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Video-controlled tensile testing of polymers
and metals beyond the necking point

C. G'SELL, J.M. HIVER, A. DAHOUN, A. SOUAHI
Laboratoire de Métallugie Physique et Science des Matériaux (URA CNRS DO 155), Ecole
des Mines de Nancy, Parc de Saurupt, 54042 Nancy Cedex, France

A novel technique has been developed to record the intrinsic plastic behaviour of ductile
materials by monitoring the effective strain and the effective stress in the mid-plane of hout-
glass-shaped tensile specimens. The method utilizes a computer-aided video extensometer
which analyses the sample profile in real time. The effective strain is computed automatically
from the minimum diameter, and the effective stress is deduced from the applied load by
taking into account the stress triaxiality corresponding to the local radius of curvature of the
sample profile. Furthermore, a digital closed-loop system controls the ram speed of the
hydraulic tensile testing machine in such a way that the local effective strain rate is maintained
at a constant value. It is shown that most polymeric and metallic materials are entitled to be
investigated by this method, which gives access in real time to the constitutive plastic
equation, up to strains far beyond the necking point. The capabilities of the technique are
illustrated and discussed critically, with more details for two polymers of different structures:

polyethylene and polycarbonate.

1. Introduction

In many industrial forming processes, the material
undergoes a multiaxial deformation far higher than
the corresponding necking strain in uniaxial tensile
tests. Therefore, for the optimization of these pro-
cesses, it is essential to make use of reliable equations
describing the intrinsic plastic behaviour of a given
material element up to very large amounts of deforma-
tion. Such equations are commonly expressed in terms
of the variation of the effective (generalized) stress
versus the effective strain, the effective strain rate and
the temperature, G.g (Eepps £egrs 1)- They are necessary
for the use of the modern materials forming finite-
element codes [1, 2]. Unfortunately, they are generally
ill-defined at large strains, because the conventional
tensile testing procedures become inefficient as soon as
necking occurs. This point is very critical in the case of
solid polymers for which tensile inhomogeneities ap-
pear for strains as small as 5% [3, 4].

The aim of this paper is to present an original
material testing method which was specifically de-
veloped for measuring the local stress and strain in a
given material element while its local strain rate is held
constant by means of a computerized closed-loop
control system. In contrast with previous techniques
using mechanical clipped-on gauges [5, 6], the present
method is enhanced by the application of an image
digitizing system and real-time data-processing soft-
ware, especially designed with a view to achieving fast
acquisition and precision control of the stress, strain
and strain rate without any mechanical contact with
the specimen.
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In the experimental section, the basic principles of
the method will be presented. Typical results will be
subsequently analysed in the case of various materials,
with particular attention paid to semi-crystalline poly-
ethylene and amorphous polycarbonate. The intrinsic
plastic behaviour of these two reference polymers will
be displayed for different strain rates and temper-
atures. The discussion will be finally devoted to a
critical analysis of the limitations and potentialities of
the method, which is now routinely applied in this
laboratory to the study of several problems of polymer
science and engineering, including the prediction of
plastic instabilities, the micromechanical investigation
of polymeric alloys, and the control of solid-state
polymer forming techniques [7-97.

2. Experimental procedure

2.1. Local stresses and strains

In a tensile test-piece subjected to large clongations
past the necking point, the deformation of the material
becomes highly inhomogeneous along the calibrated
portion. Consequently, local values of the tensile
stress, strain and strain rate should be defined instead
of the overall values (or nominal, or engineering)
usually considered for small elongation ratios. The
scale at which these local variables are suitably meas-
ured depends on the geometry of the sample and on
the microstructural deformation mechanisms of the
material considered. More specifically, the dimensions
of the material element concerned in these measure-
ments should be much smaller than the characteristic
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wavelength of the macroscopic strain gradients
(necks), but much larger than the microscopic de-
formation domains (grains, spherulites, fine shear
bands etc.).

In the case of the standard ASTM specimens com-
monly used to test materials in tension, the calibrated
portion has a constant cross-section. Subsequently the
necks may appear in any place. Furthermore, in the
case of flat specimens, they tend to grow obliquely,
leading to a complex combination of shear and exten-
sional strains, whose distribution is hardly predic-
table. It has been shown previously on theoretical and
experimental grounds [10, 11] that the use of cylindri-
cal “hour-glass” specimens (Fig. 1) minimizes the
above problems because the neck develops uniquely
from the centre of the sample, with simpler axisym-
metric distributions of the stresses and strains. Al-
though the components of both the stress and strain
tensors vary along the tensile axis, z, and along the
radial axis, r, it was shown previously, by means of
finite-element computations, that the axial variation
predominates in the central region. Following this
“long wavelength” approximation [12], the “true”

Figure 1 Diagram of the hour-glass-shaped tensile sample.
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local stress in the mid-plane of the specimen is close to
the Kirchoff expression

4F

G, = TCD2 (1)
Where D is the minimum diameter of the deformed
sample. A suitable triaxiality correction is nevertheless
recommended in order to take into account the (small)
triaxiality effect associated with the development of
the radial and circumferential components of stress
when the neck profile takes a marked curvature. On
the basis of the Von Mises flow laws, Bridgman [10]
has shown that the “effective ” stress (equivalent ten-
sile stress for a pure uniaxial field) is approximately
obtained by multiplying o,, by a scalar triaxiality
factor, F, depending only on the neck geometry

Oetf = Oy FT

1
O ([1 T (RD)] loglT + (D/4RC>J> @

where R, is the radius of curvature of the profile in the
centre of the neck. Among others [13], the analysis of
Bridgman is the most commonly accepted. Its opera-
tional validity has been checked for polyethylene sam-
ples in previous publications [3, 4, 7].

Concerning the strain field, its average radial com-
ponent in the mid-plane of the sample is simply related
to the local reduction of diameter

g, = log(D/Dg) (3)

rr

where D, is the minimum diameter of the undeformed
specimen. This way of assessing the deformation of the
material has three advantages: (i) it concerns the same
material plane as for the measurement of the stress, (ii)
the state of stress and strain in this plane has the
singular property of being nearly uniform for sym-
metry reasons [10], and (iii) it can be continuously
monitored from a simple optical measurement of the
narrowest diameter of the developing neck.

In the case when the material is transversally iso-
tropic and deforms at constant volume (these assump-
tions will be discussed in a later section), the axial
component of strain is directly deduced from the
radial component by the relation

€, = —2¢g, 4

ZZ

and, since the stress triaxiality effects in the plane of
symmetry are of a second-order amplitude, their influ-
ence on the local distribution of strain can be neg-
lected. Consequently, in the following matter, the local
effective strain will be expressed to a first approxima-
tion by

€. = 210g(D0/D) (5)

Eeff =

Therefore the effective strain rate is locally correlated
with the neck shrinkage rate though the relation

. deg 2 (dD
P = g T w(z) ©

The problem of performing a tensile test with a locally
constant strain rate consists therefore in the appro-
priate control of the specimen elongation rate in



such a way that the minimum diameter would de-
crease according to an exponential function as

D(ty = D, exp(— E—ez—f—ft> (7

In previous work [6], one of us has developed a
preliminary technique in which the minimum dia-
meter was measured by the use of a circumferential
extensometer, while its appropriate evolution with
time was controlled by means of an MTS servo-
hydraulic testing machine and an exponential function
generator. This system was satisfactory, but the strain
control was somewhat jerky due to the friction of the
thin cable driving the circumference measurement at
the minimum cross-section of the neck. In further
experiments, the system was improved by the use of a
diametral clip-gauge. Jerkiness was thus suppressed,
but the basic problems of mechanical extensometry
remained: (i) the installation of the clip-gauge on to the
specimen was tedious and risks of slippage were
permanent, (i) the technique was limited to temper-
atures lower than about 200 °C unless a delicate re-
mote rod-driven measuring system was used, (iii) the
clipped-on extensometer impeded the in situ observa-
tion of defects (cracks, asymmetric shear bands) which
may arise in the sample during the test, and (iv) the
clipping pressure of the extensometer arms at the
contacting points was likely to damage the specimen
in the case of very delicate materials.

With regards to the above problems, non-contac-
ting optical extensometry appeared to be very
attractive. Its feasibility was founded on previous
experiments [3, 4] in which the deformation of tensile
samples was determined from their photographic
survey. The precision was correct but the post mortem
processing of strain data from the recorded images
was lengthy and made impossible any interactive
procedure. Subsequently, the new method described
here was developed to analyse optically the current
profile of the specimen during the course of a tensile
test and to control the local strain rate in real time, up
to very large strains far beyond the necking point.

2.2. Experimental apparatus

The system developed for this work is controlled by a
fast-processor microcomputer (Compaq 386, 25 MHz)
interfaced with a servo-hydraulic tensile testing
machine (MTS 810), a video camera, a keyboard and
several imaging and plotting displays (Fig. 2).

The opto-electronic equipment is composed of the
camera and its digitizing interface which records in
real time the specimen profile under load. The camera
is a CCD model from I2S (IVC/500). It is equip-
ped with a 200 mm tele-lens mounted on a Nikon
bellows to allow focusing at the rather short frontal
distance (about 300 mm) between the lens and the
specimen. The video interface board is commercially
available from Matrox of Dorval, Canada (Ref. MVP-
AT). It digitizes the video frame within 40 ms in an
array of 512 x 512 pixels. The brightness of each pixel
is analysed on a 256-level grey scale.
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load cell interface

E’] Display monitors
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' [
I

—
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machine
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Figure 2 General diagram of the tensile testing system with the
computer-aided video extensometer and the true strain-rate control.

The interface of the tensile machine with the micro-
computer is of the input/output type. On the one
hand, the signal from the load transducer is treated by
a 12-bit analogue-to-digital circuit (resolution of 5 N
for a typical full scale of + 10 kN). On the other hand
the input signal of the hydraulic actuator is controlled
by a specially designed 16-bit digital-to-analogue in-
terface (resolution of 0.6 um for a typical full scale of
+ 20 mm), equipped with a programmable ramp gen-
erator with its own clock.

The software (named VideoTension) was designed
for computing in real time the effective stress and
effective strain from the recorded data. It is also
capable of controlling the tensile test at a constant
true strain rate. It is composed of interchained sub-
routines whose flow chart is illustrated in Fig. 3. The
user-configurable subroutines were written in com-
piled Basic language, while all the subroutine which
require a very high execution speed (for the processing
of the video images in particular) were written in the C
programming language.

The initial setting subroutine is run before the
tensile test is activated, in order to adjust all the
physical and logical parameters of the system: calib-
ration of the load cell and of the actuator, adjustment
of the video camera (brightness, contrast and thresh-
old), programming of the ramp generator, identifica-
tion of the test, choice of the format for the
stress-strain curve plotting. Lastly, the program
allows the user to mount the tensile specimen in the
grips of the MTS machine.

Once the ramp generator is switched on, the Ten-
sion Control subroutine supports all functions neces-
sary to (i) acquire the tensile force, F, from the load
cell, (il) measure the geometric variables (D, R.) from
the video interface, (iii) compute and save the effective
stress and strain (o, &) by taking into account the
Bridgman triaxiality factor, Frp, (iv) adjust the hy-
draulic ram velocity in such a way that the local strain
rate, &4, remains constant in the mid-plane of the
sample, and (v) plot the stress versus strain and the
strain versus time curves on the high-resolution moni-
tor of the microcomputer.
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Figure 3 Flow chart of the VideoTension software designed for the
control of tensile tests at constant effective strain rate.

The above subroutine was carefully designed in
order to optimize the accuracy of the physical meas-
urements (F, D, R, t) together with the stability of the
strain rate. In this scope, the computing speed was
accelerated by the use of an 80387 math-coprocessor,
 which makes possible the numerical filtering of the
acquired data.

The capabilities of this tensile testing system have
been analysed during the last four years and perman-
ently upgraded by the introduction of newly available
components or peripherals. In addition, a companion
software (named DataGraph) was developed for the
functional analysis of the stress—strain—strain-rate
plots.

This development was based on the following
principles:

(i) systematic use of commercial hardware elements
as far as they are available at a reasonable cost (only
the ramp generator was customized);

(ii) a user-friendly interface adapted to untrained
users: the menu-guided software indicates the altern-
ative operations at any step of the test and its Basic
language source can be easily modified by a novice
programmer;

(iii) flexible adaptation to other types of test with
the same hardware elements (different versions of the
system will be presented in the discussion section).

3. Results
A wide variety of materials has been tested in tension
by means of this apparatus, including polymers
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(polyethylene, polycarbonate, polyamide 6, poly(oxy-
methylene,), polystyrene, poly(tetrafluoroethylene),
poly(vinylchloride), poly(ether ether ketone), poly-
(methyl methacrylate), and metals (carbon steel,
copper—zinc brass, aluminium alloy). Some character-
istics of these materials are listed in Table 1. All the
specimens were machined on a lathe out of plates or

rods, with an original diameter D, = 6 mm in the
mid-plane cross-section, and a radius of curvature
R, = 20 mm.

It should be noted that the present method is of
particular interest for polymers, since these materials
exhibit a very early necking phenomenon, as illus-
trated by the profiles of Fig. 4 in the case of a high-
density polyethylene sample. These profiles were
obtained directly from the video camera and stored in
a hard disk during a typical tensile experiment at 25°C.
The first image represents the central part of the
original hour-glass-shaped sample. The others show
the formation of the neck and the corresponding
evolution of the specimen profile.

Selected stress—strain curves obtained with these
materials will be presented below, with particular
attention paid to the contrasting cases of the flexible
semi-crystalline high-density polyethylene and the
glassy amorphous polycarbonate, which better illus-
trate the capabilitics of the testing procedure and
which have been investigated extensively in this labor-
atory [3, 4, 6-9, 15].

3.1. High-density polyethylene

Effective stress—strain curves obtained with the pre-
sent technique are displayed in Fig. 5 for the poly-
ethylene at room temperature and for four effective
strain rates in the range from 5x 1075 to 1 x 1073 s~ %,
At small strains, the behaviour is inelastic with an
initial tangent modulus of about 600 MPa, character-
istic of the semi-crystalline structure with rigid crystal-
lites (about 71% by volume, as determined by density
measurements) embedded in a rubber-like amorphous
polymer. After a period of moderate decrease of the
slope, the material experiences a yield phenomenon
which corresponds to the knee of the effective
stress—strain curves, followed by a long plastic stage
with very small strain-hardening. It is widely acknow-
ledged [16, 17] that the plastic yielding of poly-
ethylene is associated with the initiation of glide
mechanisms parallel to the chains in the crystalline
lamellae which are inclined about 45° with respect to
the tensile axis (and which thus undergo the highest
resolved shear stress).

It is essential to remark that the effective stress—
strain curves of the polyethylene do not exhibit any
stress drop at yield, in contrast with the engineering
(nominal) curves usually displayed in the literature. In
the latter, the engineering stress drop is typically of the
order of 40% of the yield stress, this effect being so
dramatic that many authors have considered this drop
as an intrinsic feature of polymer behaviour. Contrary
to the above statement, the continuous increase of the
stress in the effective curves presented here proves that
the transient drop of the engineering stress for poly-
ethylene is entirely due to geometric and rate effects,



TABLE I List of the materials tested

Symbol Material Origin Treatment® Density (vol %)
(gem™3) crystallinity®

HDPE High-density polyethylene Union Carbide, DFDY 6130, 60°C/24h 0.965 71
M, = 192200 gmol

PC Bisphenol-A polycarbonate  Bayer-R6hm, Makrolon L, 110°C/24h 1.1975 (4]
M, = 28800 gmol !

PA6 Polyamide-6 BASF, Ultramid B3 120°C/24h 1.133 33

POM Poly(oxy methylene) Commercial rod 120°C/24h 1.401 67

PS Polystyrene, atactic Westlake Plastics, USA, 95°C/24h 1.050 0
M, = 59900 gmol !

PTFE Poly(tetra fluoro ethylene) Commercial rod 40°C/24h 2.149 49

PVC Poly(vinyl chloride) Carlew Chemicals, D101 dark grey As received 1.396 0

PEEK Poly(ether ether ketone) Imperial Chemical Industries, 450 G 160°C/24h 1.304 29

PMMA Poly(methyl methacrylate) Orkem, PD 2774 85°C/24h 1.188 0

PP Polypropylene, isotactic Atochem, 3050 MN1 120°C/24h 0910 61

Steel Iron alloy 35 CD 4 Commercial rod Normalized 7.90 100

Brass Copper—Zinc alloy Commercial rod 300°C/2h 8.46 100

Al Aluminium alloy AU 4 G Commercial rod As received 2.79 100

? Thermal treatment under vacuum (except for brass in air), followed by a very slow cooling,
® Index of crystallinity deduced from the measured density and from published values of the crystal and amorphous densities [14].

1.6 1.8

Figure 4 Evolution of the specimen profile under tension in the case
of high-density polyethylene at 25 °C.
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Figure 5 Effective stress—strain curves of high-density polyethylene
at 25°C for various effective strain rates.

namely those associated with the sudden formation of

a neck which supports most of the overall elongation.
Once the plastic regime is installed, it continues
readily up to very large strains. The originally moder-

ate strain-hardening increases gradually, due to the
orientation of polymeric chains in the amorphous
parts and to the development of a fibre texture among
the crystalline species [17, 18]. However, the curve
does not exhibit any discontinuity like the so-called
“cold-drawing plateau” often described in the literat-
ure from conventional tensile tests and which is merely
associated with the propagation of the neck along the
specimen. Here, because the effective behaviour is
determined locally, the increase of stress characterizes
the progressive strain-hardening of the selected
material element as its deformation proceeds at a
constant strain rate: whatever happens to other parts
of the specimen could not influence its evolution (by
contrast with the conventional test in which a material
element located in the initially necked zone may wait
at nearly zero strain rate for a very long time before
the remote elements are reached in turn by the necking
“wave”).

From the rerharks above, it is clear that one advant-
age of this testing technique is to give access to the
influence of the effective strain rate directly. This is
illustrated in Fig. 5 which shows that, in all the plastic
stage, the tensile stress increases by about 20% for a
tenfold increase of the strain rate.

Lastly, the method gives access to the determination
of the influence of the temperature on the deformation
process for a given strain rate (Fig. 6). The tensile
behaviour of the polyethylene appears to be very
sensitive to temperature, with a 50% reduction of the
yield stress between 25 and 70 °C, although the general
shape of the curves remains unchanged.

3.2. Polycarbonate

Contrasting with the case of polyethylene, the effective
stress—strain curves obtained with polycarbonate at
room temperature (Fig. 7) show a definite yield drop at
the initiation of the plastic regime. Since the effective
stress is still related to the local response of the central
material element, the transient stress peak observed
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Figure 6 Influence of temperature on the effective stress—strain
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Figure 7 Effective stress—strain curves of polycarbonate at 25 °C for
various strain rates.

here is not the effect of the cross-section reduction and
corresponds necessarily to a true strain-softening of
the polycarbonate. It was shown in a previous study
[197] that this true yield drop is observed for all glassy
polymers (thermoplastics and thermosets) below their
glass-transition temperature. In polycarbonate, it
makes the necking phenomenon particularly abrupt
and unstable. In special instances (for example if the
rigidity of the tensile grips is insufficient, or if the
specimen is originally damaged) localized shear bands
may develop at yield. For such situations, the video-
controlled system provides the interesting advantage
of giving in real time a dynamic view of the artefact,
and lets the user decide on direct grounds whether the
test should be discounted or not.

Once the transient yield stage is passed, it is noted
(for effective strains larger than 0.2) that the continua-
tion of the plastic flow proceeds with a gradually
increasing strain-hardening, somewhat similar to the
final stage of the polyethylene. Here the hardening
would be caused by local rotation of the chain seg-
ments towards the direction of the tensile axis [20]
and by a subsequent higher resistance to plastic
deformation of this oriented amorphous structure.
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The absolute shift between the curves of Fig. 7
obtained at different strain rates is somewhat lower
than for the polyethylene. Furthermore, if computed
as the relative variation of the tensile stress, the strain-
rate sensitivity of polycarbonate is about three times
less than for polyethylene.

Also, the tensile behaviour of the polycarbonate is
very sensitive to the testing temperature as shown in
Fig. 8. It should be noted in particular that the stress
decreases very abruptly while approaching the glass
transition temperature at 7, = 145°C. Above this
temperature, the material becomes rubber-like and
the yield stress approaches zero. As far as strain-
hardening is concerned, it decreases rapidly between
100°C and T, but does not vanish completely in the
rubbery state, since the polymer chains continue to be
subjected to the entropic stress between the physical
entanglements [21].

Particular attention should be paid to the shape of
the yield drop at elevated temperatures (Fig. 9). Not
only is the stress peak observed to become narrower
when approaching the glass transition, but also its
amplitude depends much more on the strain rate than
it does at room temperature. It is remarkable how the
peak is reduced at lower strain rates and eventually
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Figure 8 Influence of temperature on the effective stress—strain
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Figure 9 Influence of the effective strain rate on the yield drop of
polycarbonate at 125°C.



disappears at 107 ° s ~1.According to a previous model
[22] this phenomenon would correspond to the un-
stable generation of deformation defects occurring at
yield in the glassy polycarbonate. After the exhaustion
of the available relaxation sites in the inelastic range,
the irreversible plastic deformation would be initiated
by the multiplication and growth of microscopic shear
domains inclined to the tensile axis. The kinetics of
this yielding process was described in a similar scheme
as the transient plasticity model of Gilman and
Johnston [23], originally introduced for inorganic
materials. For appropriate values of the defect mobil-
ity and of the strain rate, the model predicts very large
amplitude variations of the yield peak, quite like what
is observed here.

3.3. Other materials

In order to assess its applicability, we have tested the
above method with a number of other materials which
are listed in Table 1. The corresponding effective
stress—strain curves are displayed in Fig. 10 and 11 for
various polymers and metals tested at 25°C. Also
shown in Fig. 12 are the results for three polymers
which were too brittle at the ambient temperature and
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Figure 10 Typical effective stress—strain curves of seven ductile
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Figure 11 Typical effective stress—strain curves of three ductile
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Figure 12 Typical effective stress—strain curves of three polymers at
elevated temperatures; £, = 1x 1074571,

therefore investigated at a higher temperature. From
these tests, it should be noted that

(i) the metallic materials (steel, brass, aluminium
alloy) exhibit a plastic regime with a saturating strain-
hardening, so that the necks continue to grow until
rupture occurs;

(ii) the glassy polymers (PC, PS, PMMA, PV(C)
show a marked yield drop followed by a rapidly
increasing strain hardening;

(iti) the semi-crystalline polymers tested below their
glass-transition temperature (PA6, PEEK) yield with
a very small stress peak since only their amorphous
fraction is concerned in the defect generation mech-
anism and also because the crystallites act as favour-
able nucleation sites for the plastic mechanisms;

(iv) the semi-crystalline polymers tested above T,
(PE, PP, PTFE, POM) all have a very progressive
elastic limit without any softening effect. This is be-
cause the interlamellar rubbery phase is flexible
enough to accommodate the imposed strain rate
before the crystalline chain slip mechanism can take
over.

It should be remarked that the present testing tech-
nique allows the material to attain true strains at least
equal to and often much larger than those in a conven-
tional tensile test. In particular, the early fracture
which is often encountered at the root of the gripped
heads in the standard test-pieces is avoided in the
hour-glass-shaped specimens for which the stress con-
centrations are considerably reduced.

4. Discussion

After having illustrated the applicability of the present
testing method to a variety of materials, let us examine
now in some details its specific capabilities, limitations
and potential variants.

Originally, one of the authors [6] had initiated the
analysis of the local plastic response of polymers with
a view to giving a quantitative interpretation of the
initiation and propagation of tensile instabilities. Sev-
eral papers [3, 4,.7, 8] have shown that the effective
stress—strain—strain-rate behaviour thus determined
contains all the information necessary to predict the
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kinetics of neck formation and growth in most types of
stretching geometry.

Furthermore, it is clear from recent studies [24, 25]
that the detailed shape of the effective stress—strain
curves is a valuable indicator of the microstructural
transformations of the material under stress. In the
case of the semi-crystalline polyethylene, for example,
the tensile behaviour at large strains reflects the com-
plex evolution of the lamellar crystallites toward
a fibre-like texture, as deformation proceeds. Con-
sequently, comparing the shapes of the complete
stress—strain curves for different materials is much
more informative about their plastic mechanisms than
simply comparing their yield stress and elongation at
rupture.

In the course of assessing the performances of a
material in relation to its structure, it is important to
characterize the respective influence of strain and
strain-rate on the tensile stress by mathematical equa-
tions. Since the present method gives access to the
effect of each variable separately, the direct modelling
of the experimental curves can be readily obtained.
For example, it was shown [6] that the tensile behavi-
our of semi-crystalline polymers tested above T, was
closely described by a constitutive equation of the type

OeelEotp> Eerr) = K[1 — exXp(— We ) 1eXp(REZNE o5r)™

®)

where the four parameters K, w, h and m depend on
temperature. In terms of Eyring’s process rate analysis
[26] the strain-rate sensitivity coefficient, m, can be
rewritten as indicated by

(a(IOg Ueff))
o(log €gr) /.,

_ _}_( 0(0ese) ) _ k_T )

Gefr a(log E.:eff) Uexp

where v,,, is the “experimental activation volume” of
the Eyring theory, which characterizes the amount of
material affected by the elementary deformation
mechanisms.
Among the technical limitations of the method, two
of them deserve to be discussed in more detail: the
" resolution and the sampling rate. The former is dir-
ectly controlled by the number of pixels in the digi-
tized video images. With the camera presently used,
the linear resolution is equal to 1/512, that is about
0.2%. This corresponds to a somewhat modest pre-
cision in the pre-yield stage, but becomes very com-
fortable at large strains in the plastic regime. Cameras
with 1024 x 1024 pixels have been developed recently,
but their price is still high and the processing of their
image is four times longer. The latter consideration
opens the discussion towards the problem of speed.
With commercial video cameras, the standard sam-
pling rate is of 25 frames per second and the image
digitization is operated within one frame only. There-
fore there is no loss of time at this step. However, the
digital treatments leading to the determination of the
minimum diameter and the radius of curvature of the
specimen are time-consuming, as well as the acquisi-
tion of the tensile force, the computation of the stress
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and strain, the control of the ram position and the
plotting of the curves on the monitor. With all these
additional software operations, the overall time re-
quired per frame is equal to about 0.1 s. Consequently,
the method is presently restricted to tests run at strain
rates not higher than &, = 10725~ !, This could ap-
pear as a drastic limitation. However, a deeper ana-
lysis showed in the case of various polymers [9] that
the material-imposed limit is even slower than this
instrument-imposed limit if one wished to ensure
strictly isothermal deformation of the sample. It was
demonstrated, actually, that self-heating of polymers
under irreversible plastic deformation is no longer
compensated by heat conduction and convection
losses for strain rates higher than about 3 x 1073571,
and consequently that faster strain rates should be
avoided.

Another limitation arises from the assumption of
isochoric deformation which has been adopted ab
initio for deducing the axial component ¢,, from the
radial component g,,. Although the g,, = — 2¢,, equa-
tion is well verified in a large range of plastic strains
for ductile materials, it is clear that the specimen
volume may increase under tension: (i) when the de-
formation is elastic since the Poisson’s ratio is then
usually between 0.3 and 0.4 [6], (ii) in semi-crystalline
polymers when crystallites are fragmented under
stress [17], and (iii) when crazing or cavitation occurs
under the effect of the negative hydrostatic pressure
[27]. Conversely, the volume experiences a slight de-
crease in ductile amorphous polymers when the
macromolecular chains rotate under strain towards
the tensile axis [20]. Fortunately these effects are
generally limited to a few per cent, so that the relative
error for large plastic strains is negligible. Further-
more, if a model for the volume dilatation or contrac-
tion with strain (or stress) is available, it might be
readily implemented within the control software, so
that a more accurate expression for the effective strain
could thus be taken into account.

In regard to the above minor limitations, the pre-
sent method offers a very large field of possible
applications, upgradings and variants. Among these
advantages is the potentiality to adapt the system very
easily to many other types of deformation geometry or
schedule. We have successfully tested in this labora-
tory the case of simple shear tests [22]. Although it is
not the object of this paper to describe this alternative
testing procedure, it is interesting to remark that
switching from tension control to shear control is only
a question of minutes, since the hardware utilized in
both methods is the same. For simple shear, the
software which was developed (named VideoShear)
measures in real time the local true shear strain by
analysing the progressive distortion of a serigraphic
ink marker printed on the flat surface of the specially
designed shear specimens. As for tension tests, the
local shear rate is kept constant by adequate control
of the hydraulic ram speed.

Among the other applications of the video-con-
trolled materials testing technique which are now in
course of development in this laboratory, the follow-
ing ones are of particular potential. As a direct exten-



sion of the tensile tests, a new procedure was designed
for compression tests in order to take into account the
so-called barrelling effect which arises as soon as the
friction between the sample heads and the compres-
sion tools is significant. In this application (named
VideoCompression), the video camera monitors the
maximum diameter of the specimen in the mid-plane
of the barrel, together with the local radius of curva-
ture of the sample profile. From these data, a Bridg-
man-type stress triaxiality factor is computed to
derive the effective stress—strain relation and the local
compression strain-rate is held constant. Another type
of test is presently being developed (VideoCreep) for
performing creep tests at constant true stress. This
system aims to investigate the ultimate creep stage in
ductile polymers. In conventional creep tests per-
formed at constant load, this stage is difficult to
characterize since it corresponds to the catastrophic
development of a neek in the sample. With the closed-
loop video system, the load is reduced in real time in
such a way that the local stress remains constant in the
incipient neck, automatically. Last of these appli-
cations, a new system has been designed (named
VideoFatigue) for the control of fatigue tests with
standard compact tension (CT) specimens. In this
procedure, the slow propagation of the fatigue crack is
monitored with the camera every five periods and the
load is controlled in real time in order to get a
constant stress intensity factor, K. The exploitation of
these new methods is in progress for specific materials
and the results of the experiments will be the object of
forthcoming publications.

5. Conclusions

A novel tensile testing method was developed for the
determination of the plastic behaviour of ductile
materials up to very large plastic strains. It is based on
a digital video extensometer and on the real-time
control of the local effective strain rate in the centre of
an hour-glass-shaped test-piece. It was applied to
various ductile polymeric and metallic materials. Tt
was thus shown that

(1) the effective stress—strain—strain-rate constitutive
equations are readily attained in real time without any
need for data post-processing;

(i) the yield behaviour and the large-strain plastic
stage provide complementary information on the
microscopic mechanisms of plastic deformation;

(iii) the present performances of the system
(512 x 512 pixels, 100 ms frame processing time) con-
stitute a reasonable optimum with respect to the
present state of the technology and to the self-con-
straints of polymeric materials.
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