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The graphite gauge and its application to the
measurement of crack velocity
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Existing methods for the measurement of crack position (and hence crack velocity) are briefly
reviewed. Those methods are principally based on the optical, mechanical, electrical or acoustic
behaviour of a cracking sample, or on an inspection of the fracture surfaces. None of the
above techniques fulifills all conditions required to measure continually slow and fast crack
growth in polymers up to 250° C, the only method capable of doing this is a potentiometric
gauge without support. The development and application of such a graphite gauge to crack
propagation in polymers is described in this paper. The experimental arrangement in general
and the results obtained from “instrumented samples” in Charpy impact tests and from crack
propagation across an interface between dissimilar materials are discussed and the advantages
(large sensitivity, range of crack speeds from 1077 to 10® msec™') and disadvantages (gauge
is also sensitive to plastic deformations) are indicated.

1. Introduction

The techniques currently employed for the measure-
ment of crack position and hence, crack velocity, may
be divided into five groups [1, 2]: optical methods;
fractography; compliance methods; electrical methods;
acoustic methods. Each group will be reviewed with
the objective of evaluating the advantages and dis-
advantages of the various methods particularly with
application to the fracture testing of polymers.

1.1. Optical methods

The position of the crack tip may often be determined
by direct observation of the surface of the specimen. A
microscope or a magnifying glass is usually necessary
to see the tip and to measure the position with suf-
ficient accuracy. The crack speed may be estimated by
extrapolation between successive values of a(z), where
a is the fracture length, and r the time. A measuring
grid applied to the specimen (for example with a
photosensitive lacquer [3]) can assist in the determi-
nation of crack position. Alternatively, a microscope
with a graduated objective or a cathetometer, avoids
the necessity of applying a grid to each sample. How-
ever, it is necessary to take into account the possible
displacements, for example, rotation in a compact
tension specimen, or flexion in a three-point bending
sample. When crack speeds are greater than a few
millimetres a minute, it is necessary to use some kind
of external method of recording the event such as a
video recorder or a high-speed camera. In certain cases
special techniques (photoelasticity, Moiré fringes,
shadowgraphy) can highlight the crack front. The
limitations of these methods are given in Table I. The
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accuracy of the method depends on the maximum
allowed distance between measuring points and only
discrete points can be determined. Furthermore, at
high crack velocities the use of an ultrahigh-speed
camera is obligatory. This is cumbersome and expen-
sive in equipment and the analysis of the results is
time-consuming. An image analysis system is required
for the digitilization of the data.

1.2. Fractography

Fractography gives a very important source of infor-
mation on the physics of fracture. Furthermore, by the
post-mortem analysis of the fracture surface precise
information is obtained on the position and shape of
the crack. For example, rapid changes in crack speed
or crack arrest can induce changes in the fracture
surface topography. If the fracture is stable between
two events, it is possible to estimate the mean crack
speed by comparison with the force-time diagram.
Particularly favourable conditions are found in testing
double torsion or double cantilever beam samples
where crack propagation is steady. At constant cross-
head speeds, the critical stress intensity factor, K,
remains constant and thus also the crack speed. An
example is given in Fig. 1 for the double torsion
geometry where the total time for which the load
remains constant is A¢, and the length fractured is Aa.
From this, a precise calculation of crack speed is then
possible.

Filled resins often leave no such traces on the frac-
ture surface. In order to determine crack position at a
certain stage in the test, it is possible to reduce the
applied load by a small amount such that the crack
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Figure [ Fracture of a PMMA sample in double torsion. Schematic
diagram of the fracture surface and the load-time diagram.

remains stationary but stays open, and then an ink of
very low viscosity can be applied. Once the ink had
dried the test may be re-started. The position of the
crack front may be readily determined after complete
fracture., Care must be exercised, however, in the
choice of ink as some inks can cause stress corrosion
cracking in certain polymers.

An clegant way to apply the technique of fracto-
graphy is to superimpose an ultrasonic shear vibration
(of frequency f;) on to the main load. In the case of a
brittle material, crack propagation is perpendicular to
the principal tensile direction, therefore the crack will
oscillate in a periodic manner around the main frac-
ture plane. This method is known by the name of its
inventor, Kerkhof [4], and allows the determination of
crack advance during a time equivalent to 1/f;. Judg-
ing from recent reports [5] which describe attempts to
refine this method, the approach is still of current
interest. The technique is of particular use for high-

speed fracture. If the ultrasonic signal is coded, then it
is possible to measure not only the speed as a function
of crack position, but also the position as a function
of time.

1.3. Compliance methods

Specimen compliance can be related to the dimen-
sions, the elastic modulus and to crack length. This
means that by knowing the other parameters and the
relationship between them it is possible to deduce the
crack length. The sensitivity of this method is, how-
ever, low especially for short cracks in most common
geometries. The more common technique is to measure
the back face strain (BFS). A strain gauge is bonded
to the back of the specimen in the plane of the crack.
Deans and Richards [6] claim that this technique is
more sensitive than the potential difference method
which will be described in Section 1.4, This technique
may be applied to all materials. By normalizing the
specimen dimensions, Deans and Richards defined the
function 4*(a/W') which is characteristic of a certain
geometry

w

This function is defined by Deans and Richards [7, 8]
for the compact tension geometry. Although thisis an
attractive method, it is scarcely applicable to certain
geometries, such as the double cantilever beam, which
are too long to give the required sensitivity.

(2 _ E
A (-—) = (BFS)BW

TABLE I Summary of the principal methods of measuring crack velocity

Method Materials Temperature Cont. or discrete  Control Length Range of speeds Comments
possible of test measurement possible measured
Optical methods
Cathetometry All All Discrete Manual Sample surface  Slow Measurement of speed
Photography All All Discrete None Sample surface  Slow and accuracy depends
High speed All All Discrete None Sampie surface  Fast on distance between
photography values of a
Fractography
Penetrating ink All Ambient 1 point Not possible  Complete profile Inappropriate Useful for a prior to
Marks on fracture Unfilled High temp.  Discrete “post- Partial/complete  Poss. with P()  test
surface Brittle <250°C Discrete but mortem” Complete profile Medium to Fast Complementary method
Forced oscillations materials (oscillator)  many points if coded Powerful method
Compliance
Compliance in force  All All Discrete if plastic  Yes with steps  Mech. mean Slow due to Rarely used. Low
axis def. is negligible load-unload sensitivity.
Continuous if cycles
perf. elastic.
Back face strain All <250°C Continuous Yes Slow to fast Linear variation with
(gauges) K and quasi-linear
with g, for CT
Potentiometric
methods
Potential drop Conductors High Continuous Yes Electric mean Slow to fast Calibration necesssary
Eddy current Conductors <50°C Continuous Yes Mean f Slow Calibration unnecessary
(bobbin) (thickness)
Bonded gauges Al <250°C Contin. if layer Yes Surface Slow to fast Fracture simult. in
Discrete if grid gauge and material?
Gauge of conductive  Insulators < 300°C Discrete dep. on Yes with steps  Surface Slow to fast Possible to use wide
lines without support {lacquer) grid geometry range of geometries
Acoustic methods
By reflection or Elastic mater. <250°C Quasi-continuous  Yes Mean area Slow to fast Low sensitivity
diffraction Damping by  (detectors) fractured

elasto-plastic
or viscoelastic
materials
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Because the back face strain is approximately
linearly related to K, and crack length, this method
could be used for servo-control during, for example, a
fatigue test [9], the principal advantage being that the
crack travels at constant speed. The measurement of
da/dN (N = the number of load cycles) as a function
of AK, is in this case much more accurate if the maxi-
mum and minimum loads are controlled by continual
variation of the parameters AK, and da/dN.

1.4. Potentiometric methods

The potentiometric methods utilize the electrical con-
ductivity of the material under test. In the case of
polymeric systems these are either intrinsically con-
ducting polymers [10] or materials filled with metallic
particles [11, 12]. A current passing through the
specimen induces a potential field, the distribution of
which depends on the geometry. If the contact points
are well chosen it is possible to deduce the crack length
[13].

This technique is normally applied to metallic
materials and due to their high conductivity, in
general two separate circuits are used. One of these
circuits supplies a regulated current to the specimen
and the other allows the measurement of the resulting
tenston at two points close to the crack (see Fig. 2).
The relationship between the difference of potential
and the crack length allows either an experimental or
a theoretical calibration [14, 15} which is a function of
the specimen geometry and the position of the four
measuring points. It is usual to employ direct current
in spite of the fact that it is possible to take advantage
of the alternating current, which follows the free
surfaces of a conductor [16].

By this method it is also possible to identify crack
fronts that are not straight providing they are close to
the surface and extend a certain distance from the
defect which is being characterized [17]. An example is
an elliptical crack in a plate under tension, in a cylinder
or a tube. The potential at a number of points around
the crack must be known, this number depending on
the required accuracy.

The crack length measured by these potentiometric
methods is an “electrical mean”. The fracture mech-
anisms operating in the zone at the crack tip can have
a strong influence on the local resistivity; for example,
plastic deformation, void formation, microcracks,
structural modifications or change in crystallinity,
atomic or molecular migration. This “electrical mean”
does not generally coincide with the mechanical vari-
ations which define G,. When the process zone at the
crack tip is large the real crack length can be very
different to that determined electrically and this can
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Figure 2 Compact tension sample showing the position of current
supply and voltage measurement as used in the electrical measure-
ment of crack length.
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Figure 3 Three types of conductive gauges according to the type of
current supply used and the shape of the conductive layer, narrow
or wide.

give rise to resulting error in the estimation of K, and
G.. In order to avoid this problem it is possible to use
bonded crack gauges which are similar in conception
to strain gauges [18]. However, the application of a
layer of adhesive, an insulating support, such as an
epoxide or polyimide, and a layer of constantan, can
often cause problems in that the crack does not
propagate simultaneously in the material and the con-
stantan layer. This implies paradoxically that the
properties of the material under test must be known in
order to choose a suitable gauge. Direct application of
a gauge by vaporization avoids the necessity of a
support and the gauge is, as a result, more accurate
{191

Amongst the available gauges of this type there are
three configurations as shown in Fig. 3.

(a) similar to potential drop techniques, this
arrangement must be calibrated either theoretically
or experimentally. Small variations in the crack trajec-
tory do not notably change the measurements;

(b) aband of length much greater than width results
in a resistance proportional to twice the crack length.
Even slight changes in the crack trajectory will falsify
the results;

(c) using alternating current the crack contour, s, is
measured and not the component in the x-direction,
a,, which is used to calculate K. However, the deriva-
tive of s gives the absolute value of the speed vector,
s. This technique is of interest for the study of crack
arrest, branching or crack deviation especially where
the crack speed can be correlated with the fracture
surface topography.

In the polymer field a number of workers have used
a series of conductive lines painted on to the specimen
using silver ink (see Fig. 4). This technique has been
used for quasistatic [20], dynamic [21] and cyclic
loading [22]. However, during fracture between each
discrete line no measurements can be made. This is not
a serious problem if the fracture is continuous but if
the fracture is unstable or occurs with rapid changes in
velocity, the phenomenon cannot be measured with
accuracy. This technique does, however, give a useful
complement to visual methods which also rely on an
estimation of the mean crack speed. The equipment
required consists of a stabilized power supply and a
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Figure 4 Crack gauge with conductive lines. Each jump in resistance
corresponds to an increase, ¢, in the crack length.



voltmeter. The output is in the form of a number of
jumps in the resistance-time curve as each successive
line is broken.

1.5. Acoustic methods

An ultrasonic wave propagating in a solid is disturbed
by regions where there is a change in the elastic
properties. This characteristic is being exploited in the
acoustic microscopes which are now becoming avail-
able [22]. A defect such as a crack which provides a
discontinuity of the material gives rise to a plane of
reflection of the original waves. This is recorded either
by the transducer which produced the original signal,
or by a separate detector. The size of the defect is
deduced from the amplitude of the signal. This method
has been used for some time in quality control. The
same principle can be applied to fracture mechanics
specimens [1]. Some improvements have been suggested
which allow the diffraction produced at the crack tip
to be used [24].

This method is rather difficult to apply in practice
and not enough information is available for specimens
other than compact tension. In spite of this, the
technique is of considerable value for specific prob-
lems, such as, the study of the mechanisms of crack
opening and closure [24] or the determination of very
short crack length [25]. The principal characteristics of
these various methods for the measurement of crack
speed are summarized in Table 1.

An ideal method for the measurement of crack
speed in polymers would have the following charac-
teristics: applicable to electrically insulating polymers;
measurement possible up to 250° C in ambient atmos-
phere; continuous or quasi-continuous measurement;
applicable to slow and fast crack speeds; applicable to
both plane and grooved surfaces; measurement of
crack lengths in the range 5 to 100 mm. It can be seen
from studying Table I that the only method which has
the potential for meeting all the above requirements is
a potentiometric gauge without a support. The idea
was first suggested in 1979 by Geury and Dieudonne
[19] but was not exploited for the systematic measure-
ment of crack velocities.

2. The graphite gauge

Taking a section of length, b, of a conductor with a
cross-section Le, a homogeneous current of density j
runs normal to the supposed path of the crack. The
electrical resistance is given by

b
R, = & )
tvv v v v d
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Figure 5 Electric model of a crack gauge in the form of a continuous

layer: the conductor, of area b(L — a), is crossed by a homoge-
neous current of density j.

100% V' go

80
70
60

CRACK

Figure 6 Experimental determination of the lines of current in
(- —-) the gauge and (——) the distribution of potential.

This conductor is partially cut over a distance a, which
represents the crack, as shown in Fig. 5. For a first
approximation, if we assume that L > b, we may
assume that the shaded zone is not crossed by the
current. The cross-section is then reduced to (L — a)e.
The resistance is thus:

R
~ e(L — a) &
On substituting for R,, as defined above, we obtain
a R,
I~ 'R ®)

This shows that there is a clear linear relation between
the relative crack length and the relative conductance
of the gauge. This is not usually the case for poten-
tiometric techniques where the current is usually
punctually fed, contrary to our hypothesis,

2.1. Distribution of potential

The electric potential was measured at different points
on the conducting layer applied from a graphite spray
(“Graphite 337, Kontakt Chemie, Rastatt, Germany)
on a plate of PMMA. The surface of the graphite, of
dimensions 250mm by 10 mm, was bounded by two
layers of silver paint (Leitsilber 2007, Demetron,
Hanau, Germany), and cut to simulate a crack as
shown in Fig. 6.

These tests showed that the zone adjacent to the
crack does indeed contribute to the overall conduc-
tance, contrary to our hypothesis above. The conduc-
tivity measured is given in Fig. 7 as a function of crack
length. There is a linear region which deviates by a
value A from the theoretical line. The principal conse-
quence of these border effects is that the gauge has
reduced accuracy at low values of initial crack length.
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Figure 7 Relative conductivity of the gauge as a function of the
relative crack length.
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Figure 8 Deviation of the conductance due to the crack as a
function of the relative width of the gauge.

The deviation A and the region in which the relation-
ship between R,/R and a/L is linear is governed by the
dimensions of the gauge. The relationship between A
and the relative dimensions of the gauge is shown in
Fig. 8. This indicates that over the linear region the
following equation is valid

R, a

z = | 7 + A 4
where A ~ 0.2(b/L). The region of validity of this
expression was determined experimentally by conduc-
tance measurements on graphite paper of various
shapes and sizes. The deviation A increases with the
relative width of the gauge, b/L, and thus for wide
gauges the accurate working length is rather short (see
Fig. 9); i.e. for cracks of length less than 0.45 and
greater than 0.9 L, the gauge cannot be used with
accuracy. These limitations do not pose a practical
problem because in most fracture mechanics speci-
mens the pre-crack length will be longer than this
length of minimum detection of the gauge. Further-
more, the upper limit in the region of 0.9 L is not
normally of primary interest. Nevertheless it is
extremely important to take this phenomenon in con-
sideration and fabricate gauges as narrow as possible
with respect to their width.

2.2. Fabrication of the gauge

In Section 1.1 the method of measurement of crack
length by adhesive bonded gauges was criticized
because of their lack of precision. If the mechanical
properties are not adapted, the crack will not
propagate simultaneously in the gauge and in the
material under test. This difference becomes clear on
testing a ductile material: the support of the gauge,
which is normally an epoxy or phenolic resin, will only
support small deformations and will therefore break
when only the material under test deforms. In this
case the crack length is overestimated. For precise
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Figure 9 The measurable crack lengths are limited by the non-linear
characteristic due to the presence of the crack. The measurement
zone is defined as that region where the accuracy is better than
+1%.
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Figure 10 Deformation in the plane of the crack.

measurements the gauge must be able to support the
deformation of the substrate without breaking. This
appears rather restrictive at first sight. Considering the
condition shown in Fig. 10, the local deformation in
the axis of the crack tends to infinity for x < a. The
point of singularity at x = a marks the point of tran-
sition. If the deformation at break of the layer which
constitutes the gauge is greater than ¢, then the true
crack length is measured. Two experimental systems
fulfill this requirement: a thin layer of a very ductile
metal; a layer of conducting particies of small size, not
bound to each other but having sufficient adhesion to
the specimen to follow its deformation. The second
solution is much easier to apply. There are commer-
cially available mixtures of graphite particles in a
solvent with a polymeric binder which are sold in the
form of an aerosol. These are sold for other purposes
but are suitable for the majority of applications. It is,
however, wise to conduct some preliminary experi-
ments as the organic liquids which these sprays con-
tain may induce the formation of crazes in certain
polymers, or even be solvents for some materials. In
other cases an inadequate surface tension may prevent
a good wetting of the surface. The experimental
worker must, in these cases, produce a suitable com-
position which can be applied by means of a re-
useable aerosol. In cases where the surface is not
grooved it is also possible to apply the gauge using the
technique of silk screen printing. A homogeneous
distribution of current is then obtained by applying
two lines of conducting silver paint from a drawing
pen, this paint is readily available in a colloidal
solution and is frequently used for electron micro-
scopy. According to the exact type of product the
resistance varies between 0.01 and 0.03Q, per unit
surface area. This value is sufficiently low to obtain the
desired effect. The drying time is less than 1 h at room
temperature.

The conductivity as a function of the weight of
graphite applied, is shown in Fig. 11. It can be seen
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Figure 11 Conductivity of the gauge as a function of the amount of

graphite applied.



that for the product used the conductivity is zero at
less than 2g graphite per square metre. Below this
value the solution forms isolated particles of size
characteristic of the aerosol used and the wetting of
the surface. In order for the layer to retain its ability
to follow accurately the deformation of the substrate,
it must be thin but not so thin that discontinuities exist
in the layer. These limitations restrict the layer to
~ 10gm2, that is thicknesses between 5 and 10 um.

A typical graphite layer on a poly(aminobismale-
imide) substrate, as viewed under the scanning elec-
tron microscope, is shown in Fig. 12. The structure of
the graphite layer can be clearly seen together with the
supposed point of the crack. Some bridges across the
crack are also evident but their resistance is extremely
high and only influences very slightly the overall con-
ductivity. It can be seen from this figure that the
opening displacement of the graphite, some 0.5 ym
corresponds very well with the value, d, that can be
calculated for this material from

K?

d = Eo, )
where K, = 0.5MPam'?, ¢, = 120 MPa is the yield
stress £ = 2.8 GPa, then d = 0.7 ym.

In spite of the extremely small crack opening dis-
placement, d, in this material, the gauge appears to
follow correctly the behaviour of the material. When
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Figure 12 Scanning  electron
micrograph of the graphite layer
around the crack tip.

this particular polymer is saturated with water it
exhibits a stick—slip type of crack propagation which
leaves clear marks on the fracture surface. This behav-
iour was used to correlate these fractographic marking
with the values given by the graphite gauge. Fig. 13
shows crack propagation of this material in the double
torsion geometry, a good correspondence is found
between the two methods of determination of crack
position,

2.3. Homogeneity of the layer

An aerosol spray is difficult to use when a large
area must be covered with a constant thickness.
According to the regularity of the spraying, variable
results can be obtained which can significantly modify
the measured conductance. A gauge of dimensions
280mm x 80 mm can give rise to variations in poten-
tial which can vary by +4% from the ideal distri-
bution for a homogeneous layer of constant thickness
(see Fig. 14). In this case the silk screen technique
should be used for fabrication of the gauge. In our
experience the spraying method is not applicable to
lengths in excess of 100 mm.

2.4, Parallelism of the electrodes

If we ignore the other possible sources of error, it is
possible to treat in a simple manner the condition
where the two silver lines are not perfectly parallel (see

Figure 13 Fracture of a double
torsion specimen showing the
correlation between the output
from the graphite gauge and the
crack arrest lines observed on the
fracture surface.
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Figure 14 Distribution of potential in a gauge of size 280 mm x

80 mm (shaded area).

Fig. 15). Assuming that A = 0, then the resistance of
the gauge with a pre-crack of length a is

b + (Ab/2) £ (a/L)Ab

R = 6

P T — ae (6)
The initial resistance is given by
L

R, = p % @)

The relative conductance can then be deduced

R, a
R <‘ ) ®
where
1 Ab [ a 1
;—1i7(z+5) ©

The measurement of the crack length is defined by
Equation 8. By comparing the measured value, a,,,
and the real value, a, the following expression is
obtained

Gy _&
T = 1 R (10)
and
a 1 R,
I=1'->% (1)
é_q G, —a
a a
A (1 a R,
- 7(57/”?) (12

The limiting conditions are clearly established: firstly
that,0 < a/L < 1,and0 < R,;/R < 1and secondly,
that the error in a is no greater than one-half the error
in b. If we allow an error of 1% in the measurement
of a, the electrodes on a three-point bend specimen
(where L = 12.5mm) must be parallel to within
0.1 mm. It is clear that only very careful preparation of
the gauge will ensure such accuracy.

el
)

-7 |

Figure 15 Gauges where the silver electrodes are not parallel.

(a) (b)
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Figure 16 Modelling of a gauge as discrete elements.

2.5. Resistance of the silver electrodes

The choice of the conducting ink forming the two
electrodes at the limits of the gauge, must be based on
the resistivity of the layer obtained because the global
resistance will depend on this factor.

If the gauge is divided into » slices which represent
discrete elements (see Fig. 16), it is possible to estimate
the influence of the resistance of the silver electrode
(R,) in comparison with the resistance of the graphite
gauge (R,) having a length of L and crack length
a = (0. By a summation of the following equation
between i = 1 and i = n, (L — a)/L

1 1! R
R = |— + — 22 1
' [R,—_, + nRg] + n (13)

Fig. 17 shows the values obtained for four different
ratios between the resistance of the graphite and that
of the silver electrodes. The variation is linear and
approximately equal to

~ 022 (14)

A ratio R,/R, = 0.05 which would give an error of
=~ 1% represents the least favourable experimental
conditions. These would be for a gauge of length
100 mm, with R, = 200Q and R, = 10Q. It is very
easy to minimize the source of error by enlarging the
width of the silver layer which thus reduces the value
of R, to less than 1 Q.

2.6. Overall accuracy of the gauge
The overall accuracy of the gauge was measured firstly
by simulation of crack propagation. Gauges 80 mm

X

Ry /R

0 all "

Figure 17 Relationship between relative crack resistance and rela-
tive crack length as a function of the relationship between the
resistance of the electrode and that of the gauge. The number of
elements, as shown in Fig. 16, was 100. R,/R, = 0.05,0.1,0.2,0.5.



TABLE II The three principal sources of error in the measure-
ment of crack length by the graphite gauge with assessment of their
relative importance

Sources of error in decreasing Notes

order of importance

This should be checked with
low modulus or tough
materials and for specimen
geometries where the loading
is primarily tensile.

1. Strain Sensitivity

2. Measurement of the Current  With the voltage drop method,
the choice of a very low shunt
resistance helps to limit this
error to under 1%. The
disadvantage is the low values

of voltage to be measured.

Careful fabrication enables the
error to be limited, there are
no other ways of overcoming
this error.

3, Parallelism of the electrodes

4. Homogeneity of the layer This becomes important for
gauges of length > 100 mm
produced by the spray
method, below this limit the
error is small. For longer
gauges a different fabrication
method should be selected to
overcome this problem.

This error can be eliminated
by increasing the thickness
and the width of the
electrodes.

5. Resistance of the electrodes

long were prepared and progressively cut by a rotating
tool moving at a constant speed with respect to the
specimen. The relationship between the conductivity
and time was found to be linear to 1% of the total
length of the gauge.

Secondly, the graphite gauges were compared with
direct, optical measurements on compact tension,
single-edge notch and double torsion specimens. In
spite of the effect of the deformation of the gauge
which is superimposed on the crack growth (see
Section 2.7), the tests on these specimens validated the
precision of the measurement.

The absolute accuracy of the gauge is typically of
the order of +0.5mm. The sensitivity is considerably
better, it depends on the background noise, that is the
instantaneous fluctuations of the resistance which is
less than 0.1%. The worst case is at the beginning of
the test when the crack is small and the resistance low

da [ R(a) }“l

w— a —

a R,
1t is thus possible to measure crack growth of 0.1 mm
in a gauge 100mm long. The sensitivity increases
proportionally with the length for a shorter gauge.
These measurements are based on an estimation of the

errors derived from the three sources described above.
A summary is given in Table II.

(15)

2.7. Sensitivity of the gauge to deformation

Deformation of a conducting material normally
changes its electrical resistance. In the case of metals,
the resistivity, r, varies due to the distortion of the

CRACK
PROPAGATION
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Figure 18 Output from the graphite gauge and the corresponding
force-time diagram.

crystalline lattice. In the case where the layer consists
of particles, the resistivity can vary due to their
relative displacement.

With most of the fracture mechanics geometries
(except double torsion) a variable deformation is
imposed perpendicular to the electrodes. The resist-
ance must, therefore tend to increase as the specimen
is loaded. This can be seen in Fig. 18.

In order to determine the sensitivity of the graphite
gauge to deformation, a sheet of PMMA was pre-
pared with a gauge having the electrodes parallel to
the tensile axis. The deformation is ¢, and the lateral
contraction ve, (see Fig. 19). It is assumed that the
graphite rigorously follows the behaviour of the
polymer. Electron micrographs of the graphite layer
(Fig. 12) suggest that the structure consists of
superimposed flat discs. The thickness of the layer is
thus most probably not modified.

The gauge factor, r, is defined as the ratio of the
relative variation of the resistance and length with
respect to the tensile direction

. _ @oipy)

by o
.

by o

Figure ]9 Test to show the sensitivity of the gauge to deformation.
Under a stress, s, the deformations are respectively, e and —vg, in
the two axes.

(16)
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Figure 20 Reduction in the resistivity of the graphite after mechanical
cycling of the load.

Gauge factors of the order of 20 were measured on
samples of PMMA. The resistance of the graphite
varies considerably due to the effective loss of surface
contact between neighbouring particles. This state is
not stable, cyclic deformations induce a continuous
reduction in the resistivity (see Fig. 20). However, this
does tend to stabilize after a large number of cycles.
This significant hysteresis and the non-linearity of the
curve means that it is not possible to define precisely
a gauge factor. It would probably be illusionary to try
and quantify elastic deformation with such a gauge
and such a requirement it would be contradictory to
the measurement of crack length.

The results do mean that certain geomeltries, such as
single-edge notch, where the deformation is prin-
cipally tensile, will be:inherently more prone to this
effect rather than geometries, such as compact tension
or three-point bending, where the deformation occurs
primarily in bending.

Strong biaxial deformation produced by plastic
deformation drastically modifies the local conduc-
tivity. A notched bar of PVC tested at low speed in
three-point bending, gave the curve shown in Fig. 21.
The crack length given by the graphite gauge has
been compared with photographs taken on the surface
of the specimens (dimensions 50mm x 12.5mm x

Figure 21 Comparison of optical and electrical measurement of
crack advance.
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10 mm). The plastic zone is clearly visible by its con-
cave form. The limit of the plastic zone corresponds
precisely to the measurements given by the gauge. In
the zone of plastic deformation, the conductivity is
less than one-tenth the original value. This is not so
different to the result produced by a crack. For very
ductile polymers, with large plastic zones, a con-
tinuous reduction in resistance will be observed as a
function of deflection. This means that it is not always
possible to distinguish between the first crack growth.
In many cases, however, with experience the point of
inflection of the curve can be detected. In the case of
brittle polymers, such as thermosetting resins, the
plastic zone is frequently 100 um or less and therefore
this problem does not arise.

2.8. Environmental effects

The rearrangement of the graphite particles is not only
produced by deformation but also by the effect of
temperature. At a temperature of 100° C, this decrease
in resistance is stabilized in less than 1 h. This factor
should be taken into account if the gauge is used at
elevated temperatures.

The presence of high humidity or solvent vapour
also increases the resistance of the gauge, probably
due to the loss of contact between adjacent particle on
which the molecules have been adsorbed. Equilibrium
must be attained prior to the test and maintained
throughout.

2.9. Electrical characteristics

The patticulate nature of the gauge implies that the
real current density at the contact points between
particles is variable and several times higher than the
apparent current density. This is given by j = U/{pb),
where U is the output voltage. The percolation effect
limits the maximum intensity of current that may be
used. It was confirmed that a current of 0.01 A mm ™"
can be applied to a gauge for several hours without
any appreciable variation in the measured resistance.
In these conditions the heat produced by the Joule
effect is partially dissipated into the atmosphere. The
surplus induces a temperature rise on the surface of
a few degrees centigrade. If the applied voltage is
increased notably then the glass transition tempera-
ture of the support material could be attained. In any
case, as shown in Fig. 22, the current-voltage relation-
ship is no longer linear above 6 V. This should then be
the maximum applied voltage.

A preliminary test conducted under the chosen
experimental conditions (U, b, L, T, 1, etc.) will verify
whether the resistance remains constant and whether
the sample temperature does not rise significantly, etc.
Tests at high speeds also indicated that possible
capacitative effects are low and do not interfere with
fast crack propagation.

3. Experimental arrangement

3.1. Power supply

The graphite gauge is powered by a d.c. voltage supply
set at a voltage between 2 and 6V, typically a 5V
supply is used to ensure the required long-term
stability.
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Figure 22 Relationship between current and voltage for a gauge of
standard quality. The relationship is no longer linear for a supply
voltage greater than 6 V.

3.2. Measurement circuit

Two ways have been used successfully to measure the
voltage drop across the gauge. One solution is to drive
the current passing through the gauge into a current-
to-voltage converter which consists of an operational
amplifier with a feedback resistor. The output voltage,
U, depends on the input current, [, and the feed-
back resistor, R,

U, = LR a7

As I, is a function of the gauge resistor, R,, and the
supply voltage, ¥,

I, = R (18)
and then
R,
Un = Usg! (19)
with
R,
b T WD .
Un _ R, _a
SoE) e

A second solution consists of placing a wirewound
potentiometer R, in series with the graphite gauge. The
resulting current is then equal to U,/(R, + R,).
A value of R, of less than 10Q was chosen as this is
sufficiently small compared with an R, of 300 to
1000 £2. The voltage drop in R, may be approximated
by U, =~ Uy(R,/R,). The relationship between con-
ductance and crack length becomes

U, R, a
T {US) @2
The current-to-voltage circuit results in a lower
error of measurement than the shunt method. How-
ever, the advantage of the second method is that in
high-speed crack propagation the response time of the
shunt is faster than that of the feedback amplifier due
to its purely resistive behaviour. The shunt method
has always been employed to measure high crack
velocities: speeds of up to 900msec™! have been
recorded.
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Figure 23 Experimental arrangement for the graphite gauge as
applied to an impact specimen.

3.3. Example of application to a
Charpy impact test

An example of the experimental arrangement as
applied to a Charpy impact test is shown in Fig. 23.
The strain gauge circuit on the instrumented striker is
powered by a stabilized power supply and connected
via an amplifier to one channel of the digital transient
recorder. The graphite gauge is powered by a separate
power supply and connected via a resistive shunt to the
second channel of the transient recorder. This recorder
(WW Instruments) has a programmable trigger such
that a certain proportion of the total memory may be
chosen to be retained before the trigger. The trigger is
set at, for example, 90% of the voltage output of the
gauge; with storage of 25% of the total memory
capacity before the trigger. In this manner a simul-
taneous recording of the load-crack length—time
profile is obtained. The transient recorder has a
standard interface which permits the transfer of the
data on to a minicomputer.

4. Applications to the fracture testing
of polymers

The objective of the publication is to describe the
nature of the graphite gauge but not to give a large
number of examples of its application to various
systems. Existing publications have already cited some
applications [25-30]. Nevertheless, three examples will
serve as an illustration here.

4.1. Charpy impact test on a Polyamide 12

In Fig. 24 the crack length-time profile and the corre-
sponding crack speed-crack length profile are shown
for a Charpy test on a polyamide 12. Under the
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Figure 24 Output of the graphite gauge and corresponding force-time diagram for a Polyamide 12 sample (Charpy test).

conditions of this test the crack accelerates very rapidly
up to 500msec™! and thereafter a number of jumps
are recorded where the crack slows down. The corre-
sponding load-time profile shows a complex pattern
of oscillation of the load on the striker which is
supposed to be due to the contact and loss of contact
between the striker, the specimen and the supports
[26]. The interpretation of these load oscillations is
still rather difficult. The output from the graphite
gauge, however, gives valuable information on the
exact time at which a crack initiates. This can be
correlated with the load at the same point in time if
account is taken of the differing response times of the
two electrical circuits. Furthermore, the data on the
maximum crack velocity attained and the crack speeds
during jumps in “stick-slip” propagation can give
valuable insight into the mechanisms of crack
propagation in polymers [31].

4.2. Relationship between fracture surface
morphology and crack velocity

The graphite gauge has proved to be very useful for

the correlation of certain features on the fracture sur-

face and the crack speed. Tests on silica-filled epoxy

resins showed clearly that the fracture morphology
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changed over the range of speeds measured which was
from 107 to 10> msec™'. By a combination of tensile
creep tests and fracture mechanics tests it was possible
to characterize several regimes of crack velocity and
their effect on the fractographic features. This work is
described in detail by Cantwell ez al. {29]. One example
of the results is given in Fig. 25, which shows the
fracture surface of a silica-filled epoxy resin tested in
the single-edge notch tensile mode. It can be seen that
the crack velocity accelerates rapidly up to a maximum
speed of 850 m sec'. During the phase of acceleration
the fracture surface is smooth as the excess stored
clastic energy is used in increasing the crack speed.
Once the maximum speed is reached it is no longer
possible to accelerate the crack further and another
energy dissipating mechanism must be found. Here,
the energy is dissipated by crack bifurcation giving rise
to a very rough three-dimensional surface for this
filled material.

4.3. Crack propagation across the interface
between two materials

The graphite gauge can also be applied to study crack

propagation across interfaces [32]. An example is

given in Fig. 26 where a single-edge notch sample
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Figure 25 The variation of crack velocity across the surface of a single-edge notch specimen — silica-filled epoxy resin (from [30]).

has been prepared with two phases, A and B. In the
corresponding crack length-time profile it can be seen
that rapid crack propagation occurs in material A,
followed by crack arrest for a period of 800 usec.
Finally, there is initiation of a crack in material B
followed by slower crack propagation. The graphite
gauge can give useful information on the criteria for
crack deceleration or arrest at the interface between
dissimilar materials.

5. Conclusions

The performance of the graphite gauge is tightly
linked to the type of polymer being tested. Although
the original idea was to measure the crack velocity in
highly cross-linked and consequently brittle polymers,
the results presented show that the usefulness of this
method is not restricted to this application. We may
summarize the advantages and disadvantages of the
graphite gauge as follows.

5.1. Advantages

1. Applicable for crack speed measurement over a
wide range of temperatures.

2. Sensitivity of crack position down to 0.1 mm.

3. Wide range of crack speeds can be measured
from 1077 to 10° msec™".

4. Values can be readily digitalized for subsequent
storage of data and analysis.

5. Technique is cheap and can be applied to a large

number of samples.

5.2. Disadvantages

1. The measurement is only as good as the quality
of the graphite layer and the electrodes, thus great care
must be exercised in fabrication of the gauge.

2. For ductile materials having a large plastic zone
it may not be possible to distinguish between crack
growth and the development of the plastic zone at the
crack tip.
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