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Abstract

An ocoriginal precise technique for measuring creep rate using a laser interferometer has
been developed. This makes it possible to oblain information on creep kinetics at any
point on the creep curve over wide ranges of temperatures and deformation values. Some
regularities in i1he deformation kinetics of glassy polymers have been found. The
rclationships obtained between activation energy and activation volume, and cohesion
encrgy confirm the intermolecular origin of the potential barriers to deformation. The
possibilities of studying microplasticity in different materials, including brittle materials,
have been demonstrated. On this basis, the Creep Rate Spectifa (CRS) method is

suggested as a low-frequency and high-resolution procedure for application in relaxation
spectrometry.

INTRCDUCTION

Explanations of inelastic deformation of glassy polymers are based on
the classical treatments of Frenkel [1] and of Eyring and coworkers [2, 3],
who considered an elementary plastic flow event as a transition of a particle
from one quasi-equilibrium state to another by means of the overcoming of
a potential barrier under the influence of thermal fluctuations. From refs.
3-7, it follows that the polymer deformation rate can be described, in a
certain temperature range, by an expression of the type
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where 1, = 0-/2 is the maximum tangential stress, Q. is an empmcal
activation energy, Q(t,) = AH is an activation enthalpy, « is an activation
volume, AS is the entropy of activation, N is the number of *‘flow kinetic
units’” or any elementary shear regions, & is the contribution of each unit
to the total strain, R is the gas constant, 7 is the absolute temperature, &, is
the *‘frequency factor', and v, = 10"*s™",

The different deformation theories {2—13] involve expressions similar to
eqn. {1). Frenke!’s treatment has been expanded to consider the conditions
for displacement of a kineltic unit over a potential barrier, assuming that its
height is lowered by stress. It has also been presumed that the magnitude of
the kinetic units corresponds closely to the activation volume of
deformation, as well as to the different kinds of motion, namely the
rotation—transiation displacement of one segment or several neighbouring
segments. In addition, th= disclination [10] or dislocation {11] models have
been discussed.

However, eqn. (1), assuming a process with constant values of O, and «,
can only be applied within a narrow range of varying experimental
conditions. In the more usual determination of kinetic parameters, the
values of Q(¢,,) and « are found from the slopes of the In & against 7' and
In € against ¢, plots, which requires a certain averaging of the results for
wide ranges of stresses and temperatures and may introduce considerable
errors.

Application by Sherby and Dorn’s method of “jumps™ in stress or
temperature [14], with inaccurate measuring of the creep rates, also led to
rough estimates of the kinetic parameters and to the conclusion that they
are approximately constant within certain ranges of temperatures or strains.
- Meanwhile, the diversity of the molecular motions inherent in polymers
resulted in ‘a description of their mechanical properties with respect to
their relaxation transitions [15, 6] that made it possible to predict the
‘temperature anomalies observed for their deformation, fracture stress or
longevity under load [17-19]. This description predicted, in principle, the
inconstancy of deformation kinetic parameters over a wide range of
temperatures. However, there were no systematic studies of the deforma-
tion kinetics of polymers measured at the different stages of the process of
creep, i.e. as a function of the magnitude of deformation. The reason for
this is that the techniques adopted were unsuitable for these experiments.

The important problem in developing any specific model of deformation
is to define the physical nature of its potential barriers, i.e. the activation
energy -of the process. As postulated many years ago [2—-4,6,7], the
deformation of glassy polymers involves overcoming the barner. of intra-
and intermolecular (non- chemical) interactions; the dominant role of the
latter has also been assumed in specific models [10-12]. By combining the.
mechanical, spectroscopic and calorimetric techniques, the present authors
[20—23] confirmed experimentally the transformations in an equilibrium
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system of intermolecular bonds during a deformation process, and obtained
direct correlations between the resistance to deformation and the energy of
the intermolecular interactions in glassy polymers.

However, the values of O, obtained for polymers by generally accepted
techniques were often contradictory and were as large as tens or hundreds
of kilocalories per mole [4, 5, 12, 24], i.e. much more than the energy of a
single *‘intermolecular bond’ or an internal rotation barrier. Moreover, the
activation energies of the processes that are due to the breaking of chemical
bonds in chains, namely mechanical fracture or thermal degradation, are of
the same order of magnitude as the creep process [8,13]. It is also
noteworthy that the activation volumes of creep are characterized by the
large values of a, approx. 10°-10" A3 [12, 13,24]. All these data made it
difficult to come to any conclusions regarding the nature of the activation
-energy of deformation.

We succeeded in resolving these problems by the elaboration of a new
hlgh-precmon method for studying deformation kinetics, based on record-
ing the creep rates by laser interferometer [25, 26]. This technique made it
possible not only to increase markedly the accuracy of the measurements,
but also to study the creep and microcreep kinetics under formerly
inaccessible conditions. i.e. to obtain complete kinetic information at any
temperature and any stage of the deformation process.

This paper includes a brief review of studies carried out using this
method.

PRINCIPLES OF THE lNTERFERdMETRIC TECHNIQUE FOR
DEFORMATION RATE MEASUREMENTS

The laser interferometer method was the first technique to yield creep
rates of about 10~'"—10"* m s~! with an accuracy of 1% at any stage of the
deformation process, from measurements of the deformation increment of
only a few thousandths of a percent, i.e. about 0.1 um [27-34]. :

Figure 1 shows a scheme of one of the set-ups being considered, that for
the compression test. A Michelson interferometer was used, with a
low-powered He—Ne laser of wavelength A = 0.63 um. The optical scheme
(Fig. 1) consists of three semi-transparent (half-silvered) mirrors and three

~opague mirrors, one of which (2) is rigidly connected with a puncheon that

follows the deformation of a specimen. The laser beam reflected from the
moving mirror (2) changes its frequency as a result of the Doppler effect.
Interference of the initial beam with a beam of changed frequency yields
low-frequency beats in the resultant light beam whose . intensity is
transformed by photocells into an electric signal of the same frequency. The
frequency v of this signal may be measurec by standard instruments.

The evolutlon of the deformatlon with time was registered by a recorder
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Fig. 1. Scheme of the interferometric setup: 1, laser: 2-7. mirrors: 8, polarizer: 9,
photocells: 1) recorder: 11, automatic section: 12, indicator of displacements: 13, active
puncheon: 14, samptie: 15, load: 16, dampers: 17, figured lever providing constant er.

as a sequence of beats where the beat frequency v yields the creep rate g,
and the number of oscillations N yields the deformation value &

AV
LAV 2
“= 2 (2)
and
AN
- 3
Y (3)

where /, is the initial length of specimen.

Cylindrical specimens, 6 or 10 mm in length and 3 mm in diameter, were
- used in rompression tests, and film samples, 15 mm in length, were used in
. the extension experiments. In this case, according to egn. (3), the real
“minimum deformation increment allowing determination of the creep rate
“was equal to 0.15 pwm (half of one oscillation), i.e. about 0.001 % —0.003%.

The error in the determination of & was equal to 1%.
The interferometric method has many advantages, such as the combina-
tion of a wide range of permissible displacements, from approx. 107’ m up
-to 107" m, with constant resolution and high accuracy, and the possibility of
studying the inelastic deformation of different solids, including ultralow
. creep rates and microplasticity in brittle materials. In addition, this
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technique does not require calibration and allows a computer to be used
for automatic plotting of & = F(¢), & —f(e:) and z—:'—f(r) curvec during the
course of the experiment [26]. Moreover, in this unique set-up there is no
mechanical contact between the gauging scheme and the specimen.

The approach to the determination of the deformation kinetic para-
meters by this technique must be considered in more detail: a series of
studies of this kind [27—-34] are described below.

It is known [35] that the main difficulty in the correct estimation of the Qo
and o values is the need to maintain the structure of the polymers during
their measurement: this is, strictly speaking, impossible.

In refs. 2734, the kinetic parameters Q, and o were determined by the
method of temperature and stress “‘jumps’ [14], which was greatly
improved by using a laser interferometer to measure the strain rate.

In our opinion, the possibility of determining the insignificant changes of.
rate £ using ultra-simall changes in the strain (approx. 0.005%) in the jump
allows the condition of invariability in the polymer structure to be
approached during the test. Therefore, the parameters Q,, « and &, in eqn.
(1) may be regarded as constants for any given ‘“‘point of the creep
process. In the sensitive method for the determination of creep rate, it is
possible to change the temperature by only 3-5°C during the measurement
of Q.. The jump method is also attractive because at any given temperature
we can determine the kinetic parameters for a single sample at different
stages of its deformation.

Thus, we assume that, in principle, all three kinetic parameters are a
t'unctibn of the temperature, strain and stress, but in eachi experiment,
involving an abrupt but small change in temperature or stress, these
parameters in eqn. (1) may be considered as constants; then, the relevant
change in the creep rate £ is associated only with changes in T or ¢,,,.

The criterion of constancy of the structure was the reversibility of the
strain rate £ after a reverse jump, A/, or AT.

The method of jumps of AT or At,, was used to find the values of Q(¢,.).
Q, and «a at any *‘point™ on the creep curve, using the equations

Qe = R(FE2LEL) | @
In &/8,
= RT(F ) )
and |
QH = Q(rm) + a'rrgt ‘ ‘ | : ' ‘ (6)

where &, and &, are the creep rates before and after a jump of AT =75 — 7,
(=5°C) or At,, (<0.1¢,). - - -
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Fig. 2. Typical inlcrferdgrams of the creep recorded during a temperature jump A7 and a
stress jump Ao, One oscillation represents a strain of 0.3 m (approx. 0.005%).

Equation (4) was used to determine the parameter Q(s,,), and then eqn.
(1) yields &,

(In &), r=Iné+ Q(,)/RT ()

The temperature jump was produced by passing a current along a
flexible helix which, at low temperature, was wound around the sample but,
at T > 20°C, was achieved by immersion of the sample in an inert liquid. A
period of about 30 s was sufficient to heat a sample. Typical interferograms
before and after jumps of Ar,,, or AT are shown in Fig. 2.

The coefficient « was determined by making a change At,, at constant T
so that the dependence a(7) did not complicate the procedure of
determining this coefficient.

- 'When measuring Q(f,), a change in temperature was required. For
polymers, one can expect a weak dependence of Q(r.) on T for certain
temperature ranges [17,19]. In those cases, the derivative dQ/d7T was
extremely small and the determination of Q,, was the most correct.

Below, we briefly consider the results of our studies on glassy polymers

using the technique described. Some specific aspects of the methodology
will also be noted in the relevant parts.

ANALYSIS OF THERMALLY ACTIVATED CREEP
Process parameters versus deformation value

The creep curves under compression for all the glassy polymers studied
“were of the type shown schematically in Fig. 3, curve 2. The g, strain
corresponds to a bend m the creep curve and to a maximum in the
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Fig. 3. Schematic represcntation of typical creep curves for stretching (1) or compression (2).

of glassy polymers, and the creep rate alteration during the crecep process (3): X, peints of
fracture in stretching.

stress—strain curve, yielding a stress &, [36-38]. The creep curve obtained
in tension is often broken at AB, the creep stage. Tiie activation parameter
values cited in the literature as the ‘“constants™ of the materials
[5, 8,12, 14, 24] correspond to this steady-state creep, characterized by the
constant rate, as assumed. _ .

‘Meanwhile, precise measurements by laser interferometer of the

= f(&) plot show [19, 29] that if ¢,, and 7T are constant, the crep rate &
varies continuously with increasing strain (see Figs. 3 and 4), so that £ is
minimum at &,. This result suggested that the values of Q,, @ and &, would
also change during the course of the deformation.

We have carried out a systematic experimental evaluation of the creep
kinetic parameters using the new technique [25-34] for a number of glassy
polymers, see Fig. 6 caption, below. These data, combined with the

spectroscopic and calorimetric measurements of the intermolecular inter-
-actions for the initial and pre-strained samples [20, 22, 23], made it possxble
to extend considerably the description of the nature of creep.

Figure 4 shows as an example the kinetic parameters versus total creep
deformation depencences obtained for PVC and PMMA. The values of
Q(tn), Qu a and &, determmed from various pomts of the creep curves
were found to depend on the degree of strain in a similar way for all the
polymers studied (PMMA, PVB, PS, styrene copolymers, PC, PVC, etc)
As seen in Fig. 4, at constant o and 7, all the creep parameters depend
strongly on strain. The magnitudes of Q(¢,.), Qu, o and lg &, reached their
maximum values at g,; thereafter they reduced, and at € > 10%-15% the

changes became insignificant; this is when “*cold-flow™ defoermation occurs
throughout the sample.
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Fig. 4. Strain dependences of the creep parameters at 7 = 20°C: a, poly(methyl methacry-
late), o = 90 MPa, b, poly(vinyl chloride)., & = 50 MPa. The broken curves correspond to the
- preliminarily stretched and twisted sample.
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Over the range £ = 10%-40%, the value of @ remained constant, to a
first approxlmatxon, while Q,, decreased slightly. :

Table 1 gives the values of Q, and « for several polymers at € = &, and
£ =20%. The largest values of the activation energy Q, vary within this -
polymer series in the range of about 130-280 kJ mol~'; at the stage of fast
creep (Fig. 3), this parameter decreases by 1.5-2 times.

It was shown in ref. 29 that pre-straining or quenching of glassy polymers
could lower the “‘peak’ values of the o and Q, parameters at point &,, with
total disappearance of maxima (Fig. 4b). This result reflects the dependence
of these parameters on structural changes in the polymers.

The strain dependences of the creep activation energy Q, were in good
agreement with the results obtained by IR spectroscopy and DSC
techniques. Thus, as was shown in refs. 20, 22 and 23, the pre-straining of
glassy polymers: at &£>¢g, broke an initial equlllbrlum system of
intermolecular bonds which resuited in a decrease in the interactions
between molecules and, simultaneously, in a change in the Kkinetic
parameters of deformatian (Fig. 4). The value of the frequency factor 1g &,
also depended on the degree of strain, changing from about 13 down to 7-8
[19,27]. It was assumed that this was due to the changes in the entropy of
activation (AS = 0) [39].

Thus, for an isotropic linear polymer, in general the creep curve cannot
be described by eqn. (1) with invariable values of the coefficients Q,, o and
£y.

The similarity of the a«(g), Qu(e) and lg &, versus & curves has
demonstrated their interrelationship and revealed the complex integral
nature of Q, as a potential barrier. It can be tentatively assumed that the
latter includes a number of ‘“‘elementary” g, energy barriers, overcome by a
kinetic deformation unit commensurable with « in its volume. Indeed, this
approach made it possible to proceed with the study of the nature of the
activation energy [27-34].

Let us imagine a unit event of a creep process, wzthout consndenng
specific deformation models, as a displacement and transition of a section of
the macromolecule equal in volume to e = mV, over the potential barrier
Ov=>qg:.=mgq, [19,27-29]. Here V = M/pN, is the volume of one
monomeric unit, m is their number per kinetic unit of deformation, and
M, p, N, are the molecular mass of the monomeric unit, the densuy of the
polymer and Avogadro’s constant, respectively. The “elementary barrler
q: is a part1a1 contrlbutlon to the potential barrler, bemg related to one
monomeric unit, | R

Table 1, together with the kinetic characterlstlcs, gives some values of

= Qu/m calculated from experimental data obtamed at approx. 20°C for
the point &£ = g,, when the initial structure remains undamaged by shear,
and at deformation € = 20%, i.e. in the “cold flow™ range. ‘

If the initial assumptlon is correct, the barrier g; should be condmoned
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primarily by the chemical structure of the monomeric unit and mainly
corresponds to the intermolecular interaction barrier that is overcome
being reduced to one mole of monomeric units, i.e. it is related to the
cohesion energy E.... As known, E.,, is the enérgy required to break all the
intermolecular contacts of a small molecule with its environment. However,
when this kinetic unit is surrounded by similar particles, the effective
intermolecular barrier to motion is equal to E,= £,,/3, as was shown for
the flow of many low-molecular liquids [2, 3].

Table 1 gives E; values estimated from the £, values of low-molecular ‘
organic substances [40,41], whose chemical structure is the same as the
monomer unit of the chain. In all cases, for polymers varying in structure
the values of ¢g; were close to E.,,./3, although both characteristics varied for
these polymers in a few cases.

Because the inelastic deformation of glassy polymers may somewhat
reduce the intermolecular interaction energy [20,22,42], the barrier g,
might reflect this process. Some decrease in the 'g; values was indeed
observed for & >> &, [19] (see also Table 1).

It might be thought that the cerrespondence found was not acmdentul
but reflected the similarity between creep processes in glassy polymers and
viscous flow in low-molecular substances. Of course, the mechanism of the
deformation of solid polymers must undoubtedly be much more complex,

but in each case it basically involves an overcoming of intermolecular
interaction barriers.

Temperature dependences of kinetic parameters

- The potential barriers of intermolecular interactions in glassy polymers
cannot vary greatly when the temperature is changed. In our experiments, a
considerable variability in the deformation kinetic parameters were
obtained over a wide temperature range for cach polymer [19,29-34].

Figure 5 shows the experimental Q,, /m and log &, versus temperature.
"dependences obtained for PMMA and PVC at £ =20%. Similarities are
observed (as, alsa, for PE, PS, PC, epoxy resins and other polymers
[19, 29-34]), i.e. all three kinetic parameters of deformation change in a
similar way, increasing with temperature several times over the range from
—196°C to T,. As seen, the curves indicate either regions of slight changes in
the parameters with temperature or intervals in which they change sharply.

These resulis are not surprising. According to earlier data [15-19], the
deformability of solid nolymers varies with temperature in a step-like
manner because of the abrupi changes in the nature of the dominant type of
molecular motion in the relaxation transitions. This is particularily
_ obvious when comparing the kinetic curves obtained for PVC and PMMA

with their mechanical loss spectra (Fig. 5).
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As shown in refs. 37 and 38, the deformation consists of the stress
activation of the part of the relaxation time spectrum in the polymer located
above the temperatur¢c of the deformation experiment. Therefore, the
mechanical loss spectrum has been successfully used to describe the
deformation properties of glassy polymers. Consequently, the values of Q,
and « at each temperature characterize a certain effective kinetic unit
formed by the relevant part of the spectrum.

In our treatment, eqn. (1) describes a process with a single effective
relaxation time, characteristic of a given narrow temperature interval of
T; + AT and of a given strain g + 0.01%. In principle, at each subsequent
“point” of the creep process, the effective relaxation time and, conse-
quently, the measured kinetic parameters, can have different values. If we
determine Q,, o and &, in a wide range of temperatures, we in fact obtain a
temperature spectrum of their magnitudes.

Bearing these points in mind, we return to the curves in Fig. 5. The rise
in the values of & and @, with an increase in temperature means that at
low temperatures the main contribution to the deformation is made by
small-scale kinetic units, whose motion involves overcoming low-energy
barriers with small thermal fluctuations.

On heating, the relaxation times for these units become much less than
the experimental time, so that these motions contribute only to. the
instantaneous deformation, and the creep rate is governed by the stress
activation of the motion of larger-scale kinetic units [19, 37, 38]. The fall in
the &, value on cooling may be explained as the result of the decrease in the
activation entropy AS, in case of the smaller kinetic units, and of the
reduction in the contribution ¥ for each of these units to the deformation,
see eqn. (1).

As Q, depends on deformation temperature (Fig. 5), its values do not
provide sufficient information concerning the nature of the activation
energy.

Meanwhile, the estimation of an “elementary” barrier g; re]ated to one
monomer unit and achieved at completely different temperatures, allowed
us to arrive at the following important conclusion. Despite the large
changes in the values of @, and m1, the barrier of g, = [Qu(T) - V]/a(T) is
approximately constant within the limits of accuracy of 10-15%, through-
out the temperature range of the glassy state of the polymer (Fig. 5).

In Fig. 6, the values of g, obtained in our creep experiments (& > ¢,) for
14 polymers of varying chemical structure, are compared with their
- cohesion energies; the latter were taken from refs. 40, 41 and 43. For the
crosslinked polymers studied, we assumed that the kinetic units were
located within the segments between crosslinks and were smular to those in
linear polymers [44].

As seen in Fig. 6, all of the polymers studied fit satlsfactonly to a linear
. dependence of g;,= E..,/3, which was true for any temperature for the
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Fig. 6. Relationship between ¢, representing the partial activation barrier to creep. reduced
to a monomer unit, and the cohesion energy: 1, polyethylene; 2, poly(vinyl chloride; 3.
poly(vinyl butyral): 4, polyacrylonitrile; 5, polysiyrenc: 6, poly{methyl methacrylate): 7,
styrene/methacrylic acid copolymer, 84:16; 8, styrene/methacrylic acid copolymer, 67:33; 9,
styrene/methacrylic acid copolymer 40:60):; 10. poly(ethylenc terephthalate); 11, polycarbo-
nate; [2, chonite: 13, epoxy resin I 14, cpoxy resin 1L

glassy state of the polymer. It should be noted that the connection between
the deformation characteristics of polymers and the cohesion energy was
also observed by Struik [80].

This relationship between the barrier g; in the deformation (“‘cold flow”
of solid polymers and E..../3, i.e. the activation energy of viscous flow for
relevant monomeric liquids, turned out to be a general feature for
amorphous and semi-crystalline polymers at T < 7, including both isotropic
and slightly drawn samples [29, 31].

Some tendency observed for g; tc decrease with increasing temperature
(Fig. 5) may reflect a small change in the intermolecular interactions,
estimated, in particular, by spectroscopy, see ref. 45. The latter effect was in
fact accompanied by a considerable decrease in g, values at T"> 7, (Fig. 5a)
which is clearly the result of cooperative motional processes and the
increasing role of an entropy factor. :

However, study of the deformation kinetics for a series of glassy
styrene—methacrylic acid (S-MAA) copolymers with different concentra-
tions of MAA, i.e. of intermolecular hydrogen bonds, showed that an
increase in intermolecular interactions resulted, as expected, in a regular
rise in g; values [29]. This could be considered as an additional
corroboration of the intermolecular nature of the deformation energy
barrier in glassy polymers. . |

It is also noteworthy that the values of Q, and « found in tension tests
might be somewhat larger than in compression tests. However, the
parameter q;, which we consider as a certain criterion for recognizing the
nature ‘of the deformation, did not d:ffer cons:derably under moderate
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strains [34] Thus, the value of g, = E_./3 found from the macroscoplc
creep experiments enabled us to conclude that, irrespective of the specific
deformation model, the deformation process for glassy polymers involved
mainly the surmounting of intermolecular interaction barriers; this is
similar, in essence, tu the viscous flow of the oligomer which is equal in its
volume to the activation volume, & = mV, in the deformation process of the

polymer. In other words, the activation barrier of deformation to be
overcome

a:(T, 8)' qi%a(T‘ 8) Ecuh%n‘l@ : (8)

v 14 3 3
is governed by the intermolecular interaction energy Eu,,. and by the scale
of the kinetic units (in numbers of monomers »1) [19]. .

It is interesting that eqn. (8) gives an independent approximate estimate of
the E., value of glassy polymers, from only two experimental determin-
ations of Q, and « for any point on the creep curve and any temperature.

As indicated above, the changes in the Kkinetic parameters with
temperature occur to the greatest extent in the regions of relaxation
transitions (Fig. 5) [17,30-32, 46]. Consequently, the spectrum of relaxa-
tion times or, more exactly, the type of motion prevailing in the given
relaxation region determines the possibility of deformation shear under
stress at each temperature.

Therefore, the results of a large series of new experimental studies
concerning the nature of the «, 8, v, and 6 relaxations in polymers are of
great interest; they have been published over the last decade and have
recently been summarized in a book [47] and in review papers [48, 49].
These studies have made it possible to establish the interrelationship and
common nature of the transitions for polymers of varying structure, in-
order to obtain relationships between the parameters of the transitions and
the molecular characteristics of the polymers and to provide techniques
for the prediction of relaxations. '

Thus, it was shown that the low-temperature &-relaxation can be
assigned to the small-angle torsional vibration of a monomer unit. as a
whole; the vy-relaxation (except in two specific cases) corresponds to
localized torsional motions involving two or three neighbouring monomer
units in the chain. The main transitions, 8 and «, turned out to be
associated with the rotational motion within a chain segment close in size to
a ‘“‘correlation length’’, i.e. the statistical (Kuhn) segment, with participa-
tion of one-barrier conformational (T = G) transition in these events. The.
segmental motion can be realized .as either quasi-independent (8) or
cooperative (a) (in the intermolecular sense). The Kuhn segment also
manifests itself as a motional unit in the rubber like elasticity and ﬂow
regions [47,49].

Two points should be emphasrzed First, the potentla‘x barriers of the

Qt.)- =
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above transmons, as for those in the deformatlon process, were found to be
proportional to the cohesion energy and the scale of the motional unit.
Thus, not only activation energies, which is well known, but also the
estimated activation volumes {50, 51] of the relaxation transitions decrease
step by step (from a- ta 8-, from B- to 7y-relaxation) as the temperature is
reduced. This regularity is, in fact, similar to that observed for the
behaviour of the deformation activation parameters (Fig. 5). However, in
the temperature region of the B-relaxation, as predicted the activation
volume of deformation is approximately sV where #1, is the number of
monomer units in the Kuhn segment [29].

~ Here, we do not take into account the specific models of polymer
deformation. The dislocation analogy [11, 37, 38, 52], disclination [10] and
combined dislocation—disclination [53,54] models have been suggesled
some experimental examination of these models was carried out in refs. 37
and 38. Satisfactory agreement between the theory and the experimental
Qu(T) and «(7T) dependences was shown in ref. 55. It is necessary to stress,
however, that in these models a decisive influence of the intermolecular
interactions and the molecular motion spectrum on the deformation
kinetics is maintained as a result of the shear modulus versus temperature
dependence used.

In summary, we can conclude that the activation energy, activation
volume and pre-exXponential factor cannot be regarded as stable charac-
leristics of the deformation in a glassy polymer. The values of these
parameters are interconnected, and depend on the degree of deformation
and the temperature. Moreover, their changes are related in a regular
manner to structural alterations in the polymer and to its spectrum of
molecular motions. The polymer deformation mechanism is realized as
shear, the potential barriers of the intermolecular interactions being mainly
‘overcome.

- Emphasizing the changeability of the deformation kinetic parameters we
have to rewrite eqn. (1) as follows

Qu(T’ 8) — a(Ts E:)Ilm)
RT

E=¢&\T, ) exp( - (%

'KINETICS OF SMALL DEFORMATIONS: MICROPL+.STICITY

Creep rate spectra of glassy polymers

The precise laser-interferometric method was effectively applied to study
. the viscoelastic strain region of solids, i.e. the microplasticity at stresses
much below the yield stress (“‘retarded elastic deformation’). Studies of
'poiymers and of other matenals have shown that peaks of small
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deformation rates appear on the £(7) dependences measured at constant
stress {56-60] or on the £(¢,) plots obtlained at constant temperature
[61, 62]. Curves of both these kinds are known as ‘‘creep rate spectra”. ,

These microplasticity effects, for instance from the £(7) spectra, were
observed as follows. The sample was cooled to the lowest point of the
temperature range under study, and a stress, about 5-~10 times smaller than
the yield stress at the highest temperature of the experiments, that could
cause a small creep deformation without essential structure distortions, was
applied. After accumulation of a deformation of approx. 0.01%, necessary"
for reliable measuring of the creep rate, the sample was unloaded and
heated to a temperature 5~-10°C higher; then it was again loaded up to the
same stress, etc.

The creep rates were estimated from the interferograms, the same time
after loading for each temperature, and the & versus 7 dependenc'es were
plotted. As shown, the nature of the loading is insignificant in these
experiments; we mostly used a umaxlal compression test. The creep rates
observed were about 1077-10"°

The temperature regions of an mcreased microplasticity, i.e. the locatton
of the creep rate peaks, corresponded approximately to the relaxation
transitions in the polymers at frequencies of 107*-10"2Hz [19, 56, 58, 59]
differing considerably, however, in resolution.

A typlca] creep rate spectrum for PMMA is shown in Fig. 7 (curve 2). For
comparison, we also give the mechanical loss spectrum at 1 Hz [38] and the
fracture stress versus temperature plot for this polymer [16, 63]. As can be
seen, unlike the mechanical loss spectrum, the creep rate spectrum of
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Fig. 7. Poly(methyl methacrylate): 1, the temperature dependences of the fracture stress o

for 10s longevity under load; 2, the creep ratc &, o =10 MPa: 2’, o =1MPa; and 3, the
mechanical loss spectrum, | Hz.
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glassy PMMA is complicated and characterized by four pronounced narrow
peaks of increasing micro-plasticity, at 100, —25, ~90 and 50°C, corrés-
ponding to the «, 8 (shifted to —25°C due to lower frequency), y (fmost
probably due to moisture) and ‘“‘intermediate” (of unknown origin)
relaxations, respectively. The considerably improved resolution of the
latter technique is obvious.

Of practical importance was the fact that the peaks of the microplasticity
were more distinctly correlated with the bends in the temperature
dependence of the fracture stress o, than with the wide .3-peak in the
mechanical loss spectrum (Fig. 7, curves 1 and 3).

Studies [56—-59, 63] have also confirmed the new possibilities provided by
the creep rate spectrum (CRS) interferometric method as a non-destructive
technique for prediction of anomalies in the mechanical strength and
deformation properties of glassy polymers. The anomalies manifest them-
selves at certain temperatures as increased microplasticity. including the
region of brittle—ductile transition [63, 64].

The high resolution of the CRS method can also be illustrated by the
data obtained for B-relaxation region in PC [58] which are compared to
those obtained by two other relaxation techniques in Fig. 8. The rise in
resolution on passing from the mechanical loss spectrum [65] to the
thermally stimulated current de¢polarization method (TSD) [66] and,
especially, to our CRS technique is clearly seen. The high sensitivity of the
creep rate spectra technique has been proved experimentally. However,

£ x10%ins™!

Tanb

] I A 10"
-150 - —100 —50 0

Temperature in°C
‘ Flg 8. Temperature dependences of the mechanical loss [65] and the creep rate £ at o =0.1

o for polycarbonate. The broken line indicates the contour of the ‘thermally stimulated
depolarization current spectrum [66].
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the adopted approximation for creep curve description using the mechani- -
cal models do not permit fine effects to be revealed. In addition, it. should
be noted that at low frequencies the spectrum becomes sensitive to
moisture and physical ageing. ;

The direct connection between the complex structurcs of polymers,
particularly crosslinked ones, and the relevant creep rate spectra, displaying -
multiple & peaks, was also shown in refs. 33 and 59. It should be stressed
that the peaks corresponding to the different relaxation regions reflect
different responses to the same external influence (thermal treatment, etc.);
analogous changes in the dependences of mechanical properties wersus
temperature were observed in refs. 33, 58 and 59. Hence, the CRS method
can be considered as a high-resolution, low-frequency approach for the
study of relaxations including low-temperature transitions. Moreover, this
technique enables changes in the plasticity and microplesticity of the
polymer to be predicted in different temperature regions as well as at the
relevant critical temperatures.

Studies of brittle materials

The CRS method permitted us to carry out microplasticity studies for a
number of materials in their brittle and super-brittle states that were
previously practically impossible. Below we shall only summarize some fine
effects obtained in these cxperiments.

(i) As shown in ref. 67, the temperature position and height of the creep
rate peak in the spectra of carbon steels at low deformations provide a
comparison of their tendency towards the brittle fracture and a prediction
of the critical brittle temperatures.

(ii) For the first time, the total kinetic analysis of very small inelastic
deformations (£ =0.01%) was achieved for silicate glasses over the
temperature range from —120 to 350°C [32]. The polymer-like behaviour
of the glass deformation kinetics, namely the inconstancy of the Q,, « and
&, parameters, the relationship between their temperature dependences
and the relaxation spectra, as well as the low values of g;, were observed.

(iii) Microplasticity at low temperatures and stresses was discovered and
studied, even for extremely brittle glass ceramics and silicone nitride [68].
Their spectra of small deformation rates manifested maxima in the vicinity
of —50°C which separated the regions of different loca! relaxation abilities.
The influence of stress value and thermal history on the creep rate spectra
of these superbrittle solids was determined. ‘

(iv) The CRS technique was successfully employed for the investigation
~of small inelastic deformations in YBa,Cu,O,_, ceramics in their supercon-
ducting and “‘normal’ states in the temperature range 77-300 K [69, 70].
Three creep rate peaks, including one close to the temperature T. of the
superconducting transition, were. observed. The - influence of the
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Fig. 9. Typical inlerferograms and scheme of the polymer step-like creep: 1, manifestation
of the inhomogeneity in creep rate (steps) near €,5 2 and 3, examples of the distinct periodic
increments of deformation near g, (§ =x ).

oxygen concentration changes in the ceramics, and cf other factors, on the
microplasticity was discovered [69].

THE STEP-LIKE DEFORMATION OF SOLID POLYMERS

The phenomenon of step-like or jump deformation of metals and
crystals [71] can be regarded as a process characterized by an in-
homogeneous rate. A similar effect in the form of periodic stress
fluctuations in the o(g) curve has been observed for crystaliizing polymers
during high stretching ratios [72].

The interferometric method enabled us to analyse the creep rate
inhomogeneity more accurately and, thence, also to discover deformation
increments (‘“‘steps’’). on a submicron or micron scale in isotropic amor-
phous pclymers [73-76]. The step-like deformation can be illustrated by
- the interferograms and the scheme in Fig. 9. The steps were described by
‘two parameters: the increase in the strain L corresponding to the height of a
step in this scheme; and the ratio /2 of the nmiaximum (£€,..) to minimum
(émin) creep rates within the period L, i.e. parameter A corresponds to the
slope of the step in the scheme of Fig. 9. :

‘As found in refs. 73-75; the parameters # and L varied in a regular
manner during the course of a creep process. So, for all the materials
studied, the maximum in A was ovserved near thé point g,, i.e. at the
moment of breaking the initial structural state of the poiymer. The 2 and L
values increased with development of the deformanon process.

- Together with other observations, these results have suggested relation-
ships between the step-like deformation and polymer structural heteroge-
neity of different degrees [73-76]. The study of shear deformation



N.N.' Pé.s‘éhan.vkayn et al./Tfrermoch:"n'r. Acta 238 (1994) 429—'452 R .- o - 449

processes in ultra-thin organlc films [77] can be considered as supportmg
this approach.

Finally, it should be mentioned that the method considered was
successfully applied to the study of changes in the creep curves of polymers
after being subjected to magnetic fields [78] or y-irradiation [79].

CONCLUSIONS

Thus, the laser-interferometric method developed provided broad, new
possibilities for studying deformation kinetics in polymers and other
materials, as well as new information concerning the physics of polymer
plasticity. Relationships between deformation kinetics and the barrters to
intermolecular interactions and relaxation spectra were found.

The results obtained show that this high-precision technique. converts
the creep method into a valid high-resolution mechanical spectrometric
technique which allows both the plasticity and microuplasticity kinetics in
solids to be studied under different conditions, including the brittle and
super-brittle states, even under ihe influence of fine structural effects. The

compressive or tensile experiments can be carried out for massive samples,
films, or fibres.

It is particularly important that the new technique was useful in the
prediction of anomalous changes in mechanical behaviour, including the
brittle—ductile transition.
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