.81
PP 2 491 3 7.36 4 9.81 6 14.72
PS 2 491 4 9.81 5 12.26 6 14.72

The macroscale tensile creep data were processed in two ways. Firstly, the e-f curves
(elongation as a function of time) were employed in calculation of creep constant, analogous
to the creep constant from MHI experiment. Secondly, PL and EVP models were fitted to
the e-f curves.

3.3.2. Microscale Indentation Creep

Microscale indentation creep measurements were carried out with both non-instrumented
microindentation hardness tester (VMHT Auto Man; UHL, Germany) and instrumented
microindentation hardness tester (MCT tester; CSM, Switzerland). Both non-instrumented
and instrumented microindentation hardness testing experiments were carried out using
the Vickers method: a diamond square pyramid (with the angle between non-adjacent
faces 136°) was forced against the flat surface of a specimen. Smooth surfaces for the
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microindentation experiments were prepared by a microtomy: the macroscale dumb-bell
specimens (described in Section 3.2) were cut perpendicularly with a rotary microtome
(RM 2155; Leica; Vienna, Austria), using a commercial microtome blade in the case of softer
samples (PE and PP) or a laboratory-made freshly-broken glass knife (Leica EM KMR3;
Leica, Austria) in the case of the hardest sample (PS). For both methods (MH and MHI)
and all three samples (PE, PP and PS), the experiments were performed at two different
loading forces: F = 50 gf (490 mN) and 200 gf (1961 mN). For each specimen (i.e., each
smooth surface), at least 10 indentations were carried out and the results were averaged.

In the case of non-instrumented microindentation (MH), we used two loading forces
specified in the previous paragraph (50 and 200 gf) and instant loading and unloading.
The values of Vickers microhardness (Hy) and corresponding penetration depths (h) of
the indents were calculated from the measured diagonals lengths of the indent [38,48].
Microcreep (or creep constant) was determined from / values that were measured at five
different dwell times (6, 12, 24, 48 and 96 s) as described above (Section 2.2.2, Figure 4).

In the case of instrumented microindentation (MHI), we used the same loading forces
as in MH measurements (50 and 200 gf) and maximum linear loading rate, which did
not cause loading artifacts, such as short overloading. This maximal loading rate in our
instrumented device corresponded to total loading/unloading time of 2 s, which yielded
linear loading rates of 14,715 and 58,860 mN/min for 50 and 200 gf, respectively. The
MHI results were processed in three independent ways as far as creep characterization
is concerned. At first, we calculated the simple values of indentation creep, Cir, from
the penetration depths at the beginning and at the end of the indentation experiment,
respectively (according to simple formula defined in ISO 14577; Section 2.2.2; Equation
(13)). At second, we determined creep constant from k-t curves (penetration depth, #,
as a function of time, t), where the creep constant was coefficient n from power law (as
explained in Section 2.2.2, Equation (12) and Section 2.2.3, Equation (15)). At third, PL and
EVP models were fitted to h-t curves (as described in detail in Section 2.2.3, Equation (15)
and Section 2.2.4, Equations (16)—(20)). For each sample (PE, PP and PS) we measured and
evaluated both short-term creep (total time of maximal load 100 s) and long-term creep
(total time of maximal load of 3000 s = 50 min).

3.4. Creep Data Evaluation

For fast and convenient fitting of creep data with various models, we developed the
program package MCREEP. The package works with both tensile and indentation creep
data. It fits the data with both PL and all EVP models that are employed in this work. The
MCREEP is a freeware Python package, whose source code, documentation and installation
instructions are available in the standard Python www-repository (Python Package Index;
https:/ /pypi.org/project/mcreep (accessed on 10 January 2023)).

4. Results
4.1. Short-Term Indentation Creep

Figure 6 shows the fitting of creep predictive models to experimental k-t curves from
short-term indentation creep measurements (hold times 100 s) of all investigated polymers
(PE, PP, and PS). The tested predictive models comprised three phenomenological EVP
models (S+D+1KV,5+D+2KVand S+ D + 3KV, illustrated in Figure 2 and described by
Equation (16) with N =1, 2 and 3) and one empirical model (power law; Equation (15)). The
short-term indentation creep was carried out for 100 s at two loading forces, F = 50 gf and
F =200 gf, but Figure 6 shows just the data for 50 gf for the sake of brevity (the results for
200 gf were analogous as documented in Appendix A). Each short-term indentation creep
measurement (i.e., each MHI measurement for given combination of polymer and loading)
was performed >10 times. The multiple measurement of one specimen is a common
practice in the field of micro- and nanoindentation, because it improves reproducibility
and minimizes the risk that the micromechanical properties are determined from a location
that is not typical for the whole sample. The averaged results of all measurements for all
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three samples and both loadings (50 and 200 gf) are summarized in Appendix A, and the
complete fitting results of all individual measurements are in Supplementary Material.
Model: S+D+3KV
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Figure 6. Fitting of creep predictive models (dotted black curves) to representative short-term
indentation creep data (orange curves) measured at F = 50 gf. The short-term indentation creep
measurements were performed for 100 s and the models were fitted to the data in the whole time
range. The tested polymers were PE (upper row), PP (middle row), and PS (lower row). The
phenomenological, spring-dashpot based EVP models (the first three columns) are illustrated in
Figure 2 and described by Equations (16)—(20). The empirical power law model (the last column) is
described by Equation (15). Each plot shows coefficient of determination, R2, which may range from
negative values (extremely bad fit), through zero (poor fit) to +1 (perfect fit).

In the case of short-term indentation experiments, the fitting of the predictive mod-
els to creep data was performed in the whole time range. Under these conditions, all
four models were able to describe the measured data almost perfectly. All EVP models
(Figure 2) consisted of one spring element (S-element, corresponding to instantaneous
elastic deformation and characterized by parameter Cy), one dashpot element (D-element,
corresponding to linearly increasing viscous deformation and characterized by parameter
Cyp), and finally 1-3 Kelvin—Voigt elements (KV-elements, corresponding to non-linearly
increasing viscoelastic deformation and characterized by parameters C; and t; for i-th
element). This means four parameters for the simplest S + D + 1 KV model, six parameters
for S+ D + 2 KV model, and eight parameters for S + D + 3 KV model. As the number of
parameters increased, the EVP models fitted experimental data more and more accurately,
which is documented by the increasing R? values in Figure 6 (R? are the coefficients of
determination [49]). Nevertheless, even the four-parameter S + D + 1 KV model fitted
the short-term creep data very well for all three polymers. For the six-parameter and
eight-parameter S + D + 2KV and S + D + 3 KV models, respectively, the fits could even
become unstable due to mutual correlations between too many parameters. The stability
of the fits could be restored by fixing the retardation times to suitable values covering
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the investigated time range, as recommended elsewhere [6,33]. The simple, empirical
two-parameter power law model fits the short-term creep data equally well, perhaps with
the small exception of the very beginning of the h-t curves, where the higher-parameter
EVP models show higher flexibility.

4.2. Long-Term Indentation Creep

Figure 7 shows the fitting of creep predictive models to experimental k-t curves from
long-term indentation creep measurements (hold times 3000 s) of all investigated polymers
(PE, PP, and PS). The predictive models (three phenomenological EVP models and empirical
PL model) and experiment setup were the same as for the short-term creep experiments
(Section 4.1), the measurements were performed for two loadings (50 gf and 200 gf), and
each sample/loading combination was measured >10 times. Nevertheless, the hold time
was longer (100 s vs. 3000 s), and the fitting strategy was slightly different. The averaged
results of all long-term indentation creep measurements for all three samples and both
loadings are summarized in Appendix B, and the complete fitting results of all individual
measurements are in Supplementary Material.
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Figure 7. Fitting of creep predictive models (dotted black curves) to representative long-term indenta-
tion creep data (orange curves) measured at F = 50 gf. The long-term indentation creep measurements
were performed for 3000 s and the models were fitted to the data up to 600 s. The tested polymers
were PE (upper row), PP (middle row), and PS (lower row). The phenomenological, spring-dashpot
based EVP models (the first three columns) are illustrated in Figure 2 and described by Equations
(16)—(20). The empirical power law model (the last column) is described by Equation (15). Each plot
shows coefficient of determination, R?, which may range from negative values (extremely bad fit),
through zero (poor fit) to +1 (perfect fit).
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In the case of long-term indentation experiments, the models were fitted only to
the first 600 s of experimental data. This enabled us to compare how well the models
can predict long-term creep. All EVP models were able to approximate the first part
of h-t curves quite well, but overestimated the creep deformation for longer times. The
overestimation decreased with the increasing number of KV-elements in the EVP models,
i.e., in the following order: S+ D+ 1KV <5+ D + 2KV <S5 + D + 3 KV, but even the best,
eight-parameter model S + D + 3 KV, performed poorly as far as the long-term creep data
prediction was concerned. The same trend was observed for all three polymers, starting
from the softest and most creeping PE (Figure 7, upper row), through intermediate PP
(Figure 7, middle row), to the stiffest and least creeping PS (Figure 7, lower row). In contrast,
the simple two-parameter PL model was able to predict long-term behavior quite reliably,
as documented also by R? coefficients, which were quite close to 1 for all three polymers.

It is worth noting that the coefficients of determination, R?, which are shown in
Figures 6-8, were calculated for the whole dataset (i.e., for the data in whole time range).
Nevertheless, Appendices A—-C show two values of the coefficients od determination, R?
(fit) and R? (all). The R? (fit) coefficients were calculated just for the initial time range,
within which the fitting was performed (i.e., for the initial 600 s of experimental data, to
which the models were fitted in the case of long-term creep measurements), while the R?
(all) coefficients were calculated for the whole data range (like R? in Figures 6-8).
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Figure 8. Fitting of creep predictive models (dotted black curves) to representative long-term tensile
creep data (orange curves). The long-term tensile creep measurements were performed for 6000 s and
the models were fitted to the data up to 600 s. The tested polymers were PE (upper row; load 4 kg
= 0 =9.81 MPa), PP (middle row; load = 6 kg = ¢ = 14.72 MPa), and PS (lower row; load = 6 kg =
o =14.72 MPa). The phenomenological, spring-dashpot based EVP models (the first three columns)
are illustrated in Figure 2 and described by Equations (9) and (10). The empirical power law model
(the last column) is described by Equation (6b). Each plot shows coefficient of determination, R?,
which may range from negative values (extremely bad fit), through zero (poor fit) to +1 (perfect fit).
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4.3. Long-Term Tensile Creep

Figure 8 shows the fitting of creep predictive models to experimental e-f curves
from long-term tensile creep measurements (hold times 6000 s) of all three investigated
polymers. The predictive models were the same as for the indentation creep (Section 4.1.
and Section 4.2), but they included all adjustments and recalculations described above
(Section 2) in order to achieve maximum compatibility between tensile and indentation
creep results. For each polymer, we used four different loadings (Table 2), which were
gradually increasing, but they were kept sufficiently below the yield stress, Y, of the
individual polymers, in order to avoid rupture of the specimen (Section 3.3.1). Each
measurement (i.e., each combination of polymer/loading) was performed at least two times
(additional measurements were added if the first two measurements were too different) and
the results were averaged. Figure 8 shows just the fitting for the highest loads applied to
each polymer (PE: Y ~ 20 MPa, load = ¢ = 9.81 MPa; PP: Y ~ 30 MPa, load = ¢ = 14.72 MPa;
PS: stress at break = 40 MPa, load = 0 = 14.72 MPa). The results for the lower loads were
analogous. The averaged results of all long-term tensile creep measurements for all three
samples are summarized in Appendix C, and the complete fitting results of all individual
measurements for all materials and loadings are in Supplementary Material.

In the case of long-term tensile creep experiments, the models were fitted only to the
first 600 s of experimental data (as in the case of long-term indentation creep experiments,
which are described in the previous section). PS showed very low creep in tension, which
resulted in a small, noisy, and stepwise increase in tensile strain (Figure 8, lower row, values
of &), but the experimental data were still good enough for fitting (Figure 8, lower row,
dotted regression curves). In general, the fitting of creep models to long-term tensile creep
data and long-term indentation creep showed analogous trends (cf. Figures 7 and 8). The
EVP models failed to predict the long-term creep behavior, albeit the predictions tended
to improve with the increasing number of KV-elements in the row: S+ D + 1 KV < S +
D + 2KV <S+ D + 3 KV. The simple PL model predicted the long-term creep data quite
successfully, as documented by the visual comparison of the experiment and regression
curves, and the much lower values of R? in comparison with EVP models (Figure 8, the
rightmost column).

4.4. Additional Indentation Creep Results

In addition to the instrumented microindentation (Sections 4.1 and 4.2) and instru-
mented tensile testing (Section 4.3), we performed two additional creep measurements
and/or evaluations:

e From MH (non-instrumented microindentation) experiments, we evaluated creep
constants as described in Section 2.2.2. The principle of the evaluation is shown in
Figure 2a,b, above, and the final creep constant values are given in Table 3, below,
together with the creep constants from all instrumented creep measurements.

o  From MHI (instrumented microindentation) experiments, we calculated the values
of indentation creep, Crt, according to ISO 14577. The principle of the evaluation is
shown in Figure 2¢, above, and the final Cit values are given in Table 4, below.

Table 3. Summary of creep constants from all indentation and tensile creep measurements.

S ) MH MHI @ 100 s MHI @ 3000 s Tensile Creep Test *

ample
P 50 gf 200 gf 50 gf 200 gf 50 gf 200 gf Load1 Load2 Load3 Load4
PE 0.123 0.110 0.133 0.116 0.110 0.111 0.135 0.148 0.156 0.173
PP 0.067 0.089 0.077 0.073 0.068 0.070 0.060 0.065 0.076 0.135
PS 0.042 0.045 0.044 0.039 0.039 0.036 0.002 0.004 0.004 0.004

* All creep constants were obtained by fitting the creep data with power law; the creep constants are exponents n
from the Equations (6b) and (12) for tensile and indentation creep, respectively. MH creep tests were performed
at two different loads (50 and 200 gf). MHI tests were performed at two different loads (50 and 200 gf) and two
different hold times (100 s and 3000 s). Tensile creep tests were performed at four different loads for 6000 s; the
loads were increasing in a specific way for each polymer as explained in Section 3.3.1 and the values of all loads
for each polymer are summarized in Table 2.
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Table 4. Summary of Cit values from all MHI measurements.
Cit (%) from MHI @ 100 s Cit (%) from MHI @ 3000 s
Sample
50 gf 200 gf 50 gf 200 gf
PE 42.6 38.7 64.6 65.7
PP 26.5 274 421 422
PS 16.6 18.0 27.1 25.3

Cit values were determined according to ISO 14557 standard from MHI experiments performed at two different
hold times (=times for which the loading force was applied; 100 s and 3000 s).

4.5. Quantification of Creep Behavior by Means of Creep Constants

The creep of all three investigated polymers (PE, PP, and PS) could be characterized
by ten independent values, as we used three independent methods (non-instrumented
indentation, instrumented indentation, and tensile creep measurements), two times for
instrumented indentation (shorter- and longer-time indentation creep) and several loads
(two loads for indentation measurements and four loads for tensile creep measurements).
Each quantification yielded a specific creep constant, which was proportional to the creep
rate (i.e., to the increase in the specimen deformation with time). In fact, the creep constants
are the creep exponents n that were obtained from fitting the power law to experimental
creep data (Equation (6b) for tensile creep, Equation (12) for MH creep data, and Equation
(15) for MHI creep data). The creep constants from all experiments are collected in Table 3.

Moreover, the instrumented indentation measurements yield the value of indentation
creep, Crr. Unlike the creep constants that are proportional to the creep rate, the Cyr values
are proportional to the total creep deformation (as illustrated in Figure 4c). The Ct values
are summarized in Table 4.

Although the characterization of creep behavior by a single value may look like a rough
approximation, it is well-established in the literature. The Cjt evaluation is incorporated
in the ISO 14577 standard, while the creep constants (i.e., the creep exponents, 1) have
been introduced in the pioneering studies of Balta-Calleja and co-workers [35,37]. For each
combination of measurement and evaluation method, the creep constants in Tables 3 and 4
show the same trend and decrease in the following order: PE > PP > PS. In other words, all
experiments were in agreement that PE exhibited the highest creep, PP showed medium
creep, and PS displayed the lowest creep values. This is one of the key results of our study,
which is discussed in detail in the following section.

5. Discussion
5.1. Correlations between Indentation Creep and Tensile Creep Results

The first objective of this work was to verify if the short-term microscale indentation
creep experiments can be employed in predicting long-term macroscale tensile creep
properties of polymer materials. According to available literature, which is summarized
in the Introduction (Section 1), there are very few studies on this topic. Lu et al. [17]
studied creep compliance of two amorphous, stiff, brittle, glassy polymers (poly(methyl
methacrylate), PMMA, and poly(carbonate), PC). The authors concluded that the results
from their nanoindentation tests generally agreed with the results from conventional
tension and shear tests on PMMA and PC, which were performed in previous studies.
Peng et al. [18] studied non-linear viscoelastic behavior of polypropylene (PP) by means of
both macroscale uniaxial creep and nanoindentation creep measurements. Both methods
confirmed the non-linear viscoelasticity. The authors observed and discussed non-uniform
local properties of the PP surface and interpreted them as an intrinsic property of the
samples, without considering possible indentation size effects. Other studies dealing with
both macro- and microcreep were performed on inorganic materials. In this contribution,
we compared macroscale tensile creep (macrocreep) and microscale indentation creep
(microcreep) on three common polymers with very different properties: from the softest and
most ductile PE, through intermediate PP, to stiff and brittle PS. We employed multiple creep
models and the state-of-the art theory in order to characterize the tensile and indentation
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creep in the mutually compatible way (Section 2, Equations (1)-(20)). On the condition
that all conversions and corrections (such as tip geometry or ramp correction factors)
are considered, the tensile and indentation creep parameters showed not only excellent
qualitative, but also fair quantitative agreement, as documented in Figures 9 and 10.
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Figure 9. Simple quantification of the indentation and tensile creep of all three investigated polymers:
(a) the values of creep constants (exponents n from the power law equation; Equations (6b), (12), and
(15) and (b) the values indentation creep, Cyt, from Equation (13). The error bars represent standard
deviations.
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Figure 10. Instantaneous creep compliances, Cy, estimated from fitting of eight-parameter EVP model
(S+D+3KV) to indentation and tensile creep data. The error bars are standard deviations.

Figure 9 summarizes the results of the creep rate evaluation by means of the empir-
ical power law model fitted to both microcreep and microcreep data (Figure 9a) and a
straightforward calculation of indentation creep, Cir, according to ISO 14577 standard
(Figure 9b). The results of all three methods (MH, MHI, and tensile creep measurements)
and evaluations (creep constants, #, and indentation creep values, Cjr) are in unambiguous
agreement that the creep decreases in the order PE > PP > PS. Moreover, there is also fair
agreement between the values of creep constants, at least for PE and PP. The stiff and brittle
PS polymer exhibited much lower tensile creep in comparison with PE and PP, while the
difference in the indentation creep constants among the three polymers was not so huge.
This high difference between tensile and indentation creep rate for the stiff polymers is
a subject of our ongoing research. Preliminary results suggest that the phenomenon is
connected with the inhomogeneity of the stress field underneath the indenter during the
indentation experiments (Figure 5).
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Figure 10 displays the values of instantaneous creep compliance, Cy, which was
estimated from the fitting of our most advanced EVP model (Figure 2c, model S + D +
3 KV) to MHI and tensile creep data. Numerical values of all regression parameters are
summarized in Appendices A—C. Nevertheless, as discussed elsewhere [6,33], only Cg
parameter has direct physical meaning, being inversely proportional to the instantaneous
elastic modulus of the material (Ey = 1/Cp). The remaining parameters (C,, C; and 7;) may
characterize some specific processes in the material, but, in general, they should be regarded
simply as constants in a mathematical model able to describe the material response in some
time interval with some accuracy. In any case, the values of Cy, obtained from fitting of
S + D + 3 KV model to short-term indentation creep data, long-term indentation creep
data, and tensile creep data (Figure 10), exhibited the perfect qualitative trend (Cy(PE)
> Co(PP) > Cy(PS)) for all eight independent measurements, reasonably similar values
for all eight measurements and all three polymers, and also very good agreement with
tabulated elastic moduli of the three polymers (Ey(PE) ~ 1 GPa = Cy(PE) ~ 1 GPa; Eo(PP)
~ 1.3 GPa = C((PP) =~ 0.8 GPa; Eo(PS) ~ 3 GPa = Cy(PS) ~ 0.3 GPa). These encouraging
results indicated that the shorter-term indentation creep experiments could be employed in
predicting longer-term tensile creep data of polymer systems.

5.2. Comparison of Predictive Models

The second objective of this work was to compare the creep predictions from simple,
widely-used, empirical PL model and more sophisticated, multiparameter, phenomenolog-
ical EVP models. The extensive testing (Figures 6-8; Appendices A-C) of all abovemen-
tioned models could be summarized as follows:

e  For the short-term creep description, all four investigated models, i.e., the empirical
power law model and all three elasto-visco-plastic models, performed very well.

e  For the long-term creep predictions, the empirical PL model performed better than
more sophisticated phenomenological EVP models. This is clearly documented in
Sections 4.2 and 4.3. The EVP models contained higher number of parameters (from
four to eight), but the simple, two-parameter PL model exhibited better results. This
explains why the PL model is so popular in both tensile and indentation creep predic-
tions.

5.3. Automated Creep Data Evaluation with Package MCREEP

The Python package MCREEP is an important additional result of this study. It brings
consistent, reproducible, and standardized processing of both tensile and indentation creep
data. The tensile creep data are evaluated according to ISO 899, while the indentation
creep data are processed according to the theoretical background and standardized pro-
tocols established in the publications of Oyen et al. [30,32] and Mencik et al. [6,33]. The
MCREEP calculations consider all relations and corrections, which enabled us to compare
tensile and indentation data not only qualitatively (Figures 6-8), but also quantitatively
(Figures 9 and 10). In fact, all calculations, tables and figures in the Results section of
this contribution were made with the MCREEP package. The package is a free software,
focused on fast, easy, and user-friendly processing of experimental data. More details and
installation instructions are available in Section 3.4.

5.4. Limitations of Current Study

Our work has demonstrated that the results of short-term microscale indentation creep
experiments can be employed in the predictions of the long-term macroscale tensile creep
behavior of polymers, at least on qualitative level. According the available literature, this is
the very first systematic comparison of macroscale tensile creep and microscale indentation
creep of polymer materials. Nonetheless, the study has several limitations and/or issues,
namely:

e  The long-term macroscale creep was measured with holding time 6000 s = 100 min.
This was more than sufficient for the comparison of micro- and macroscale creep,
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but tensile creep experiments are usually performed at higher times. Long-term
macroscale creep experiments are ongoing in our laboratory. The preliminary results
seem to be in agreement with current findings, but the experiments have not been
finished yet.

e  Although the three investigated polymers covered broad range of properties—PE
was very soft and ductile, PP was stiffer and harder, and PS was very stiff, hard and
brittle—more polymers should be tested to verify our results. Moreover, the next
research in this field should cover also polymer blends and composites.

e  For creep predictions, we focused our attention to the most popular models. From
the empirical models, we selected the power law model (Sections 2.1.3 and 2.2.3), and
from EVP models, we employed those suitable and recommended for indentation
creep experiments (Sections 2.1.4 and 2.2.4). The tested higher-parameter EVP models
(with two and three KV elements) exhibited somewhat lower stability during the
fitting (a necessity to fix retardation times or to provide their estimates so that the
fitting converged). The limited stability of the higher-parameter models is documented
also in the Supplementary Materials, where we calculated the covariance matrices
for selected representative cases, showing that the covariances among parameters
increased in therow S+ D+ 1KV <S+ D + 2KV <S + D + 3 KV. Nevertheless, it
is possible that some other higher-parameter models, such as generalized fractional
models [50,51], might perform better.

6. Conclusions

We compared macroscale tensile creep (macrocreep) and microscale indentation creep
(microcreep) for three common polymers: PE, PP and PS. The creep was characterized by
three independent methods: non-instrumented microindentation, instrumented microin-
dentation, and instrumented tensile creep measurements. Various models were used to fit
both tensile and indentation creep data. The most important results can be summarized as
follows:

e  All macrocreep and microcreep measurements were in agreement that the creep of
the three investigated polymers decreased in the order: PE > PP > PS. This suggested
that short-term microindentation creep experiments might be used for prediction of
long-term macroscopic creep behavior of polymer systems.

e  The fitting of various predictive models to both macrocreep and microcreep data
documented that the simple empirical two-parameter power law model (creep defor-
mation ~ A-t") yielded better predictions of long-term creep behavior than the more
sophisticated, multiparameter elasto-visco-plastic models.

e  We developed a freeware program package MCREERP for fitting the abovementioned
theoretical models to experimental creep data, considering the key differences and
relations between tensile and indentation creep. It has been demonstrated that fitting
of tensile and indentation creep data with MCREEP yields quantitatively comparable
results, such as similar values of creep constants and elastic moduli.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ma16020834/s1: MS Excel file that contains results of fitting
all tested creep models (three elasto-visco-plastic models and empirical power law model) to both
indentation and tensile creep data for all three polymers (PE, PP, and PS), all hold times (100 s and
3000 s for indentation creep and 6000 s for tensile creep measurements), and all loads (two different
loads for indentation creep measurements and four different loads in tensile creep measurements).
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Appendix A. Fitting of Creep Models to Short-Term Indentation Creep Data

This appendix summarizes the results of fitting of all four investigated creep models
to short-term indentation creep data. We used three phenomenological elasto-visco-plastic
(EVP) models and the empirical power law model (PL). The EVP models and their param-
eters are described in Section 2.2.4. The PL model is explained in Section 2.2.3. The data
in the tables are averaged results of all measurements and fittings (each combination of
sample/load was measured >10 times). The retardation times for EVP2 and EVP3 models
were fixed at suitable values, as explained in the main text (Section 4). Coefficients of deter-
mination, R? (fit), and R? (all), were calculated for the fitted data and all data, respectively;
for short-term indentation creep, the models were fitted to the whole time range (which
explains why R? (fit) = R? (all)). The complete fitting results including standard deviations
(which would not fit in the large tables below) are available in Supplementary Material.

Table A1l. Final parameters from the fitting EVP models to short-term indentation creep data (hold

time 100 s).
Sample Model Load Co G 1 e G 71 T2 3 R} Ry
(GPa) (1/Gpa's) (Gpa) (Gpa) (Gpa) (s) (s) (s)
PE EVP1 50 gf 1.0442 0.0031 0.4120 X X 12.7 X X 0.9982 0.9982
PP EVP1 50 gf 0.6766 0.0010 0.1450 X X 11.2 X X 0.9971 0.9971
PS EVP1 50 gf 0.3244 0.0002 0.0423 X X 10.1 X X 0.9955 0.9955
PE EVP2 50 gf 0.9564 0.0026 0.1955 0.3571 X 3.0 20.0 X 0.9999 0.9999
PP EVP2 50 gf 0.6405  0.0008 0.0856  0.1163 X 3.0 20.0 X 0.9997  0.9997
PS EVP2 50 gf 0.3132  0.0002  0.0281 0.0317 X 3.0 20.0 X 0.9991 0.9991
PE EVP3 50 gf 0.9516 0.0022 0.2096 0.3067 0.0926 3.0 20.0 50.0 0.9999 0.9999
PP EVP3 50 gf 0.6389  0.0007  0.0905 0.0992  0.0316 3.0 20.0 50.0 0.9998  0.9998
PS EVP3 50 gf 0.3129  0.0002  0.0291 0.0284  0.0061 3.0 20.0 50.0 0.9992  0.9992
PE EVP1 200 gf 1.2005 0.0030 0.4367 X X 11.9 X X 0.9977 0.9977
PP EVP1 200 gf 0.8206 0.0012 0.1806 X X 10.6 X X 0.9966 0.9966
PS EVP1 200gf  0.4102  0.0003  0.0505 X X 9.7 X X 0.9955  0.9955
PE EVP2 200 gf 1.1189 0.0025 0.2360 0.3344 X 4.0 20.0 X 0.9997 0.9997
PP EVP2 200 gf 0.7838 0.0009 0.1155 0.1244 X 4.0 20.0 X 0.9995 0.9995
PS EVP2 200gf 03999 0.0002 0.0355 0.0318 X 4.0 20.0 X 0.9992  0.9992
PE EVP3 200 gf 1.1072 0.0015 0.2782 0.1969 0.2383 4.0 20.0 50.0 0.9999 0.9999
PP EVP3 200gf  0.7784  0.0005 0.1347 0.0626  0.1064 4.0 20.0 50.0 0.9997  0.9997
PS EVP3 200gf  0.3985  0.0001 0.0404 0.0159  0.0273 4.0 20.0 50.0 0.9995  0.9995

Models: EVP1 =S + D + 1 KV (Figure 2a), EVP2 =S + D + 2 KV (Figure 2b), EVP3 =S + D + 3 KV (Figure 2c).
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Table A2. Final parameters from the fitting of PL model to short-term indentation creep data (hold
time 100 s).

Sample Model Load A n R’;it R;”
PE Power law 50 gf 469.3 0.133 1.000 1.000
PP Power law 50 gf 317.1 0.077 1.000 0.999
PS Power law 50 gf 156.7 0.044 0.998 0.995
PE Power law 200 gf 22239 0.116 1.000 0.995
PP Power law 200 gf 1562.1 0.073 1.000 0.993
PS Power law 200 gf 800.1 0.039 1.000 0.985
For PL model, R? (all) are slightly lower than R? (fit) as the fitting was performed for t above ~10's.
Appendix B. Fitting of Creep Models to Long-Term Indentation Creep Data
This appendix summarizes the results of fitting of all four investigated creep models
to long-term indentation creep data. We used three phenomenological elasto-visco-plastic
(EVP) models and the empirical power law model (PL). The EVP models and their param-
eters are described in Section 2.2.4. The PL model is explained in Section 2.2.3. The data
in the tables are averaged results of all measurements and fittings (each combination of
sample/load was measured >10 times). The retardation times for EVP2 and EVP3 models
were fixed at suitable values, as explained in the main text (Section 4). Coefficients of
determination, R? (fit), and R? (all), were calculated for the fitted data (up to 600 s) and all
data (up to 3000 s), respectively. As expected, the R? (fit) values were quite close to 1 (as all
models were able to predict short-term creep data), but R? (all) values were higher (long-
term predictions are more challenging). The complete fitting results including standard
deviations (which would not fit in the large tables below) are available in Supplementary
Material.
Table A3. Final parameters from the fitting of EVP models to long-term indentation creep data (hold
time 3000 s).
Co Cy C1 Cy Cs T1 To T3 Rﬁt Rg”
Sample. Model  Load  p))  (yGPas) (GP) (GP) (GPa) & (& ) ’
PE EVP1 50 gf 12996  0.0006  0.5217 X X 55.4 X X 09942  —4.2819
PP EVP1 50 gf 0.8502  0.0002  0.1922 X X 54.9 X X 09930 —3.6011
PS EVP1 50 gf 0.4300 0.0001  0.0511 X X 57.3 X X 09942  —45218
PE EVP2 50 gf 11176  0.0005 0.3496  0.4201 X 10.0 100.0 X 0.9997  —1.4393
PP EVP2 50 gf 0.7809  0.0002  0.1324  0.1534 X 10.0 100.0 X 0.9995 —0.8924
PS EVP2 50 gf 0.4024  0.0000  0.0440  0.0405 X 10.0 100.0 X 09990 —1.5874
PE EVP3 50 gf 1.0773 ~ 0.0002  0.1659  0.3306  0.4761 4.0 20.0 200.0 09996  0.8679
PP EVP3 50 gf 0.7526  0.0001  0.0877 0.1016  0.1516 4.0 20.0 150.0 0.9998  0.5151
PS EVP3 50 gf 0.3906  0.0000 0.0335 0.0300  0.0399 4.0 20.0 150.0 09996  0.1126
PE EVP1 200gf 12571  0.0006  0.5028 X X 56.6 X X 09946  —3.9290
PP EVP1 200gf  0.8253  0.0002  0.1935 X X 52.2 X X 0.9925  —4.0099
PS EVP1 200gf 04284  0.0001  0.0524 X X 439 X X 09906  —5.3190
PE EVP2 200gf  1.0846  0.0005 0.3283  0.4098 X 10.0 100.0 X 09997  —1.2752
PP EVP2 200gf 07532 0.0002  0.1410  0.1501 X 10.0 100.0 X 0.9995  —1.0806
PS EVP2 200gf  0.4083  0.0000 0.0433  0.0366 P 10.0 100.0 X 09992  —1.2308
PE EVP3 200gf 1.0381  0.0003 0.1761  0.2835  0.4118 4.0 20.0 160.0 0.9999  0.4457
PP EVP3 200gf 07192  0.0001  0.1000 0.1031  0.1483 4.0 20.0 150.0 0.9998  0.3728
PS EVP3 200gf 03981  0.0000 0.0307 0.0304  0.0350 4.0 20.0 150.0 0.9997  0.2215

Models: EVP1 =S + D + 1 KV (Figure 2a), EVP2 =S + D + 2 KV (Figure 2b), EVP3 =S + D + 3 KV (Figure 2c).
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Table A4. Final parameters from the fitting of PL model to long-term indentation creep data (hold
time 3000 s).

Sample Model Load A n R’;it R;”
PE Power law 50 gf 525.8 0.110 1.000 0.986
PP Power law 50 gf 368.0 0.068 1.000 0.959
PS Power law 50 gf 194.9 0.039 0.998 0.976
PE Power law 200 gf 2025.3 0.111 1.000 0.998
PP Power law 200 gf 1430.7 0.070 1.000 0.983
PS Power law 200 gf 796.0 0.036 0.999 0.977
Appendix C. Fitting of Creep Models to Long-Term Tensile Creep Data
This appendix summarizes the results of fitting of all four investigated creep models
to long-term tensile creep data at maximum load for each of the investigated polymers (i.e.,
Load 4 according to Table 2; complete data for all loads are available in Supplementary
Material). We used three phenomenological elasto-visco-plastic (EVP) models and the
empirical power law model (PL). The EVP models and their parameters are described in
Section 2.1.4. The PL model is explained in Section 2.1.3. The data in the tables are averaged
results of all measurements and fittings (each combination of sample/load was measured
>2). The retardation times for EVP2 and EVP3 models were fixed at suitable values, as
explained in the main text (Section 4). Coefficients of determination, R? (fit), and R? (all),
were calculated for the fitted data (up to 600 s) and all data (up to 6000 s), respectively. Like
in Appendix B, the R? (fit) values were quite close to 1 (as all models were able to predict
short-term creep data), but R? (all) values were higher (long-term predictions are more
challenging). The complete fitting results including standard deviations (which would not
fit in the large tables below) are available in Supplementary Material.
Table A5. Final parameters from the fitting of EVP models to long-term tensile creep data (hold time
6000 s).
Sample Model Load Co Cr €1 2 Cs “ T2 T3 R} Ry
(GPa) (1/GPa's) (GPa) (GPa) (GPa) (s) (s) (s)
PE EVP1 L4 11273 00010 0.7737 x x 60.1 x x 09978  —18.6304
PP EVP1 L4 0.8289  0.0005  0.3816 X X 66.5 X X 0.9980 —19.9637
PS EVP1 L4 0.3521  0.0000  0.0053 X X 59.3 X X 0.9787 —18.1307
PE EVP2 L4 0.8890  0.0008  0.4200  0.6951 X 10.0 100.0 X 0.9998 —-9.7777
pr EVP2 L4 0.7003  0.0004 0.2041 0.3514 X 10.0 100.0 X 0.9998 —11.2554
PS EVP2 L4 0.3501  0.0000  0.0035  0.0046 X 10.0 100.0 X 0.9835 —1.4160
PE EVP3 L4 09340 0.0004 03056  0.3982  0.6842 10.0 50.0 270.0  1.0000 —0.0427
PP EVP3 L4 0.7250  0.0002  0.1464 0.1944  0.3592 10.0 50.0 270.0 1.0000 0.1949
PS EVP3 L4 0.3504 0.0000 0.0028  0.0020  0.0032 10.0 50.0 140.0  0.9840 0.2861
Models: EVP1 =S + D + 1 KV (Figure 2a), EVP2 = S + D + 2 KV (Figure 2b), EVP3 = S + D + 3 KV (Figure 2¢).
L4 = maximum load for each polymer as specified in Table 2; complete results for all loads are available in SI.
Table A6. Final parameters from the fitting of PL model to long-term tensile creep data (hold time
6000 s).
Sample Model Load A n R’;it Rg”
PE Power law L4 0.00811 0.1733 1.0000 0.9947
PP Power law L4 0.00924 0.1352 0.9997 0.9864
PS Power law L4 0.00515 0.0042 0.9727 0.6805

L4 = maximum load for each polymer as specified in Table 2; complete results are available in SI.



Materials 2023, 16, 834 25 of 26

References

1. Meyers, M.A,; Chawla, K.K. Creep and Superplasticity. In Mechanical Behavior of Materials; Cambridge University Press:
Cambridge, NY, USA, 2009; ISBN 978-0-521-86675-0.

2. Time-Dependent Behavior of Plastics. In Training in Plastics Technology: A Text- and Workbook; Michaeli, W. (Ed.) SPE Books;
Hanser: Munich, Germany, 1995; ISBN 978-3-446-17633-1.

3. Turner, S. Creep in Glassy Polymers. In The Physics of Glassy Polymers; Haward, R.N., Ed.; Materials Science Series; Springer:
Dordrecht, The Netherlands, 1973; pp. 223-278. ISBN 978-94-010-2355-9.

4. Findley, W.N,; Lai, J.S.; Onaran, K. Creep and Relaxation of Nonlinear Viscoelastic Materials; Dover Publications: New York, NY, USA,
1976; ISBN 978-0-486-66016-5.

5. McCrum, N.G.; Buckley, C.P; Bucknall, C.B. Viscoelasticity. In Principles of Polymer Engineering; Oxford University Press: Oxford,
UK; New York, NY, USA, 1997; ISBN 978-0-19-856527-7.

6. Mencik, J.; He, L.H.; Némecek, J. Characterization of Viscoelastic-Plastic Properties of Solid Polymers by Instrumented Indentation.
Polym. Test 2011, 30, 101-109. [CrossRef]

7. Slouf, M.; Henning, S. Micromechanical Properties. In Encyclopedia of Polymer Science and Technology; John Wiley & Sons, Inc.:
Hoboken, NJ, USA, 2022; pp. 1-50. ISBN 978-1-118-63389-2.

8.  Bower, AF; Fleck, N.A.; Needleman, A.; Ogbonna, N. Indentation of a Power Law Creeping Solid. Proc. Math. Phys. Sci. 1993,
441, 97-124.

9. Su, C; Herbert, E.G,; Sohn, S.; LaManna, J.A.; Oliver, W.C.; Pharr, G.M. Measurement of Power-Law Creep Parameters by
Instrumented Indentation Methods. J. Mech. Phys. Solids 2013, 61, 517-536. [CrossRef]

10. Cordova, M.E,; Shen, Y.-L. Indentation versus Uniaxial Power-Law Creep: A Numerical Assessment. J. Mater. Sci. 2015, 50,
1394-1400. [CrossRef]

11. Ginder, R.S.; Pharr, G.M. Characterization of Power-Law Creep in the Solid-Acid CsHSO4 via Nanoindentation. J. Mater. Res.
2019, 34, 1130-1137. [CrossRef]

12.  Thom, C.A.; Goldsby, D.L. Nanoindentation Studies of Plasticity and Dislocation Creep in Halite. Geosciences 2019, 9, 79.
[CrossRef]

13.  Xiao, X.; Yu, L. Effect of Primary Creep on the Relationship between Indentation and Uniaxial Creep: A Theoretical Model. Int. .
Solids Struct. 2020, 206, 114-123. [CrossRef]

14. Dorner, D.; Eggeler, G. Creep of a TiAl Alloy: A Comparison of Indentation and Tensile Testing. Mater. Sci. Eng. A 2003, 357,
346-354. [CrossRef]

15.  Horsky, J.; Kolafik, J.; Fambri, L. Structure and Mechanical Properties of Composites of Poly(6-Hexanelactam) Combining Solid
Tribological Additives and Reinforcing Components. Macromol. Mater. Eng. 2004, 289, 324-333. [CrossRef]

16. Liu, H.; Chen, Y.; Tang, Y.; Wei, S.; Niu, G. The Microstructure, Tensile Properties, and Creep Behavior of as-Cast Mg—(1-10)%5n
Alloys. J. Alloys Compd. 2007, 440, 122-126. [CrossRef]

17.  Lu, H.; Wang, B.; Ma, J.; Huang, G.; Viswanathan, H. Measurement of Creep Compliance of Solid Polymers by Nanoindentation.
Mech. Time Depend. Mater. 2003, 7, 189-207. [CrossRef]

18. Peng, G.; Ma, Y; Feng, Y.; Huan, Y.; Qin, C.; Zhang, T. Nanoindentation Creep of Nonlinear Viscoelastic Polypropylene. Polym.
Test. 2015, 43, 38-43. [CrossRef]

19. Ward, LM.; Sweeney, ]. Non-Linear Viscoelastic Behaviour. In Mechanical Properties of Solid Polymers; Wiley: Chichester, UK, 2013;
ISBN 978-1-4443-1950-7.

20. Dixon-Stubbs, P.J. Creep Behaviour of Polyethylene and Polypropylene. J. Mater. Sci. 1981, 16, 389-396. [CrossRef]

21. Liu, YJ.; Zhao, B.; Xu, B.X,; Yue, Z.F. Experimental and Numerical Study of the Method to Determine the Creep Parameters from
the Indentation Creep Testing. Mater. Sci. Eng. A 2007, 456, 103-108. [CrossRef]

22.  Duan, X,; Yuan, H.; Tang, W.; He, ].; Guan, X. A Phenomenological Primary-Secondary-Tertiary Creep Model for Polymer-Bonded
Composite Materials. Polymers 2021, 13, 2353. [CrossRef]

23.  Brinson, H.F; Brinson, L.C. Characteristics, Applications and Properties of Polymers. In Polymer Engineering Science and
Viscoelasticity: An Introduction; Springer: New York, NY, USA, 2008; ISBN 978-0-387-73860-4.

24. Kolarik, J.; Fambri, L.; Pegoretti, A.; Penati, A.; Goberti, P. Prediction of the Creep of Heterogeneous Polymer Blends: Rubber-
Toughened Polypropylene/Poly(Styrene-Co-Acrylonitrile). Polym. Eng. Sci. 2002, 42, 161-169. [CrossRef]

25. Garbella, R.; Wachter, J.; Wendorff, J. Influence of Structural Defects on Viscoelastic Properties of Poly(Propylene). Prog. Colloid.
Polym. Sci. 1985, 71, 164-172.

26. Nutting, P.G. A Study of Elastic Viscous Deformation. Proc. ASTM 1921, 21, 1162-1171.

27. Rees, D.W.A. Nutting Creep in Polymer Composites. ]. Mater. Process. Technol. 2003, 143-144, 164-170. [CrossRef]

28. Ward, I.LM.; Sweeney, J. Linear Viscoelastic Behaviour. In Mechanical Properties of Solid Polymers; Wiley: Chichester, UK, 2013; ISBN
978-1-4443-1950-7.

29. Semenov, A.; Melnikov, B. Interactive Rheological Modeling in Elasto-Visco-Plastic Finite Element Analysis. Procedia Eng. 2016,
165, 1748-1756. [CrossRef]

30. Oyen, M.L. Spherical Indentation Creep Following Ramp Loading. J. Mater. Res. 2005, 20, 2094-2100. [CrossRef]

31. Oyen, M.L. Analytical Techniques for Indentation of Viscoelastic Materials. Philos. Mag. 2006, 86, 5625-5641. [CrossRef]


http://doi.org/10.1016/j.polymertesting.2010.11.006
http://doi.org/10.1016/j.jmps.2012.09.009
http://doi.org/10.1007/s10853-014-8699-9
http://doi.org/10.1557/jmr.2018.505
http://doi.org/10.3390/geosciences9020079
http://doi.org/10.1016/j.ijsolstr.2020.09.017
http://doi.org/10.1016/S0921-5093(03)00205-3
http://doi.org/10.1002/mame.200300310
http://doi.org/10.1016/j.jallcom.2006.09.024
http://doi.org/10.1023/B:MTDM.0000007217.07156.9b
http://doi.org/10.1016/j.polymertesting.2015.02.006
http://doi.org/10.1007/BF00738628
http://doi.org/10.1016/j.msea.2006.11.098
http://doi.org/10.3390/polym13142353
http://doi.org/10.1002/pen.10937
http://doi.org/10.1016/S0924-0136(03)00399-6
http://doi.org/10.1016/j.proeng.2016.11.918
http://doi.org/10.1557/JMR.2005.0259
http://doi.org/10.1080/14786430600740666

Materials 2023, 16, 834 26 of 26

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Oyen, M.L. Sensitivity of Polymer Nanoindentation Creep Measurements to Experimental Variables. Acta Mater. 2007, 55,
3633-3639. [CrossRef]

Men¢ik, J.; He, L.H.; Swain, M.V. Determination of Viscoelastic—Plastic Material Parameters of Biomaterials by Instrumented
Indentation. J. Mech. Behav. Biomed. Mater. 2009, 2, 318-325. [CrossRef]

Fischer-Cripps, A.C. Contact Mechanics. In Nanoindentation; Mechanical Engineering Series; Springer: New York, NY, USA, 2011;
ISBN 978-1-4419-9871-2.

Balta-Calleja, EJ.; Fakirov, S. Microhardness Determination in Polymeric Materials. In Microhardness of Polymers; Cambridge Solid
State Science Series; Cambridge University Press: Cambridge, UK, 2000; ISBN 978-0-521-64218-7.

Balta-Calleja, FJ.; Bassett, D.C. Microindentation Hardness of Oriented Chain-Extended Polyethylene: Microindentation Hardness.
J. Polym. Sci. C Polym. Symp. 1977, 58, 157-167. [CrossRef]

Flores, A.; Ania, F,; Balta-Calleja, F.J. From the Glassy State to Ordered Polymer Structures: A Microhardness Study. Polymer 2009,
50, 729-746. [CrossRef]

Slouf, M.; Vackova, T.; Nevoralova, M.; Pokorny, D. Micromechanical Properties of One-Step and Sequentially Crosslinked
UHMWPEs for Total Joint Replacements. Polym. Test. 2015, 41, 191-197. [CrossRef]

Slouf, M.; Vackova, T.; Zhigunov, A.; Sikora, A.; Piorkowska, E. Nucleation of Polypropylene Crystallization with Gold
Nanoparticles. Part 2: Relation between Particle Morphology and Nucleation Activity. . Macromol. Sci. Part. B 2016, 55, 393—-410.
[CrossRef]

Lee, E.H.; Radok, ].R.M. The Contact Problem for Viscoelastic Bodies. J. Appl. Mech. 1960, 27, 438-444. [CrossRef]

Johnson, K.L. Contact Mechanics; Cambridge University Press: Cambridge, UK, 1992; ISBN 978-0-521-34796-9.

Sakai, M.; Shimizu, S. Indentation Rheometry for Glass-Forming Materials. J. Non Cryst. Solids 2001, 282, 236-247. [CrossRef]
Kolarik, J.; Pegoretti, A. Indentation Creep of Heterogeneous Blends of Poly(Ethylene Terephthalate) /Impact Modifier. Polym.
Test. 2004, 23, 113-121. [CrossRef]

Beake, B.D.; Bell, G.A.; Brostow, W.; Chonkaew, W. Nanoindentation Creep and Glass Transition Temperatures in Polymers.
Polym. Int. 2007, 56, 773-778. [CrossRef]

Nakazato, Y.; Zhu, S.; Usuki, A ; Kato, M. Analysis and Prediction of Creep Viscoelasticity in Nylon 6 Clay Hybrid Nanocomposites.
J. Solid Mech. Mater. Eng. 2010, 4, 856-863. [CrossRef]

Wang, Y.; Shang, L.; Zhang, P; Yan, X.; Zhang, K.; Dou, S.; Zhao, J.; Li, Y. Measurement of Viscoelastic Properties for Polymers by
Nanoindentation. Polym. Test. 2020, 83, 106353. [CrossRef]

Trzepiecinski, T.; Lemu, H.G. A Three-Dimensional Elastic-Plastic Contact Analysis of Vickers Indenter on a Deep Drawing
Quality Steel Sheet. Materials 2019, 12, 2153. [CrossRef] [PubMed]

Balta-Calleja, FJ.; Fakirov, S. Microhardness of Polymers; Cambridge Solid State Science Series; Cambridge University Press:
Cambridge, UK, 2000; ISBN 978-0-521-64218-7.

Urdan, T.C. Statistics in Plain English, 4th ed.; Routledge, Taylor & Francis Group: New York, NY, USA, 2017; ISBN 978-1-138-
83833-8.

Celauro, C.; Fecarotti, C.; Pirrotta, A.; Collop, A.C. Experimental Validation of a Fractional Model for Creep/Recovery Testing of
Asphalt Mixtures. Constr. Build. Mater. 2012, 36, 458-466. [CrossRef]

Gao, Y.; Zhao, B.; Yin, D.; Yuan, L. A General Fractional Model of Creep Response for Polymer Materials: Simulation and Model
Comparison. J. Appl. Polym. Sci. 2022, 139, 51577. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.actamat.2006.12.031
http://doi.org/10.1016/j.jmbbm.2008.09.002
http://doi.org/10.1002/polc.5070580112
http://doi.org/10.1016/j.polymer.2008.11.037
http://doi.org/10.1016/j.polymertesting.2014.12.003
http://doi.org/10.1080/00222348.2016.1153402
http://doi.org/10.1115/1.3644020
http://doi.org/10.1016/S0022-3093(01)00316-7
http://doi.org/10.1016/S0142-9418(03)00069-2
http://doi.org/10.1002/pi.2207
http://doi.org/10.1299/jmmp.4.856
http://doi.org/10.1016/j.polymertesting.2020.106353
http://doi.org/10.3390/ma12132153
http://www.ncbi.nlm.nih.gov/pubmed/31277427
http://doi.org/10.1016/j.conbuildmat.2012.04.028
http://doi.org/10.1002/app.51577

	Introduction 
	Theoretical Background 
	Creep in Tensile Experiments 
	Principle of Experiments and Basic Types of Tensile Creep Curves 
	General Relations for Tensile Creep 
	Empirical Equations for Tensile Creep 
	Elasto-Visco-Plastic Models for Tensile Creep 

	Creep in Indentation Experiments 
	Principle of Indentation Creep Experiments and Shape of Indentation Creep Curves 
	Basic Relations for Indentation Creep 
	Empirical Models for Indentation Creep 
	Elasto-Visco-Plastic Models for Indentation Creep 

	Comparison of Tensile and Indentation Creep Experiments 

	Experimental 
	Materials 
	Sample Preparation 
	Creep Measurements 
	Macroscale Tensile Creep 
	Microscale Indentation Creep 

	Creep Data Evaluation 

	Results 
	Short-Term Indentation Creep 
	Long-Term Indentation Creep 
	Long-Term Tensile Creep 
	Additional Indentation Creep Results 
	Quantification of Creep Behavior by Means of Creep Constants 

	Discussion 
	Correlations between Indentation Creep and Tensile Creep Results 
	Comparison of Predictive Models 
	Automated Creep Data Evaluation with Package MCREEP 
	Limitations of Current Study 

	Conclusions 
	Appendix A
	Appendix B
	Appendix C
	References

