
Journal of Nondestructive Evaluation manuscript No.
(will be inserted by the editor)

Determination of crack surface orientation in carbon
fibre reinforced polymers by measuring electromagnetic
emission
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Abstract Electromagnetic emission (EME) generated

by fracture of carbon fibre reinforced polymers (CFRP)

is studied. The fracture is induced to cross-ply CFRP

by mechanical loading in a three-point bending con-

figuration. An EME acquisition set-up operating on

the principle of capacitive coupling is used to measure

the low frequency (kHz-MHz range) electric field whose

generation is attributed to the charge redistribution ac-

companying the fracture processes. Multiple, differently

oriented EME sensors, for the simultaneous EME mea-

surement with different source-sensor orientations, were

applied to account for the directionality of the EME

sources and their generated electric fields. A method to

deduce the crack orientation based on the emitted EME

field’s directionality is proposed. A comparison between

the angles of the EME sources obtained by this method

and the actual crack surface orientations as determined

by computed tomography is made.
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1 Introduction

The emission of particles and electromagnetic fields dur-

ing and after fracture of solid materials is summarized
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under the term fracto-emission. In this context a restric-

tion to only the electromagnetic fields emitted by frac-

ture is commonly referred to as electromagnetic emis-

sion (EME). This term also includes electromagnetic

fields generated by other mechanical processes like plas-

tic deformation or friction. EME effects over a wide

range of frequencies were observed for a large variety

of materials, e.g. rocks, minerals and concrete [1,2,3,4,

5], glass [6,7,8], metals [9], polymers [10,11], ice [12,13]

or polymer-matrix composites [14,15,16] and concrete

composites [17]. The mechanisms of EME generation

have been subject to investigation for many years and

multiple theories for the sources of EME in different

materials and for different failure modes have been pro-

posed. In general, the temporal characteristics of EME

signals generated by fracture are correlated to a change
in charge distribution and it’s dynamics, both dictated

by the fracture processes. Therefore, fracture induced

EME signals contain valuable information about their

sources. While acoustic emission (AE) signals, which

are measured as transient displacements at the mate-

rial’s surface, are altered along their propagation path,

EME signals can be detected almost undisturbed by

the materials properties and geometry. This may prove

particularly beneficial in complex micro structured ma-

terials like composites. These materials are designed to

exhibit unique physical properties but also exhibit com-

plex failure behaviour. Carbon fibre reinforced poly-

mers (CFRP) are especially attractive for certain appli-

cations, e.g. in light weight engineering. Nevertheless,

these materials are still subject to ongoing development

and improvement in terms of theoretical descriptions,

physical and mechanical properties of composites and

their individual components as well as production pro-

cesses. For the purpose of improving the performance

of structures and the material itself, a detailed under-



2 S. O. Gade1 et al.

standing of the complex failure modes is essential. Al-

though there has been some research concerning EME

generated by fracture of fibre-reinforced polymers and

its components in the past [18,19,20,21], the full po-

tential of the EME analysis has yet to be explored. A

potentially useful application is offered by the charac-

teristic field distribution of the fracture-generated EME

signals. Assuming asymmetrical electrification of the

crack surfaces, the cracks can be approximated as sur-

face dipoles with corresponding electric dipole fields.

EME with a distinct directionality has already been re-

ported for other materials [11,22,23,24]. In this study

we present results of EME measurements conducted

during fracture tests of CFRP specimens with different

ply stacking sequences. We particularly focus on the di-

rectionality of the emitted EME signals. Furthermore,

we discuss the possibility to determine the orientation

of inter-fibre cracks such as matrix cracking and delam-

ination in cross-ply CFRP specimens.

2 Experimental

For the detection of EME generated by fracture of CFRP

a three point bending test was conducted to induce a

variety of failure mechanisms in cross-ply CFRP spec-

imens. Figure 1 shows a schematic of the applied test

set-up. The three point flexure test set-up was built

in accordance with the geometry specified in DIN EN

ISO 14125 [25]. For the test specimens, ply stacking se-

quences of [0,903]sym, [02,903]sym, [0,902,0,90]sym and

[02,90,0,90]sym were chosen. The specimens dimensions

are 95 mm x 15 mm x 2.0-2.2 mm. All tested CFRP

specimens were fabricated from unidirectional Sigrafil

CE1250-230-39 carbon/epoxy prepreg laminate follow-

ing the manufacturers recommendations for curing (90

minutes of curing in heat press with vacuum bagging,

at 130◦C and 0.7 MPa). All specimens were conditioned

and tested at standard climate conditions (23◦C ± 2◦C,

50% ± 10% relative humidity), in accordance to DIN

EN ISO 291 [26].

The mechanical test fixtures are usually made from

steel, i.e. highly conductive material. As presented in

[21], conductors placed near an EME source signifi-

cantly influence it’s field distribution and strength. For

this reason, the test fixtures presented in the following

sections were manufactured from non-conductive ma-

terials, mainly PMMA. Supports and load noses were

made from PVC. A tube of pultruded glass-fibre-reinforced

plastic (GFRP) is used to introduce the mechanical

load.

Using test fixtures made from plastics naturally in-

creases the compliance of the set-ups, which can be ac-

counted for in the data reduction. Furthermore, the

Fig. 1 Schematic of flexure test set-up with detail of EME
sensor set-up.

compliance was measured to be constant within the

load range considered in this investigation and no plas-

tic deformation of the test fixtures was observed.

The AE signal detection was carried out using a

high sensitivity wideband differential (WD) AE sen-

sor (Physical Acoustics) attached to the surface of the

specimen. The AE signals were amplified by 40 dB by

a 2/4/6 pre-amplifier without internal bandpass filter

and recorded by a PCI-2 acquisition card (Mistras cor-

poration, software: AEwin). As acquisition parameters

a threshold of 30 dBAE and a sampling rate of 10 MS/s

proved adequate.

For the EME detection the used mechanical testing

set-ups were electrically shielded by a grounded metallic

shielding enclosure. Two pairs of copper wires were used
to measure the occurring electromagnetic fields via ca-

pacitive coupling [27,28]. The sensor pairs are arranged

perpendicular to each other to account for the emitted

electric field’s directionality. The EME signals detected

by these sensors were amplified in two stages. A first

preamplifier is directly connected to the EME sensors,
i.e. is located within the shielding enclosure. For this

internal preamplifier a junction field effect transistor

(n-channel JFET 2SK932-22) in a common source cir-

cuit with a 10 MΩ input resistor was used. The volt-

age signal then is further amplified by a low frequency

amplifier (UBBV-NF35, Aaronia AG). The total am-

plification was set to 40 dB. The EME signals are also

recorded by the PCI-2 acquisition card. As EME sig-

nal acquisition parameters a threshold of 40 dBAE and

a sampling rate 10 MS/s were used. The band width

of the acquisition system is limited by the 1 kHz - 3

MHz band bass filter of the acquisition board. Between

these cut-off frequencies the amplification of the EME

acquisition set-up was evaluated to be constant.
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The AE and EME signals were chosen to be ac-

quired in a synchronized mode. Thus, a triplet of AE

and EME signals was recorded for every event, even

when the much weaker EME signals did not exceed

their threshold value. Furthermore, the AE acquisition

also serves as a kind of filter, i.e. EME signals detected

without corresponding AE signals were considered to

not have originated from crack initiation or propaga-

tion and were therefore not considered for the analysis.

The mechanical load was applied displacement con-

trolled by an universal testing machine (Zwick ZT 5.0).

The cross head velocities was 1 mm/min. The load was

measured with a 5 kN Xforce HP load cell.

3 Results and discussion

3.1 Results

Theoretical considerations that describe cracks as sur-

face dipoles to interpret their emitted electromagnetic

signals have been published before [29]. Assuming the

applicability of the quasistatic approximation [30], dipole

like EME sources, i.e. asymmetrically charged crack

surfaces (with a total charge Q = 0), as well as crack

dimensions that are small compared to the sensor di-

mensions, the electric potential Φ at a position r (posi-

tion with respect to the centre of the sensor array) can

be approximated by:

Φ(r, t) =
p(t) · r
4πε0r3

(1)

with the general definition of the dipole moment:

p(t) =

∫
V ′

r′ρ(r′, t)d3r′ (2)

Here, ρ(r′, t) is the time dependent charge density

representing the charged crack surfaces, i.e the gener-

ation and relaxation of surface charges as well as the

crack dynamics such as crack propagation and crack

surface vibrations. V ′ is the volume containing the dam-

age within the specimen. For surface dipoles the dipole

moment acts perpendicular to the crack surface (i.e.

parallel to the surface normal).

An inverse use of equation (1) points out a useful

application, namely the determination of the dipole ori-

entation and therefore the orientation of the crack sur-

faces. For the sake of simplicity, a restriction has to

be made. While varying the source-sensor orientation

the distance between source and sensor has to remain

approximately constant. Else, the 1/r2 dependence of

the dipole potential may have a significant effect on the

signal amplitude that may override the influence of the

angular dependence. In cases were this cannot be as-

sured by the experimental set-up, the distances have to

be determined as well. Another huge influence on the

determination of the source orientation are effects that

distort the assumed dipole-like field distribution. Any

conductor in the vicinity of the source changes the dis-

tribution of the field due to near-field interaction with

the conductor causing induced charges on it’s surface.

Thus it is necessary to avoid conducting elements near

the source and the sensors for this kind of measurement.

Therefore, we have chosen to fabricate our load fixtures

from non-conducting materials, leaving only the sensors

and the shielding enclosure conductive. Bending test

fixtures made from PMMA were already presented for

this purpose [11]. Nevertheless, possible influences to

the distribution of the emitted electromagnetic fields

caused by the conductivity of the carbon fibres and

the resulting anisotropic bulk conductivity of the tested

CFRP specimens may have to be considered.

So if the electric field can be approximated by equa-

tion (1) the measurement of the electric potential in all

three directions in space, with fixed source-sensor dis-

tances, allows for the determination of the orientation

of the dipole moment by the ratios of the measured

signal amplitudes.

For this purpose we conducted 3-point flexure tests

on CFRP specimens with different ply stacking sequences

with the aim to induce failure with a variety of crack

surface orientations. These are governed by the chosen

ply orientation, the layer thickness and the inter-play

between compressive and tensile stresses at top and bot-

tom of the plates. For the detection of the emitted EME

signals we placed two EME sensors near the centre of

the specimen. The sensors are arranged perpendicular

to each other, with 25◦ rotation relative to the plate

normal, and extent for a certain length along the width

direction of the specimen (see figure 1). Therefore, the

source orientation is determined in the plane spanned

by the two detection directions (quasi 2 dimensional).

Figure 2 shows a schematic of the used sensor configura-

tion. The angle β, i.e. the angle between the horizontal

plane (x-y-plane) and the crack plane (see figure 2), can

then be derived by

β = α− 25 ◦ = arctan(A2/A1) − 25 ◦ (3)

where α is the angle between the surface dipole mo-

ment and the detection direction of EME sensor 1. A1

and A2 are the amplitudes of the EME signals detected

by the respective EME sensors at a given time.

To induce the generation EME signals, the speci-

mens are mechanically loaded until failure occurs. For
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Fig. 2 Schematic for the derivation of the source orientation.

the specimens investigated here initial failure occurs in

the topmost 0◦-layer under compressive load. Multiple

AE signals but only a few EME signals could be de-

tected before the final failure of the specimen. This dis-

crepancy in the ability to detect signals generated by

microscopic failure is attributed to the different sen-

sitivities of the AE and EME sensors. Figure 3 (top)

shows an exemplary EME signal pair detected by the

EME sensors during this first phase of microscopic dam-

age. A 20kHz low pass filter (Butterworth, 2nd order)

was applied to these weak EME signals to reduce the

considerable influence of the noise floor on the subse-

quent calculation of the source orientation. Figure 3

(bottom) shows the angle of the EME source, i.e. the

angle of the crack surface as function of time, calculated

from the filtered EME signals , starting at the moment

of crack initiation, using equation (3).

Fig. 3 Top: EME signals (raw data and low pass filtered)
recorded at 95% ultimate load. Bottom: angle of the fracture
surface calculated from filtered EME signals.

Ultimate failure of the specimens is accompanied by

cascades of strong AE and EME signals. Figure 4 shows

an exemplary EME signal pair, recorded during the fi-

nal failure of a specimen and consisting of at least four

different individual signals occurring in rapid succes-

sion. The recorded EME signals are plotted with two

different voltage scales (figure 4 top and mid) to account

for the large variation in signal strength for the individ-

ual signals. Again, the signals are low pass filtered to

reduce the effect of noise. Due to smaller rise times of

the individual EME signals generated in this stage a 20

kHz filter, as used above, would significantly alter the

shape of these signals. Therefore, we here applied a 200

kHz Butterworth filter (2nd order) which only elimi-

nates high frequency noise. For the exemplary EME

signal, the angle of the dipole source is calculated for

all times between the starting time of the EME signal

and the time the first EME signal reaches saturation

due to it’s amplitude exceeding the operational range

of the first pre-amplifier.

The variation of the calculated angles over time,

shown in figures figure 3 and 4, may contain an ac-

tual variation of the fracture surface orientation, but

is mostly caused by the noise remaining after filtering.

This influence is the more pronounced the weaker the

EME signals are, especially at the start of the signals,

and almost negligible for stronger EME signals (see fig-

ure 4, time intervals 3 and 4). Therefore, for each frac-

ture event, we assumed the fracture surface angle to be

constant over time, and give its value by its temporal

mean. The standard deviation then mostly only relates

to the residual noise floor.

A comparison between calculated EME source ori-

entations and actual fracture surfaces in the damaged

specimen was conducted. The exemplary EME signals

shown in figures 3 and 4 were recorded during the frac-

ture test of the same CFRP specimen. A microscopic

image (taken after the fracture test) of this very spec-

imen (with a [02,90,0,90]sym ply stacking sequence) is

shown in figure 5. The figure also contains the posi-

tion of the load nose and the positions and orientations

of the EME sensors. Failure of this specimen, and all

other specimens, started in the topmost 0◦-layer be-

neath the load nose. For a more extensive evaluation of

the specimen damage and the determination of the frac-

ture surface orientations within the specimen a (post-

mortem) computed tomography (CT) scan of the dam-

aged specimen region was conducted. As can be seen

in the CT images of the exemplary specimen, shown in

figure 6, two main failure modes occur in the 0◦-layers.

The major contribution of damage in this layer is given

by a macroscopic crack (highlighted in pink in figure

6, right) resulting from compressive stress. The angles

and the position (in x-direction) of the fracture sur-

faces significantly vary along the width (y-direction) of

the specimen. Measurable EME signals generated be-
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Fig. 4 Top: Sequence of four EME signals (low pass filtered)
recorded during critical failure of the specimen (starting of
different EME signals indicated by dotted lines). Middle:
Same EME signals (raw data and low pass filtered) plotted
with smaller voltage scale. Bottom: angle of the fracture sur-
face, calculated between the time of EME signal start (tstart)
and time of the first EME signal amplifier saturating (tend).

Fig. 5 Microscopic image (acquired post-mortem) of exem-
plary specimen ([02,90,0,90]sym ply stacking sequence) with
visible damage. Positions of EME sensors and load nose are
indicated.

fore ultimate specimen failure are assumed to originate

from compressive fracture in this layer. The general ori-

entation of this macroscopic crack is determined for a

series of x-z-cut planes along the width of the specimen.

The crack’s main angle in the topmost 0◦ layers, derived

from the CT scan, varies between 37◦ ≤ βCT,0◦ ≤ 128◦.

Fig. 6 Computed tomography images of exemplary speci-
men. Left: 3D rendering of damaged region. Right: 3D vi-
sualization of fracture surfaces: 0◦-layer fracture (pink), in-
tralaminar fracture (blue) and interlaminar fracture (green).

The second type of damage in the 0◦-layers is intra-ply

fracture (highlighted in blue in figure 6, right), with

crack surfaces oriented mostly horizontally. The calcu-

lated angle of the source of the exemplary EME signal

assumed to be emitted during the generation of frac-

ture in this layer, is βEME,0◦ ≈ 48.3◦ ± 6.1◦ (see figure

3).

After the fracture of the two topmost 0◦-layers, large

scale delamination between the 0◦-layer and the adja-

cent 90◦-layer occurs (see figures 5 and 6). This failure

generates strong AE and EME signals. Even though

the specimen is significantly deformed at the moment

of the occurrence of this failure, the general orienta-

tion of the interlaminar crack surface plane can be ap-

proximated as βCT,interlam ≈ 0◦, i.e. the crack surface

plane coincides with the horizontal plane (x-y-plane).

The calculated angle representing the orientation of the

source of the exemplary EME signal (see figure 4) is

βEME,interlam ≈ 3.9◦ ± 4.6◦.

The exemplary specimen discussed so far is repre-

sentative for most of the tested specimens. Regardless of

the specific ply stacking sequence, the sequence of fail-

ure almost always occurred in a similar way. Fracture

of the topmost 0◦-layers with a mostly vertical macro-

scopic orientation is followed by large scale delamina-

tion between the 0◦-layers and the adjacent 90◦-layers.

The average crack surface angle calculated from EME

signals detected before final failure is βEME,0◦ = 54◦

± 10◦ while for the signals generated during ultimate

failure the average crack plane angle was calculated to

be βEME,interlam = 4◦ ± 8◦.

3.2 Discussion

For the EME signals emitted before ultimate failure

the calculated angles are within the range of the ac-

tual crack surface angles. Nevertheless, the accuracy of
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this source orientation determination suffers from var-

ious influences. Since the weak EME signals emitted

in this stage originate from smaller cracks in this layer

and not necessarily the full macroscopic crack, the ex-

act origins of the signals and therefore their orienta-

tion remain unclear. Figure 5 reveals another probable

cause for the discrepancies between calculated and ac-

tual fracture surface angles. The distance between EME

source and sensor cannot always be identical for the two

EME sensors. Therefore, equation 3 does not yield the

best approximation since it requires the source to be

in the centre of the sensor array. In the present case,

as mentioned in the introduction of this section, a cal-

culation that takes into account the actual position of

the source would certainly prove more adequate. More-

over, effects caused by the anisotropic electric proper-

ties of the tested CFRP specimen were not considered

but certainly influence the distribution of the electric

field. Furthermore, the weak EME signals generated by

this early damage are superimposed by the permanent

noise floor which, even after noise reduction, influences

the results of the crack angles calculation.

As for the final failure of the tested specimens, the

sources, i.e. the delamination planes, are also not lo-

cated precisely at the centre of the EME sensors (see

figure 5). Nevertheless, the presented approach seems

to result in calculated orientations, which are in fairly

good agreement with the measured orientation.

In particular, the resulting source orientations de-

rived from the first EME signals can be clearly distin-

guished from the ones occurring during the final failure.

A first step to improve this method is to take into

account the actual source position. A possible approach

could be the determination of the cracks’ locations by

means of AE source localization procedures. However,

this would require the application of the presented frac-

ture surface angle determination method on a slightly

larger scale since the accuracy of standard and even ad-

vanced AE source location methods is limited to some

millimetres [ref paper? evtl. sinans?]. As increasing source-

sensor-distances in the presented set-up would greatly

reduce the sensitivity of the EME detection, the appli-

cation of more sophisticated EME sensor arrays span-

ning a larger area of the specimens could be considered.

4 Conclusion

In this manuscript we demonstrated a possible method

to determine the orientation of fracture surfaces in CFRP

by taking advantage of the directional character of the

fracture induced electromagnetic emission.

By applying two EME sensors with perpendicular

measurement directions and by assuming a basic model

for the EME generating cracks as small surface dipoles

(point dipoles), the orientation of the dipole moment

and therefore the orientation of the EME source can be

calculated from the ratio of the measured EME signal’s

amplitudes. Even with this simplified assumption we

were able to clearly distinguish different fracture orien-

tations in CFRP by their different orientation within

the tested specimens as validated by computed tomog-

raphy measurements.

Improvements of the measurement equipment, e.g.

by using more than two EME sensors with different

detection directions, and refinements of the model used

for the calculations, e.g. applying numerical modelling,

should result in an increased accuracy of this method.

Accessing the orientation of failure in complex, mul-

tilayer composite structures is a substantial advantage

provided by EME measurements and promises a range

of possible applications, especially when combined with

other non-destructive testing methods such as acoustic

emission.
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