JOURNAL OF MATERIALS SCIENCE 40 (2005) 373-380

Evaluation of the electrical potential drop
technique in the determination of crack growth
resistance-curves of Carbon/Carbon composites
and carbon bonded refractories

A. ANTONARULRAJAH, V. P. S. RAMOS, S. B. FAZLUDDIN, B. RAND
Institute for Materials Research, School of Process, Environmental and Materials
Engineering, University of Leeds, Leeds LS2 9JT, UK

E-mail: materials@Ileeds.ac.uk

Electrical potential drop (EPD) and compliance techniques are compared as techniques for
crack length measurement in determining the crack growth resistance-curve (R-curve) of
two Carbon/Carbon (C/C) composites and two carbon-bonded oxide-graphite refractories.
The two C/C composites differ in the strength of the fibre/matrix interaction, resulting from
the use of untreated and surface treated carbon fibres. The refractories differ in the volume
fraction of graphite flakes. R-curve measurements on the C/C composites were made on
specimens with chevron notches whilst straight-through notches were used for carbon
bonded refractories. In the EPD method, the instantaneous crack length was determined
from the instantaneous electrical potential across the notch plane, which was recorded in
line with load and displacement data, and experimental calibration data. In the compliance
method, the instantaneous crack length was determined analytically using the
instantaneous load and displacement data. From the EPD technique smaller crack lengths
were calculated than from the compliance technique in the regions of fracture where the
composites had well developed process zones, and for the whole region in the refractories.
The EPD technique underestimates the actual crack length, due to current conduction in the
wake zone by bridging fibres/grains, and as a result the R-curves are different from those
reported by the compliance technique, which are considered to be more reliable. The
compliance-based results are used to establish the effects of fibre surface functionality and
graphite flake content on crack growth resistance in the two systems.
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1. Introduction

The R-curve describes the resistance of a material
against any crack growth. It can be described by the
stress intensity factor (K;) as a function of the crack
length during its growth [1]. The precise determination
of the R-curve of a material requires that the lengths
of growing cracks be measured accurately. The major
problem in measuring the crack length in toughened
ceramics and composites is the uncertainty in defining
the crack-front, because of the large process zone which
occurs due to extensive crack branching.

A conventional method of crack length measurement
is the use of a travelling optical microscope, to directly
measure the crack length. A high-speed camera is in-
corporated with it for faster recording of crack lengths.
Although this technique had been used in several stud-
ies on various materials [1-3], it is not suitable for ma-
terials which show extensive crack branching. For ex-
ample, note the fracture surfaces of the Carbon/Carbon
(C/C) composite given in Fig. 1. The difficulty in us-
ing the optical technique in these composites is that the
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crack front is not well defined or confined to the notch
plane. The crack length detected from the free surface,
around the notch tip where the microscope is focused,
may not represent the overall crack on the notch plane.
The inapplicability of microscopy to a chevron-notched
specimen, where the crack tip is inside the specimen,
is another limitation.

The other major techniques which are recommended
or used to determine crack lengths indirectly are the
compliance [4-6] and Electrical Potential Drop (EPD)
[7-12] techniques. The compliance method is based on
the concept that the stiffness of a body decreases with
crack growth [13]. The EPD is based on the concept
that the electrical field in a cracked specimen with a
current flowing through it is a function of the speci-
men geometry, and in particular the crack area. For a
constant current flow, the electrical potential across the
crack plane increases with increasing crack size due to
modification of the electric field. The change in volt-
age can be related to crack size through analytical or
experimental calibration relationships [11]. In principle
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Figure 1 Digital camera images of partly and completely fractured specimens of Carbon/Carbon composites showing the complexity of the crack
front: (a) chevron-notched specimen, (b) straight-through notched specimen, (c) straight-through notched specimen of commercial Aircraft brake

component, and (d) the opposite side of specimen ‘(c)’.

this method seems to offer advantages in that the whole
crack area can be monitored. This study investigates the
applicability of the EPD technique with experimental
calibration for measuring the crack length in C/C com-
posites and carbon bonded graphitic refractories. The
EPD technique is compared with the compliance tech-
nique as a means of crack length measurement. The
crack lengths are then used to construct R-curves.

2. Experimental procedure

2.1. Materials

2.1.1. Carbon/Carbon composites

Two discontinuous-fibre C/C composites were exam-
ined, fabricated by a filament winding and hot press
moulding technique. The fibre length was in a range
from 5 to 7 mm, and the volume fraction of fibres in
the composite was about 65 to 68%. One composite
contained P100 carbon fibres and the other contained
P55S. P100 is a non surface-treated fibre and P55S is
a surface-treated fibre, and both are mesophase pitch
based, supplied by Amoco Inc. (now Cytec Industries
Inc.), USA. The carbon matrix was built up from phe-
nolic resin, which was supplied by Borden Chemicals
UK Ltd. The rationale behind the selection of these
two commercial carbon fibres was to characterise the
R-curve behavior of C/C composites with different fi-
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bre/matrix interaction. A filament winding rig was used
to soak the continuous carbon fibre-tow in phenolic
resin, followed by chopping the soaked tows and hot
pressing to mould a composite disc of 100 mm in di-
ameter and about 10 mm in thickness. The temperature
and pressure of pressing was 200°C and 6 MPa. Me-
chanical test samples were cut from the disc, carbonised
at 1000°C. The samples were then densified by multiple
impregnations with the same phenolic resin and carbon-
isation at 1000°C. Fig. 2 shows that in the composite
of the untreated fibre (P100) the matrix shrinks away
from the fibres leaving voids at the fibre/matrix inter-
face, and therefore this composite is said to have weak
fibre/matrix interaction. On the other hand, the matrix
adheres well to the surface-treated fibre (P55S) and
accommodates the voids within the matrix. The voids
originate from the significant volumetric shrinkage of
the matrix that occurs during carbonisation. Thus, this
latter composite possesses strong fibre/matrix interac-
tion. Some physical and mechanical properties of the
composites are given in Table 1.

2.1.2. Carbon-bonded refractories

The Alumina-Carbon refractories that are studied here
find application mainly in steel making industries [14].
The refractories are produced by axial pressing of



TABLE I Some physical and mechanical properties of the composites
and refractories

P100 P55S 4% Graphite 8% Graphite
Bulk density (kgm ™) 1760 1630 3040 3020
Open porosity (%) 11 10 16.0 14.4
Flexural modulus (GPa) 24 28 20.8 14.1
Flexural strength (MPa) 91 112 279 20.0

a mixture containing fused alumina, metallic silicon,
graphite flake and Novolac phenolic resin. The fused
alumina comprised a wide particle size distribution
varying from sub-micron powder to large polycrys-
talline particles, or grains, of size 1.7 mm. Two refrac-
tories were used in this study, containing 4 and 8%
graphite. Both were produced using the same particle
size distribution, calculated using the Andreasen model
with the distribution modulus of n = 0.4 [15] to give
a high packing density. After curing the resin binder
(110°C for 24 h plus 250°C for 12 h) the bricks were
heat-treated at 1350°C for 5 h, under a reducing atmo-
sphere, embedded in a graphite bed, inside a ceramic
container. As a result, a silicon carbide bond phase is
formed by the reaction between the metallic silicon and
carbon [16]. This reaction did not go to completion and
some un-reacted silicon is present as shown in the mi-
crograph in Fig. 3. The material comprises the poly-

crystalline alumina grains, graphite flakes, un-reacted
silicon and a silicon carbide and carbon bond. The large
polycrystalline alumina grains are fairly closely packed
with the interstices filled by the finer particles and bond-
ing materials. Table I shows some physical and mechan-
ical properties of these refractories along with those of
the C/C composites.

2.2. Specimen preparation and mechanical
testing

For the C/C composites, bar samples of square cross
section of about 10 mm x 10 mm x 60 mm were cut
from the composite discs then carbonised, impregnated
with the same resin and re-carbonised to fill the pores
generated during carbonisation. The re-impregnation
and re-carbonisation continued for four further cycles.
Then, a chevron notch was machined using a 200-pm
thick diamond impregnated cutting wheel, while the
specimen was seated on a specially designed jig to pro-
duce a chevron notch-tip angle of 80° as recommended
by the ASTM standard C1421-99 [17] for three-point
bend specimens. For refractories, samples of square
cross section of about 20 mm x 20 mm x 100 mm
were cut from original bricks and a ‘straight-through’
notch was cut. All samples were tested under three point
bending on a Mayes mechanical testing machine with

Figure 2 SEM images of C/C composites showing different fibre/matrix interactions: (a) P100, where arrows show weak fibre/matrix interaction and
the voids are mainly located at the fibre/matrix interface. (b) P55S, where arrows show strong fibre/matrix interaction and the voids in this composite

are present within the matrix.

(b) 8%

Figure 3 Optical photomicrography of the refractory composite with (a) 4% graphite and (b) 8% graphite. Obs.: A = fused alumina; G = graphite

flake; S = unreacted silicon; P = porosity.
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Figure 4 Geometry and nomenclature of the chevron-notched three-
point bend specimen.

a 5 kN load cell. The tests were carried out under dis-
placement control with cross head speeds of 50 um/min
for composites and 5 pum/min for refractories, which
would be slow enough to produce stable crack propa-
gation. The loading span was 45 and 80 mm respec-
tively. All testing involved the incorporation of EPD
equipment to monitor the electrical resistance changes
across the notch plane during the complete test. A con-
stant direct current (DC) of 1 A was supplied at the two
ends of the sample. Samples were electrically insulated
from the loading-jig. The data of load (P) and EPD
(V) versus displacement (D) were acquired by a direct
computer link via an oscilloscope. Fig. 4 is a schematic
representation of the chevron-notched specimen under
three-point bending.

2.3. Crack length deduction techniques
2.3.1. Compliance technique

The change in compliance (C) of a specimen due to
crack propagation can be used to establish the crack
length. The instantaneous compliance at any point dur-
ing a stable fracture can be used to determine the crack
length at that point. The theoretical change in compli-
ance with crack propagation, %, can be related to the
stress intensity factor at the crack tip (K1), load on the
sample (P), Young’s modulus (E) of the sample, and
the sample thickness (B) according to Equation 1 [4,
13, 18].

dC  2K{B
de  P2E

ey

where K, for a three-point bend straight-through
notched bar specimen, is given as

PS

Kl BwlS

Y(a) 2

and K, for a three-point bend chevron notched bar
specimen, is given as

PS — o 03
Ki=—<Y(x )( > 3)

BW!5 o — a
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and,
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The parameters «,, o, o1, B, W, S for a chevron-
notched three-point bend specimen are defined in Fig. 4.
P is the instantaneous load.

For straight-through notched specimens, substituting
Equation 2 into 1, and then integrating gives:

282 [
W / Y2(Ol) da
&)

Similarly, for chevron-notched specimens, substituting
Equation 3 into 1, and then integrating gives:

Cy
/ dC = C(a) — C(ap) =
C

@

Co
/ dC = C(a) — C(ao)
C

o Yz(()l)
o (05 - Ot())

_28%(ay — ap)
BEW?

da (6)

C(w) is the instantaneous compliance, which is the in-
stantaneous displacement divided by the relevant load.
C (o) is the compliance at the onset of cracking. The pa-
rameters o, &1, S, B, W, and E are all known. The solu-
tion to integration, which was performed using Math-
cad 2001, generates the instantaneous « (normalised
crack length) for given instantaneous compliance. The
load at which the load-displacement plot deviates from
its (initial) linearity was chosen as the point of crack
initiation.

2.3.2. Electrical potential drop technique
When a body is supplied with a constant current, the
electrical resistance across two points/planes increases
if the cross sectional area anywhere between those
two points/planes decreases. Crack propagation dur-
ing a fracture causes such a reduction in the cross sec-
tional area along the notch plane. The increasing elec-
trical resistance (or voltage) can be translated to crack
length through experimental calibration. Fig. 5 shows
one such experimental calibration curve of one of the
C/C composites of this study. The instantaneous nor-
malised crack length can be obtained from the calibra-
tion curve and the relevant voltage-displacement curve
that will be obtained during mechanical testing (pre-
sented in Fig. 6).

2.4. Calculation of stress intensity factors
The R-curves are represented as the stress intensity
factor (K1) versus normalised crack length. Values of
K as a function of normalised crack length were cal-
culated using Equation 2 for straight-through-notched
specimens and using Equation 3 for chevron-notched
specimens.
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Figure 5 An experimental calibration curve (voltage across the notch
plane versus crack length) of P100, showing also a schematic represen-
tation of the experimental set-up during its determination.

3. Results and discussions
3.1. Load & voltage versus
displacement curves

C/C composites. The load-displacement curves, to a
certain extent, characterise the different fracture behav-
ior of the composites under flexure. In the P55S com-
posite, the load dropped to zero and the test sample
fractured totally (i.e., into two halves) at a displace-
ment of about 1.5 mm. However, the P100 composite
showed a higher resistance to fracture and continued
to flex over 3 mm without separating. The strong in-
teraction between the fibre and the matrix results in
the of P55S composite displaying relatively poor re-
sistance to fracture. The faster fracture occurs because
the cracks do not distinguish the fibre/matrix interfaces,
which do not debond. The P100 composite, on the other
hand, shows higher resistance to fracture because of the
weak fibre/matrix interfaces, deflect the crack from its
original notch plane and allow a higher utilisation of
the fibre strength. The different fracture behavior be-
tween the composites is also shown by their potential
drop curves: a steep rise in the voltage of the P55S
composite indicates the fast crack propagation, and a
very gentle rise in that of the P100 composite indi-
cates more gradual fracture behavior. The higher ini-
tial voltage of P55S across the notch plane, which is
not relevant to the fracture behavior, occurs because of

50
—A—P55S - Load
—&— P100 - Load
—O— P100 - Voltage 40
—A—P55S - Voltage ||

Displacement (mm)

the higher electrical resistivity of P55S compared to
P100.

Refractories. Unlike the composites, the two refracto-
ries show very similar fracture behavior as shown by
their load—displacement plots which almost overlap
one another, except that the refractory that contained
4% graphite is able to sustain a higher load. The flex-
ural strengths are shown in Table I. Compared to the
composites, the refractories are quite brittle, as fracture
takes place at much lower displacement. The higher ini-
tial voltage across the notch plane in the refractory with
4% graphite is simply because it contained a smaller
volume fraction of the conducting carbon constituents.

3.2. Normalised crack length versus
displacement plots

The normalised crack lengths (a/W) are plotted in
Fig. 7 as a function of the cross-head displacement.
The curves, determined by the two techniques, are quite
different for the same specimen. In the C/C composites
the EPD technique results in shorter crack lengths than
the compliance technique at low displacements, but the
reverse is the case at higher displacements when the
crack lengths are appreciable. This is highlighted in
Fig. 8. It is noteworthy that the cross-over points occur
at significantly different displacements for the P55S
and P100-based composites, respectively at 0.32 and
0.54 mm. Again, for the two refractory materials dif-
ferent crack length—displacement curves are given by
the two techniques. However, in this case the EPD tech-
nique always results in a shorter crack length than the
compliance method at the same displacement and there
is no cross-over point for these systems.

Fig. 9 shows the fracture surfaces for the various ma-
terials. In both C/C composites significant pull out of
fibres and fibre tows is evident, this being very much
more pronounced for the P100 fibre based composite
in which the fibre-matrix bonding is weak. The frac-
ture surfaces of the refractories are quite rough, show-
ing evidence of transgranular fracture and of pull out
of graphite flakes. Clearly, there must be significant
bridging of the main crack in its wake during the crack
propagation, by fibres in the case the C/C compos-
ites and by graphite flakes and carbon-coated alumina
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Figure 6 Load and voltage versus displacement plots of fracture testing: (a) C/C composites and (b) carbon-bonded refractories.

377



-
o

o o
o] ©
1 1 1

o
~
1 1

©
]
1

—&— P55 S, EPD

—4— P55 S, Compliance
—a&— P100, EPD

—— P100, Compliance
0 1 2
Displacement (mm)

o
6]
1 L

Normalised crack length (a/W)

o
»
1 1

w

Noramalised crack length (a/W)

1.0
1] ()
0.8

1 —&— 4%, Compliance
0.7 —4A— 8%, Compliance

| —&— 4%, EPD
064 ———8%, EPD
0.5
0.4

0.0 01 0.2 0.3

Displacement (mm)

Figure 7 Normalised crack length versus displacement plots: (a) C/C composites and (b) carbon bonded refractories.
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Figure 8 Initial trend (at small displacements) of Normalised crack length versus displacement plots of fracture testing: (a) C/C composites and (b)

carbon-bonded refractories.

polycrystalline grains in the case of the refractories.
These bridging components are electrically conducting
and this will result in a reduced electrical resistivity
leading to an underestimation of the crack length as
deduced from the EPD calibration curve. This crack
bridging effect is dominant for the refractories over the
whole crack propagation process, but not so for the C/C
composites.

Another effect, common in brittle matrix compos-
ites, is sub-critical cracking of the matrix. This is well-
known to occur for C/C composites and is more pre-
dominant when the fibre-matrix interface is weak. This
is most likely the origin of the overestimate of crack
length at low displacement given by the EPD technique
for these composites. Sub-critical cracking ahead of the
main crack will increase the measured resistivity and
appear in the analysis as a longer length of crack than ac-
tually exists. This does not affect the compliance anal-
ysis significantly because the stiffness is very greatly
dominated by the fibres. Furthermore, the geometry of
the chevron notch means that the cross-sectional area
affected by the sub-critical cracking is large compared
with that affected by the propagation of the main crack
in the initial stages of propagation of that crack. This
is not the case for the straight-through notch and this
may be partly responsible for the refractory materials
not displaying the same cross-over behavior.
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3.3. R-curves

The R-curves of composites and refractories are pre-
sented in Fig. 10. Those constructed using compli-
ance crack lengths continuously rise, while those con-
structed using the EPD crack lengths continuously fall.
The rising form of the R-curve is typical for tough-
ened ceramics, and several studies have reported similar
R-curves using chevron and straight-through notched
bend-specimens with compliance techniques on vari-
ous ceramics and ceramic composites [5, 6, 20]. The
falling R-curve is non-typical for this class of mate-
rials. Materials with falling (or flat) R-curve behavior
should show unstable crack propagation, i.e., the ma-
terial should be extremely brittle and should fail catas-
trophically but the fracture surfaces (Fig. 9) and the
load-displacement plots (Fig. 6) do not exhibit such
brittle characteristics.

Assuming that the compliance technique provides
accurate R-curves, the differences in the R-curves of
the composites can be correlated with their microstruc-
tures: weak fibre/matrix interaction in P100 results in
huge crack branching and bridging that gives higher
resistance to fracture, and so a rising R-curve behav-
ior; the strong fibre/matrix bonding facilitates the crack
growth by cutting through fibres, and thus shows only
a very gently rising R-curve behavior. The R-curve be-
havior of both refractories are about the same, except



(b P100

Figure 9 SEM images of fracture surfaces (one half) of the composites and refractories showing the extent of pull out of fibre/grains from the notch
plane: (a) P55 S little pull out, (b) P100 huge pull out, (c) 4%, and (d) 8% both of which are nearly flat compared to composites.
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Figure 10 R-curves: (a) C/C composites and (b) carbon bonded refractories.

that the one with 4% graphite shows slightly higher K
values for any measured crack length. A higher flexural
strength, flexural modulus and higher load carrying ca-
pacity during fracture testing for this refractory sample,
Fig. 6, demonstrated its superiority over the refractory
with 8% graphite.

3.4. Compliance versus EPD techniques as
applied to composites and refractories

The compliance technique is based on the sample stiff-

ness, which will depend on the mechanical link across

the crack plane. The EPD technique is based on the con-
tinuity of the conduction path and the resistivity. Any
surface contact across the crack plane would have an
effect on the measured electrical resistance of the sam-
ple and result in an apparently shorter crack length than
the real one. On the other hand, any sub-critical micro-
cracking prior to the generation of a major crack would
lead to an apparently longer crack length. Thus, the
fracture characteristics of the materials are important
in measuring crack length by both techniques. Defin-
ing the crack front in composite materials is difficult
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as they create significant process zones, the damaged
region just ahead and just behind the crack tip [19].
The zone size will depend on the microstructure of the
composite. The zone is bigger in the P100 composite
due to the weaker fibre/matrix interactions that allow
fibre/matrix debonding and crack branching. There can
be significant sub-critical cracking in the matrix prior
to fracture taking place. The bridging fibres or grains
in the process zone, as the crack continues to grow, will
have different effects on the crack length measured by
the different techniques. For the compliance technique,
the stress carried by the bridging fibres or grains, the
bridging stress, is important, but for the EPD technique
what matters is just the physical contact between the
constituents across the surfaces of the crack. As a re-
sult, for the same specimen under the same testing con-
dition, the EPD and compliance techniques resolve dif-
ferent crack lengths. The EPD technique results in a
large underestimation of crack length in the fracture re-
gion which is of interest for R-curve measurement. The
discrepancy arises from the difference between the con-
ditions of calibration and the actual fracture itself dur-
ing mechanical testing. The calibration involves a clean
cut across the notch plane (Fig. 5), but the mechan-
ical testing produces process zones around the crack
tip, around the notch plane (Fig. 9). The bridging of
the crack in the wake by fibres or by carbon-coated
alumina grains and graphite flakes in the refractory re-
duces the resistivity as compared to a “clean” crack.
Thus, for materials of this type the crack lengths, once
this zone is established, become significantly underes-
timated and should not be used to establish R-curves.
Nevertheless, important information is given by the dif-
ference between the two crack length measurements
which is related to the extent and nature of the bridging
zone. In continuing work in this field we are examin-
ing this concept as an approach to gathering a better
understanding of the toughening mechanisms of such
materials.

4. Conclusions

1. Optical microscopy is not a desirable technique
to measure the crack length in materials that develop
large process zones, where the crack front is difficult
to define. The technique is difficult to apply to chevron
notched samples.

2. Even though the EPD technique has been used
widely, crack bridging by conducting fibres or grains
can cause underestimation of crack length in materials
with significant bridging zones, due to the remaining
electrical contact across the crack planes. Sub-critical
cracking in composites can cause overestimation of
crack length. R-curves that are constructed without ac-
counting for such underestimation or overestimation
are less meaningful.

3. A continuing comprehensive analysis of the re-
fractories on the difference between the normalised
crack lengths from the EPD and compliance techniques
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shows that it can give information about the extent of
the bridging zone.

4. The C/C composite with the weaker fibre/matrix
interface showed a significantly more steeply rising
R-curve than the C/C composite with the stronger fi-
bre/matrix interface and of the two refractories. The re-
fractory with the lower graphite content showed higher
stress intensity factors at all crack lengths, although
their R-curves were similar in shape.
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