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Self-sensing of damage by measurement of the DC electrical resistance or potential away
from the damaged region was demonstrated in quasi-isotropic continuous carbon fiber
epoxy-matrix composite laminates under impact at energy up to 5 J. The through-thickness
potential was substantial up to 240- 480 mm (at 0.25-99 mA correspondingly) in the
longitudinal direction from the position of through-thickness current application, due to
current spreading in the longitudinal direction. A model for the current spreading is
provided. The fractional change in resistance resulting from damage decreased with
increasing distance from the point of impact (diameter of indentation up to 3.5 mm and
depth of indentation up to 0.16 mm), such that it was non-zero even at a distance of

150 mm from the point of impact. Both the through-thickness resistance and the oblique
resistance were effective indicators. The ability for the resistance measured away from the
damaged region to indicate damage in the damaged region is due to the much lower
electrical resistivity in the longitudinal than through-thickness or oblique directions in the
composite. © 2005 Springer Science + Business Media, Inc.

1. Introduction

A structure may suffer from damage due to live loads,
abuse, accidents, aging, mechanical fatigue, corrosion,
thermal stress, lightning and various environmental fac-
tors. For the purpose of hazard mitigation, it is impor-
tant to monitor the damage. Detection of damage allows
repair, replacement or operation adjustment. Real-time
monitoring, as opposed to occasional monitoring, is
particularly attractive, as it allows damage to be de-
tected as soon as it is inflicted.

Damage monitoring, also known as structural health
monitoring, involves the use of damage sensors. A con-
ventional method involves the embedment of sensors
(such as fiber optic sensors [1, 2]) in a structure. A re-
lated conventional method involves the attachment of
sensors (such as piezoelectric sensors [3—5]) on a struc-
ture. These conventional methods suffer from their poor
durability and high cost compared to structural materi-
als. In the case of embedded sensors, further disadvan-
tages pertain to the loss in mechanical properties and
the difficulty of repairing the sensors.

*Author to whom all correspondence should be addressed.
0022-2461 © 2005 Springer Science + Business Media, Inc.
DOI: 10.1007/s10853-005-1708-2

An unconventional method of damage monitoring
involves the use of the structural material itself as the
sensor, so that there is no embedded or attached sen-
sor. The structural material is low cost and durable. A
structure made with a self-sensing structural material
has its entire volume capable of sensing, in contrast
to the limited sensing volume in the case of embed-
ded or attached sensors. As a consequence, the prob-
lems associated with embedded or attached sensors, as
mentioned above, are greatly alleviated. This uncon-
ventional method is known as self-sensing.

Polymer-matrix composites containing continuous
carbon fiber reinforcement are dominant among
lightweight structural composites. This is due to their
high strength, high modulus and low density. They are
widely used for aircraft structures [6—8]. Due to the
aging and safety requirement of aircraft, damage mon-
itoring is critically needed for both military and civil
aircraft.

Self-sensing has been shown in carbon fiber
polymer-matrix composites, as made possible by DC
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electrical resistance [9-27] or potential [28, 29] mea-
surement. Due to the electrical conductivity of carbon
fibers, the composite is conductive and damage can af-
fect the electrical resistivity of the composite. Damage
in the form of delamination increases the resistivity
in the direction perpendicular to the fiber layers [30].
Damage in the form of fiber breakage increases the
resistivity in the direction of the fibers [31].

Damage sensing is to be distinguished from strain
sensing [32-34], which refers to the sensing of re-
versible strain in the absence of damage. Strain sensing
is useful for structural vibration control and weighing.

In spite of the advances made in the area of dam-
age self-sensing in carbon fiber polymer-matrix com-
posites, spatially resolving damage self-sensing has
not been previously reported. As a practical structural
component tends to be large, the damage in it is usu-
ally localized. The determination of the location of the
damage is necessary for the purpose of repair. Spa-
tially resolved sensing would allow determination of
the damage location, in addition to determining the
damage distribution.

This paper is aimed at investigating the ability of car-
bon fiber epoxy-matrix composite for the self-sensing
of damage by measurement of the electrical resistance
or potential away from the damaged region. The al-
lowed distance between the measurement position and
the damage position is relevant to practical implemen-

Point of impact

tation of the damage self-sensing technology. This aim
is also related to spatially resolved self-sensing, as a
larger allowed distance means less spatial resolution.
For this purpose, the DC electrical resistance or poten-
tial is measured in different locations of a composite
specimen with or without damage. In this work, the
damage is local, as inflicted by drop impact. In ad-
dition, the resistance or potential is measured in var-
ious directions of the composite for the purpose of
investigating the relative effectiveness of resistances
in various directions for damage sensing. These direc-
tions include the through-thickness direction and an
oblique direction (a direction between the longitudi-
nal direction and the through-thickness direction of the
laminate).

2. Experimental methods

Commercially manufactured composites in the form
of continuous carbon fiber (Hercules IM6, a high-
performance intermediate-modulus, PAN-based fiber
in the form of 12000 filament count tows) epoxy-matrix
(Hercules 3501-6, cured at 177°C) laminates of fiber
volume fraction 63.5% were cut into strips of length
200 mm (or more) in the 0° direction and width ei-
ther 10 or 12 mm in the 90° direction and then sanded
by using 600 grit silicon carbide sand paper for the
purpose of removing the surface layer (about 20 um
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Figure I Specimen configuration for measuring the through-thickness resistance at various distances from the point of impact. All dimensions are
in mm. (a) Top view of the entire specimen. (b) A detailed view of a set of current and voltage contacts.
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Figure 2 Specimen configuration for measuring the oblique resistance at various distances from the point of impact. All dimensions are in mm. The

width of each electrical contact is 2 mm.
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Figure 3 Specimen configuration for measuring the though-thickness potential at various distances from the point of impact. All dimensions are in
mm. (a) Top view of the entire specimen. (b) A detailed view of the current contact and a voltage contact, both at P,,.
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Figure 4 Fractional change in through-thickness resistance vs. time at progressively increasing impact energy at a fixed distance of 30 mm from the
point of impact. The specimen is the 24-lamina quasi-isotropic composite.
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Figure 5 Fractional change in oblique resistance vs. time at progressively increasing impact energy at a distance of 0 mm from the point of impact.
The specimen is the 24-lamina quasi-isotropic composite.
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Figure 6 Fractional change in through-thickness resistance vs. impact energy. The specimen is the 24-lamina quasi-isotropic composite: (4), 30 mm
from point of impact (initial resistance = 8.88 €2); (), 70 mm from point of impact (initial resistance = 9.67 2); (A), 110 mm from point of impact
(initial resistance = 9.84 Q); (x), 150 mm from point of impact (initial resistance = 10.63 ).
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Figure 7 Fractional change in oblique resistance vs. impact energy. The specimen is the 24-lamina quasi-isotropic composite: (4), 0 mm from point
of impact (initial resistance = 7.63 2); (H), 30 mm from point of impact (initial resistance = 7.44 Q); (A), 60 mm from point of impact (initial
resistance = 7.46 Q2); (x), 90 mm from point of impact (initial resistance = 7.89 Q).

thick) of epoxy matrix prior to the application of elec-
trical contacts. The contacts were in the form of silver
paint in conjunction with copper wire. After applica-
tion, each contact was protected by an epoxy coating,
which helped to avoid mechanical degradation of the
contact. The sanding step is not essential, but it helps
the electrical measurement by increasing the accuracy
and decreasing the noise. Although the entire surface
was sanded in this work, only the portions beneath the
electrical contacts needed to be sanded.

Unless noted otherwise, the laminate had 24 laminae
in the quasi-isotropic [0/45/90/-45]3, lay-up configura-
tion. The thickness was 3.2 mm.

DC electrical resistance or potential measurement
was conducted using the four-probe method. In this
method, the outer two electrical contacts are for pass-
ing current, while the inner two electrical contacts are
for voltage measurement. In this way, the measured
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resistance of the part of the specimen between the volt-
age contacts does not include the resistance of the two
voltage contacts. In contrast, the two-probe method
involves two rather than four electrical contacts, and
consequently the measured resistance includes the

TABLE I Depth of indentation at various impact energies

Impact energy (J) Diameter® (mm) Depth® (mm)

0.73 1.0 0.013
1.45 1.1 0.016
2.18 2.1 0.058
2.90 32 0.14
3.63 34 0.15
4.36 3.5 0.16
5.08 3.5 0.16
aMeasured.

bCalculated from the measured diameter.



TABLE II

Through-thickness potential at various distances from P, (P, defined in Fig. 3)

Potential (mV)

Distance from P, (mm) 0.25 mA 4.17 mA 9.19 mA 19.2 mA 29.2 mA 49.1 mA 99.3 mA
0 2.636 13.184 26.367 52.722 79.102 131.808 263.464
80 0.530 2.657 5.317 10.633 15.953 26.586 53.152
160 0.157 0.800 1.605 3.212 4.820 8.034 16.066
240 0.055 0.276 0.552 1.105 1.658 2.763 5.524
360 0.008 0.042 0.086 0.173 0.260 0.433 0.867
480 0.000 0.006 0.012 0.025 0.038 0.064 0.128
TABLE III Through thickness potential relative to the value at P, at various distances from P, (P, defined in Fig. 3)
Potential relative to value at P, (%)
Distance from P, (mm) 0.25 mA 4.17 mA 9.19 mA 19.2 mA 29.2 mA 49.1 mA 99.3 mA
0 100 100 100 100 100 100 100
80 20.10 20.15 20.16 20.17 20.17 20.17 20.17
160 5.96 6.07 6.09 6.09 6.09 6.10 6.10
240 2.07 2.09 2.09 2.10 2.10 2.10 2.10
360 0.29 0.32 0.33 0.33 0.33 0.33 0.33
480 0.02 0.04 0.05 0.05 0.05 0.05 0.05

resistance of the two contacts. A Keithley 2002 multi-
meter was used.

For through-thickness resistance measurement, the
specimen was 200 mm long and 10 mm wide, with four
sets of electrical contacts on the top surface (the surface
at which drop impact was directed) and four other sets
on the bottom surface, such that the sets on the two sur-

300

faces were directly opposite one another (Fig. 1a). Each
set of electrical contacts was in the form of a rectangu-
lar loop, which served as the current contact, and a strip
inside to loop to serve as the voltage contact. Fig. 1b
shows a detailed view of a set of contacts. The point of
impact was on the top surface (surface shown in Fig. 1a)
at a distance of 20 mm from one end of the specimen.
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Figure 8 Variation of the through-thickness potential with the distance from P, (P, defined in Fig. 3) in the longitudinal direction in the absence of
damage. (a) 99.3 mA, (b) 49.1 mA, (c) 29.2 mA, (d) 19.2 mA, (e) 9.19 mA, (f) 4.17 mA, (g) 0.25 mA. The specimen is the 8-lamina quasi-isotropic

composite.

Figure 9 Configuration for calculating the extent of current spreading in the longitudinal direction. A and B are current contacts for through-thickness
resistance measurement. M is a plane at a distance of d from the plane containing A and B.
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The four sets of electrical contacts on the top surface
were centered at points that were at distances of 30, 70,
110 and 150 mm from the point of impact. The four
sets of contacts on the bottom surface were similarly
located, such that the two sets that were directly oppo-
site one another constituted four electrical contacts, as
needed for the four-probe method. Thus, the through-
thickness resistances at the four locations relative to the
point of impact were simultaneously measured as the
impact energy was progressively increased. The im-
pact was repeatedly directed at the same point while
the impact energy increased step by step (time period
of 50 s per step). The through-thickness resistance was
not measured at the point of impact.

For oblique resistance measurement, the specimen
was 200 mm long and 12 mm wide, with seven elec-
trical contacts in the form of parallel strips on the top
surface (labeled A1, A,, . .. ,A7in Fig. 2) and seven other
contacts on the bottom surface (labeled By, B>, ..., By
in Fig. 2), such that the contacts on the two surfaces
were directly opposite. The point of impact was be-
tween A, and A; on the top surface. The oblique re-
sistance at the point of impact was measured by using
A and B4 as current contacts and A, and B3 as voltage
contacts. The oblique resistance at a distance of 30 mm
from the point of impact was measured by using A,
and Bs as current contacts and As and By as voltage
contacts. The oblique resistance at a distance of 60 mm
from the point of impact was measured by using A3
and Bg as current contacts and A4 and Bs as voltage
contacts. The oblique resistance at a distance of 90 mm
from the point of impact was measured by using A4
and B; as current contacts and As and Bg as voltage
contacts. The degree of obliqueness was the same for
each distance from the point of impact. The oblique
resistance at distances of 0, 30, 60 and 90 mm from the

point of impact were successively measured at times
that were less than 0.3 s from one another while the
impact energy increased step by step (time period of
50 s per step). The impact was repeatedly directed at
the same point.

For through-thickness potential measurement, an
8-lamina quasi-isotropic [0/45/90/-45]s composite of
thickness 1.0 mm was used. The specimen was 540 mm
long (in the 0° direction) and 12 mm wide, with two
identical sets of electrical contacts on the top and bot-
tom surfaces. The contacts Py, P,, P3, P4 and Ps were
for potential measurements at five positions and were in
the form of strips in the transverse directions (Fig. 3a).
The contacts P, were in the form of a rectangular loop,
which served as the current contact, and a strip inside
the loop to serve as the voltage contacts (Fig. 3b). Thus,
the current contacts were fixed at P,, while various sets
of voltage contacts (at P,, Py,. . .Ps) were used for po-
tential measurement.

The damage resulted in an indentation, the diameter
of which was measured by using calipers in order to
provide a rough indication of the extent of damage. The
depth of the indentation was calculated from the diame-
ter of the indentation and the diameter of the impacting
hemisphere. Each indentation was made with a single
impact at a selected impact energy, in contrast to the
multiple impacts made at the same point at successively
increasing energies for the electrical resistance moni-
toring. The damaged area was probably larger than the
indented area.

3. Results and discussion

3.1. Resistance measurement

Both the through-thickness resistance (Fig. 4) and the
oblique resistance (Fig. 5) increased irreversibly and
abruptly at each impact. The higher the impact energy,

B

Through-thickness direction

Longitudinal direction

Figure 10 Multiple through-thickness current paths due to current spreading in the longitudinal direction. A and B correspond to those in Fig. 9.

| A 1 C 1
' . W > W\" Top surface
I R, 14
R;
Wi W
B D Bottom surface

Figure 11 Electric circuit model for multiple current paths.
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the greater was the resistance after impact. As the im-
pacts at increasing energy were directed at the same
point, the resistance in any position reflected the cu-
mulative damage at the point of impact.

Fig. 6 shows the fractional change in through-
thickness resistance vs. impact energy for distances of
30, 70, 110 and 150 mm from the point of impact. For
any of the distances, the resistance increased monoton-
ically with increasing impact energy. For any of the im-
pact energies, the resistance decreased monotonically
with increasing distance from the point of impact.

Fig. 7 shows the fractional change in oblique re-
sistance vs. impact energy for distances of 0, 30,
60 and 90 mm from the point of impact. For any
of the distances, the resistance increased monotoni-
cally with increasing impact energy. For any of the
impact energies, the resistance decreased monoton-
ically with increasing distance from the point of
impact.

Comparison of Figs 6 and 7 shows that the resistance
decreases with distance from the point of impact more

25

significantly for the through-thickness resistance than
the oblique resistance. Moreover, the oblique resistance
allows measurement of the resistance at the point of
impact, whereas the through-thickness resistance does
not. Furthermore, the electrical contact scheme is sim-
pler for the oblique resistance. Thus, the oblique re-
sistance is more attractive than the through-thickness
resistance for indicating damage, particularly damage
that is at a distance from where the resistance is mea-
sured.

Although Figs 6 and 7 were both for the 24-lamina
composite, they were not obtained on the same piece
of specimen. The difference in specimen is responsible
for the impact energy of 3.63 J causing essentially no
change in through-thickness resistance in Fig. 6, but
causing a relatively sharp increase in oblique resistance
in Fig. 7.

The severity of damage at the point of impact is in-
dicated by the fractional change in resistance (through-
thickness or oblique) at a position that can be away from
the damaged region. The degree of indication (i.e., the
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Figure 12 Plot of Ip/I; vs. L/t, using Equation 10.

350

600 800 1000

L/t

300

250 A

200 -

L/t

150 -

100

50 1

0 L} A}

0 20000 40000

Figure 13 Relationship of L/t and p,/p, for the case of I/I} = 2.8.

T T

60000 80000 100000

pelpr

6469



fractional change in resistance) diminishes as the dis-
tance from the point of impact increases, but the degree
of indication is non-zero even at a distance of 150 mm
from the point of impact, irrespective of the severity of
the damage at the point of impact. This means that it is
possible to sense damage by measuring the resistance
away from the damaged region.

The through-thickness resistance, whether before
and after impact, was higher than the oblique resis-
tance. This is due to the high through-thickness resis-
tivity compared to the longitudinal resistivity. In spite
of the short current path for through-thickness resis-
tance measurement compared to the path for oblique
resistance measurement, the through-thickness resis-
tance was higher than the oblique resistance.

Due to the relatively low longitudinal resistivity, the
through-thickness current path spreads in the longitu-
dinal direction. Due to the spreading, the resistance at
a point away from the damaged region cannot indi-
cate the relatively minor damage, if any, at this same
point. Nevertheless, it reflects the relatively major dam-
age in the damaged region. Current spreading affects
the through-thickness resistance more than the oblique
resistance. This is due to the relatively large distance
between the voltage contacts used for measuring the
oblique resistance.

The Appendix provides a model of through-
thickness current spreading in the longitudinal direc-
tion. This model shows that the extent of current spread-
ing can be much more than 150 mm. As a consequence,
the increase in the measured through-thickness resis-
tance at a distance of 150 mm from the point of impact
is dominated by the damage at the point of impact,
whether or not minor damage exists at a distance of
150 mm from the point of impact.

The oblique resistance is expected to be more sensi-
tive to fiber fracture than the through-thickness resis-
tance. That the fractional change in through-thickness
resistance is higher than that in oblique resistance for
the same impact energy means that the damage was
predominantly delamination rather than fiber fracture.
The dominance of delamination over fiber fracture is
typical in carbon fiber polymer-matrix composites, un-
less the damage is so severe that failure is approached.

Table I shows the depth of indentation at various
impact energies. In the regime of low impact energy
(less than 1.5 J), the depth of indentation is so small
that the indentation is almost invisible to the naked
eyes. Even at the highest impact energy of 5.08 J,
the depth of indentation is small compared to the
thickness of the composite. Delamination was not ob-
served visually, but likely occurred in a microscopic
scale.

3.2. Potential measurement

Table II shows the variation of the through-thickness
potential with the distance from P, in the longitudi-
nal direction (P, defined in Fig. 3) in the absence of
damage. Table III shows the same results in terms of
the potential relative to the value at P,. The potential
decreased with increasing distance, such that the incre-
mental decrease became less significant as the distance
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increased. The greater was the current used, the higher
was the potential (as expected), but the slightly more
was the fractional decrease in potential at the same
distance.

In practical self-sensing, the allowed distance be-
tween the potential measurement position and the cur-
rent application position is the maximum distance
for the measured potential to be substantial (at least
0.1 mV), i.e., the maximum distance for sensing. The
higher was the current, the larger was this distance.
This distance in the longitudinal direction was 160,
240, 240, 360, 360, 360 and 480 mm at a current of
0.25,4.17,9.19, 19.2, 29.2, 49.1 and 99.3 mA respec-
tively. This distance relates to that for which the current
(applied in the through-thickness direction) traveled in
the longitudinal direction. Due to the relatively low re-
sistivity in the longitudinal direction, the current trav-
eled up to 480 mm in the longitudinal direction. This
extent of travel is consistent with the model of current
spreading in the Appendix. For directions other than
the longitudinal direction, the resistivity is expected to
be higher and thus the distance of current travel is ex-
pected to be smaller. In order for the spatial resolution
in damage self-sensing to be better than this distance,
the functional relationship (Fig. 8) between the mea-
sured potential and the distance (between the potential
measurement position and the current application posi-
tion) needs to be considered, in addition to considering
the value of the potential.

4. Conclusion

Damage self-sensing by electrical resistance or poten-
tial measurement away from the damaged region was
demonstrated in carbon fiber epoxy-matrix compos-
ite laminates. The damage was inflicted by drop im-
pact at energy from 0.7 to 5 J. The through-thickness
potential was substantial up to 240 mm at a cur-
rent of 0.25 mA and up to 480 mm at a current of
99 mA, in the longitudinal direction from the position
of through-thickness current application. This is due
to current spreading in the longitudinal direction. A
model for the current spreading is provided. The frac-
tional change in resistance resulting from the damage
decreased with increasing distance from the point of
impact, such that it was non-zero even at a distance
of 150 mm from the point of impact. The indentation
resulted from the impact was up to 3.5 mm in diam-
eter (compared to a damage zone of radius at least
150 mm) and up to 0.16 mm in depth (compared to
a specimen thickness of 3.2 mm). The resistance was
either the through-thickness resistance or the oblique
resistance. The response to damage was similar for
these two resistances, but the through-thickness re-
sistance dropped with distance from the point of im-
pact more significantly than the oblique resistance. The
electrical contact scheme was simpler for the oblique
resistance.

Appendix
This appendix provides a model of through-thickness
current spreading in the longitudinal direction.



Consider a configuration in which the current contacts
A and B are in the form of strips on opposite sides of a
composite bar (Fig. 9). This configuration is relevant to
the measurement of the through-thickness resistance.
The question pertains to the distance L of longitudinal
spreading of the current that is applied in the through-
thickness direction between A and B. Consider the
segment of the specimen between the AB plane and
the M plane in Fig. 7. If the longitudinal resistance
is much smaller than the through-thickness resistance
of this segment, the distance of current spreading in
the longitudinal direction will be large. Thus, the cur-
rent spreading depends on the relative values of these
resistances.

In reality, there is a continum of paths of current
flow resulting from the current spreading, as illustrated
in Fig. 10. The circuit model of multiple paths is shown
in Fig. 11, where R, is the through-thickness resistance
of an element of width ¢/2 in the longitudinal direc-
tion and length ¢ in the through-thickness direction,
and R, is the longitudinal resistance of an element of
length ¢ in the longitudinal direction and width #2 in
the through-thickness direction. With w being the spec-
imen dimension perpendicular to the page in Fig. 10,

t
Prwe)2

R[—

(1)
and

Ry = pg 2)

L
wt /2’
where p, is the through-thickness resistivity and p; is
the longitudinal resistivity.

When ¢ = L (where L is the extent of current spread-
ing), I = 0 in Fig. 11. Under this situation,

Li=hL-5L=1 (3)

Note that
VaB = Vac + Vep + Vos, “4)
where V53 is the voltage difference between A and B,
Vac 1s the voltage difference between A and C, V¢p is
the voltage difference between C and D, and Vg is the

voltage difference between D and B. Equation 4 can be
written as

LR, =1Ry+ 4R, + | Ry &)
Using Equation 3, Equation 5 becomes
LR =1L (2R¢+ Ry) (6)
Rearrangement of Equation 6 gives

I, 2R+ R, 2R,
]1 Rt R[ + ( )

Combination of Equation 7, 1 and 2 gives

2
Y G) +1 (8)

For the quasi-isotropic composite of thickness
3.2 mm in this work, separate measurements using the
four-probe method and silver paint electrical contacts
show that p; = 7 mQ-cm and pr = 600 Q2-cm. (The
specimen size was 22 x 10 x 3.2 mm for pt measure-
ment.) Hence,

pr/pL =10 9)

Using Equation 9, Equation 8 becomes

L 2
~Z=2x107 (7> +1 (10)

1

Fig. 12 is a plot of Equation 10. The experimental result
in Fig. 8 shows that L is approximately 300 mm. Since
t = 1 mm for the specimen of Fig. 8, L/t = 300. Based
on Equation 10 or Fig. 12, this value of L/t corresponds
to /I, =2.8.

For a given value of I,/I;, Equation 8 shows that the
smaller is p¢/p;, the greater is L/t. In other words, a
smaller value of py/p; results in more current spread-
ing, as expected. The lay-up configuration affects
pelpy, thereby affecting the extent of current spreading.
Fig. 13 gives the relationship between L/t and p,/p, for
the case of /I, = 2.8.
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