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Abstract The link between the electromagnetic proper-

ties of steel and its microstructure is a complex one,

depending on both phase fractions and morphology. In this

paper, both analytical and three-dimensional finite element

(3D FEM) modelling techniques were applied to the pre-

diction of permeability for steel with a given ferrite frac-

tion for random ferrite/austenite distributions.

Experimental measurements from a multi-frequency elec-

tromagnetic sensor on samples generated by hot isostatic

pressing (HIPping) of powder mixtures were used to

evaluate the analytical and FEM predictions. Theoretical

treatment of the relationship between the sensor output and

the effective permeability is also given; in particular, it was

found that the zero crossing frequency of the real part of

the inductance is approximately linearly related to the

permeability for high (> 40%) ferrite percentages. The EM

sensor can therefore be used to identify the samples across

the full range (0–100%) of ferrite percentages using both

the zero crossing frequency (> 40%) and trans-impedance

(0–40%). The effect of banded (non-random) microstruc-

tures on sensor output and the prediction of the upper and

lower bounds of permeability are also discussed.

Introduction

The production of strip steel with dual or multi-phase mi-

crostructures by direct rolling and cooling requires accurate

process control. Electromagnetic (EM) techniques have the

advantage of being non-contact, robust and offer the po-

tential for direct microstructure characterisation. However,

the key to the successful application of EM techniques is to

decode the complex relation in the transduction chain

(Fig. 1) from microstructure to the EM properties, and to

the sensor output across the whole range of ferrite fraction.

The main EM property that affects the sensor output is

permeability as the range of conductivity variation (for

instance, 5.75–6.13MSm–1 for AISI 1000 Series steel) is

much less than that of the permeability (1 to � 100 rela-

tive permeability values [1]. Previously interrupted cooling

experiments, coupled with Maxwell 2D FEM simulations,

on a medium carbon (0.45 wt% C) steel examined the

relationship between sensor trans-impedance and ferrite

percentage, up to 28% ferrite, during transformation from

austenite to ferrite on cooling [2, 3]. The relationship be-

tween the output of a multi-frequency electromagnetic

sensor and the ferrite percentage for randomly oriented

microstructures was explored with samples with the full

range (0–100%) of ferrite fractions [4].

So far, the strategy has been to link the microstructure

directly with sensor output. Although the EM sensor output

has proved to be a valid indicator of microstructure, it

depends on sensor geometrical factors as well. Therefore,

conclusions drawn from one sensor do not necessarily

apply to another. In this paper, an alternative approach is

proposed: the full transduction chain is considered in two

steps. The first step is to link the microstructure to the

fundamental EM properties (mainly permeability), and the

second step is to link the fundamental EM properties to the
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sensor output. This approach enables us to gain full phys-

ical insight into the transduction chain and set up general

models independent of sensor geometry.

Theory

The link between microstructure and steel permeability

The problem of predicting an effective electrical or mag-

netic property in a two-phase (ferrite/austenite) composite

medium, for a given ferrite fraction, can be dealt with by

effective medium theory. Effective medium theory deals

with the question of predicting effective conductivity/per-

mittivity/permeability values for mixtures having two or

more phases with contrasting properties. The principle of

the effective medium theory is that the electrical/magnetic

potential due to the mixture placed in the external electri-

cal/magnetic field is equal to the potential caused by a

geometrically identical object having an effective con-

ductivity/permeability/permittivity. Although cases for

predicting effective permeability are rare, many formulae

have been developed for predicting effective conductivity

and permittivity [5–8].

Maxwell’s equation is the earliest work on the predic-

tion of effective conductivity of a cell suspension in a di-

lute solution [5].

reffective ¼ re þ
f

1
ri�re

þ 1�f
3re

ð1Þ

where reffective is the effective conductivity, and re and ri

are the solution conductivity and conductivity of particles

in suspension respectively. f is the particle volume faction.

Bruggeman extended Maxwell’s equation to concen-

trated suspensions by a mathematical procedure [6, 7] and

obtained the result known as Bruggeman’s formula.

reffective � ri

re � ri
ð re

reffective

Þ1=3 ¼ 1� f ð2Þ

The Maxwell and Bruggeman equations are not valid for

the entire range of particle volume fractions (f of 0–1) with

the extent of the valid range being dependent on the dif-

ference in conductivities between the particles and solu-

tion. For weakly contrasting media (i.e. similar

conductivities), the upper limit of f for which Eq. (2) is

valid is expected to be higher than for strongly contrasting

media; Pavlin [8] reported a good agreement between the

analytical equations and an FEM model for volume frac-

tions up to 0.7 for media with a difference in conductivity

of a factor of 10. For the strongly contrasting media in this

study (permeability values differ by a factor of 100), the

valid range of f is expected to be much lower [9].

Power-law models are popular for predicting effective

permittivity. They give the effective permittivity of the

mixture as

eb
effective ¼ ð1� f Þeb

e þ f eb
i ð3Þ

where b is a dimensionless parameter. Known examples

are the Birchak formula (b = 1/2) [10] and the Looyenga

formula (b = 1/3) [11].

The applicability of these formulae to the case of pre-

dicting effective permeability will be evaluated in the

following sections.

The link between permeability and sensor output

In previous studies, it has been shown that the ferrite

fraction has an approximately linear relationship with the

zero-crossing frequency and has a strongly non-linear

relationship with the inductance at low frequency (for

ferrite percentages above 40%), determined from experi-

mental tests using a multi-frequency EM sensor [4].

Therefore, for the industrial application of monitoring

ferrite percentage in multi-phase strip steel production

before coiling after hot strip rolling, where the ferrite

percentages of interest are typically 70–90%, the zero-

crossing frequency has to be determined.

The zero crossing frequency can be explained qualita-

tively as follows. The magnetic field produced by a multi-

frequency sensor acts on a ferromagnetic target in two

ways. First it tends to magnetize the metal, which increases

the coil’s inductance. Second, the ac magnetic field also

induces eddy currents in the metal, which tend to oppose

the driving current and reduce the coil’s inductance. At

lower frequencies, magnetization dominates and induc-

tance is positive. As the frequency is increased eddy cur-

rents become more dominant and the inductance decreases,

at some point becoming negative, and eventually

approaching a constant value at high frequencies. When the

two effects are in balance there is a zero crossing point

frequency (i.e. the frequency at which the inductance is

zero).

To gain a quantitative understanding of the link between

permeability and the zero-crossing frequency, Dodd and

Deeds’ complete analytical solution for sensor output due

to the presence of a thick magnetic sample is used [12].

The formulae of Dodd and Deeds are:

Fig. 1 Illustration of the transduction chain
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LðxÞ ¼ K

Z 1
0

P2ðaÞ
a6

AðaÞ/ðaÞda ð4Þ

where

/ðaÞ ¼ ðla� a1Þ
ðlaþ a1Þ

ð5Þ

a1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ jxrl0l

p
ð6Þ

K ¼ pl0N2

ðl1 � l2Þ2ðr1 � r2Þ2
ð7Þ

PðaÞ ¼
Z ar2

ar1

xJ1ðxÞdx ð8Þ

AðaÞ ¼ ðe�al1 � e�al2Þ2 ð9Þ

where L denotes inductance and j is defined as (–

1)0.5. l0 denotes the permeability of free space and l
denotes the relative permeability of the sample. N de-

notes the number of turns in the coil; r1 and r2 denote

the inner and outer radii of the coil, while l1 and l2
denote the height of the bottom and top of the coil; and

c denotes the thickness of the plate. r is the conduc-

tivity of the sample. x is the angular frequency of

alternating current signal to excite the sensor. a is a

spatial frequency variable; K is a pre-factor and J1(x) is

a first-order Bessel function.

Two approximations can be used to derive the zero-

crossing frequency in the case of l � 1. The first

approximation originates from the fact that u(a) varies

slowly with a compared to the rest of the integrand, which

reaches its maximum at a characteristic spatial frequency

a0. a0 is defined to be one over the smallest dimension of

the coil. The approximation is to evaluate u(a) at a0 and

take it outside of the integral.

DLðxÞ ¼ /ða0ÞDL0 ð10Þ

/ða0Þ ¼
la0 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða2

0 þ jll0rxÞ
p

la0 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða2

0 þ jll0rxÞ
p ¼ 1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=l2 þ jl0xr=la2

0

p
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=l2 þ jl0xr=la2

0

p
ð11Þ

The second approximation is to neglect the term 1/l2 in

Eq. (11). This condition is met when the skin depth is much

smaller than the coil dimension. Based on this assumption

and considering Eq. (11), Eq. (10) becomes

DLðxÞ ¼ DL0

1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jl0xr=la2

0

p
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jl0xr=la2

0

p ð12Þ

For the real inductance to equal zero, we have

x0 ¼
la2

0

l0r
: ð13Þ

Equation (13) indicates that the zero-crossing fre-

quency (x0) is linearly proportional to permeability. This

relationship will be used to evaluate the validity of

permeability predictions by FEM and analytical tech-

niques. This relationship holds for many practical coil

geometries as formulations for the inductance of most

coils can be simplified to Eq. (10) [13], although the

coefficient a0 may vary. The range of conductivity val-

ues was found to be small (�5%) using measurements

from a standard four terminal method on the HIPped

samples with a range of ferrite percentages from 0 to

100%. Therefore the variation in conductivity is ex-

pected to have a very small effect on the zero crossing

frequency compared to the permeability and has been

ignored in the subsequent analysis.

Modelling

FEM modelling and the electrostatic and magnetostatic

analogy

Previously, 2D and 3D eddy current simulations [2, 3, 4]

were performed to predict the multi-frequency EM sensor

output. In those simulations, the diffusion equation was

solved and a specific sensor geometry was used. In this

paper, the strategy is to seek a sensor geometry that can be

easily used to derive the effective permeability.

To derive the effective permeability from the sensor

output accurately, regular and simple structures are pre-

ferred. The toroidal structure (Fig. 2) is a good candidate,

because there is a simple analytical solution that links the

sensor output to the permeability [14].

Fig. 2 The geometry of the toroidal coil [14]
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lr ¼
L2p

N2l0h ln½2Rþw
2R�w�

ð14Þ

where lr and l0 stand for the relative permeability and free

space permeability respectively. L is the inductance and N

is the number of turns. The other geometrical parameters

are shown in Fig. 2.

However, it is not straightforward to thread coils around

the toroidal structure and magnetic linkage needs to be

minimised. In this paper, it is proposed that by utilising the

analogy between electrostatics and magnetostatics, the

simulation can be simplified to a parallel plate capacitor

where the effective permittivity is sought. Table 1 lists the

corresponding quantities in electrostatics and magneto-

statics respectively. The analogy is guaranteed since the

governing equation for both cases is the LaPlace equation

for electrical potential and magnetic scalar potential.

FEMs of a parallel plate capacitance sensor were con-

structed to predict the effective permittivity of the mix-

tures, with the phases of the mixtures being set to have

contrasting permittivities, which are equivalent to perme-

ability in magnetic cases. The mixture is considered to be

comprised of isolated spheres of one phase distributed

randomly within the other phase. Overlapping spheres were

coalesced by using a unite function in the Maxwell soft-

ware (Ansoft Corporation) [15].

The effective permittivity of the medium in a parallel

capacitance sensor is

er ¼
Cd

e0A
ð15Þ

where C denotes the capacitance value. A and d denote the

area and the separation between the two plates respec-

tively. er and e0 stand for the relative permittivity and free

space permittivity respectively.

Figure 4 shows the FEM simulations for 5, 10, and 20%

of high permittivity materials.

Comparison between the permeability predictions from

the FEM model and analytical formulas

Figure 5 shows the predicted permeability from the ana-

lytical formulae compared to the output of the FEM

model versus ferrite percentage for random microstruc-

tures. The ferromagnetic regions were assigned a relative

permeability of 200 and the paramagnetic regions a value

of 1 [16]. As can be seen in Fig. 5, the closest matches

with the FEM prediction are the power-law models, i.e.

Birchak and Looyenga. The difference between the Bir-

chak and Looyenga models is their power coefficients,

which determine the shape of the curve. It is found that

the upper and lower bounds (see Conclusions) can be

obtained by evaluating the power-law model at b = –1

and b = 1.

The poor fit between the Maxwell and Bruggeman

equations and the FEM model over the entire range of

ferrite percentage values may be related to the fact that

these equations were derived for mixtures of different

conductivities and their application for mixtures of differ-

ent permeabilities may be limited. This is due to the

analogy between conductivity and permeability being

inappropriate for some specific materials cases. For in-

stance with the conduction case, the conductivity of one

phase can be zero, but this has no practical analogy in the

magnetostatic context, where the lowest (relative) perme-

ability and permittivity can only be approximately 1. The

analogy between the magnetostatic and electrostatic cases

(i.e. pemittivity and permeability) on the other hand is

exact, which may help to explain the better fit for the

Birchak and Looyenga models.

Experimental validation of the models

Experimental details of HIPped samples

In this work, model microstructures of known ferrite, from

0 to 100%, and austenite percentages at room temperature,

Table 1 Analogy between electrostatics and magnetostatics

Electrostatics Magnetostatics

Permittivity Permeability

Relative permittivity Relative permeability

Electrical potential Magnetic scalar potential

Electrical flux Magnetic flux

Capacitance Inductance

Fig. 3 Schematic diagram of the geometry of the coil and the steel

sample
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were generated by a powder/hot isostatic pressing (HIP-

ping) route using 112 lm diameter mean particle size au-

stenitic stainless steel (316L) powder, which is

paramagnetic, and 65 lm diameter mean particle size fer-

ritic (434L) stainless steel, which is ferromagnetic at room

temperature. Conditions for HIPping were chosen as

1000 �C at 150 MPa for 120 min to limit diffusion be-

tween the two compositions and therefore minimise the

amount of intermediate phases produced [17]. The samples

were machined to remove the austenitic stainless steel can

used to contain the powder, into a disc (43 mm diameter,

10 mm thick) for EM measurements.

Sensor set-up description

An air-cored coil as shown in Fig. 3, was used. The coil

parameters are r1 = 20 mm, r2 = 20.1 mm, h = 2 mm, and

N = 10. The inductance measurements for all samples were

taken using an impedance analyser (SL1260) at frequencies

from 100 Hz to 1 MHz.

Sensor output for random microstructures

The inductance measurements at frequencies from 100 Hz

to 1 MHz are plotted in Fig. 6. Consistent with the dis-

cussion in section ‘‘the link between permeability and

sensor output’’, the coil inductance at low frequencies is

positive, and as the frequency increases, it decreases,

crosses zero and becomes negative. This is due to the

competing effects of magnetisation and eddy currents.

As shown in Fig. 7, the ferrite percentage from approxi-

mately 40–100% can be easily identified through the zero

crossing frequency using the multi-frequency inductance

spectroscopic method as an approximately linear relationship

exists between the zero crossing frequency and ferrite per-

centage. For the low frequency inductance value an

approximately linear relationship with ferrite percentage is

seen for low ferrite percentages (approximately 0–40%), this

is due to the fact that the low frequency inductance is non-

linearly related to permeability and reaches saturation when

the ferrite percent (and hence effective permeability) forms

connected ferromagnetic pathways through the material;

while the zero crossing frequency is sensitive to larger

effective permeabilities (higher ferrite percentages) and does

not have the problem of saturation.

Equation (13) indicates that the zero crossing frequency

is proportional to the effective relative permeability when it

is much greater than 1. Combined with the fact that the

FEM and power-law models show that the effective rela-

tive permeability is expected to be proportional to ferrite

percentage above �35%, therefore one would expect the
Fig. 4 FEM simulations with varying percentages of high permittiv-

ity phase
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zero crossing frequency to be proportional to the ferrite

percentage also above �35% ferrite percentage, which is

supported by Fig. 7b where the linear relationship appears

to be valid above a ferrite percentage of 40%. For ferrite

percentages below around 35%, the assumption for Eq.

(13) to be valid does not hold (i.e. the relative permeability

is not � 1), and therefore the linear relationship does not

hold. This result is extremely useful for the industrial

processing of dual and multi-phase strip steels where the

ferrite percentages of interest (measured after hot rolling

and water cooling before hot coiling) are typically in the

range 70–90%.

The significance of this result is that a simple analytical

model can be used to predict the effective permeability for

random microstructures of ferrite and austenite with good

accuracy, which means that the ferrite percentage can be

easily deduced from the sensor output (e.g. zero-crossing

frequency) using Eq. (13), if the coefficient a0 is calibrated

using numerical or experimental results for a given sensor

geometry.

For more complex, non-random microstructures, how-

ever, a more powerful and computationally intensive finite

element method (FEM) is needed.

Sensor output for banded, i.e. non-random

microstructures

So far, the case for randomly distributed microstructures

has been considered. For non-randomly distributed micro-

structures, such as banded ones, the effective permeability

can vary widely for a given ferrite percentage. Models that

can describe non-randomly distributed microstructures

have yet to be found. However, the upper and low bounds

for permeability based on extremes of ferrite morphology

(aligned parallel or perpendicular to the magnetic flux) can

be calculated. Using formulae based on the capacitance of

a parallel plate sensor, we have

leffective;max ¼ f li þ ð1� f Þle ð16Þ

leffective;min ¼
lile

f le þ ð1� f Þli

ð17Þ

It is found that they can be obtained by evaluating the

power-law model at b = –1 and b = 1. Figure 8 plots the

upper and lower bounds based on Eqs. (16) and (17), and

the FEM and analytical solutions for the random micro-

structures, which all lie within the bounds as would be

expected.

Fig. 5 Predicted permeability

from the FEM model and the

analytical formulae

Fig. 6 The measured inductance curves for the HIPped samples,

from which the zero-crossing frequency was identified
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To detect anisotropy in a microstructure using EM

techniques, EM sensors that produce directionally prefer-

able flux are needed, one example being U-shaped ferrite-

cored sensors. Measurement results were made along the

rolling direction and perpendicular to the rolling direction

for an extruded billet sample produced from HIPped

powder. The microstructure of the extruded billet sample,

Fig. 9a, shows an elongated grain structure compared to

the as-HIPped sample, Fig. 9b. The sensor output, in terms

of the real inductance versus frequency is given in Fig. 10.

It can be seen that the zero-crossing frequency is only

slightly affected by the orientation of the sample (i.e. the

anisotropy in microstructure) giving values of 4.5 and

5.1 · 104 Hz, which can be equated to a ferrite percent (for

a random microstructure) of approximately 49.8% to

52.1% from Fig. 7(b) – the measured area percent of ferrite

in the sample is 50%. This corresponds to a variation of

Fig. 7 (a) The relationship between low frequency inductance and

ferrite percentage and (b) the relationship between zero crossing

frequency and ferrite percentage

Fig. 8 The upper and lower bounds for the effective permeability of

non-random microstructures

Fig. 9 Micrographs of (a) the extruded billet sample showing the

preferred magnetic path along the rolling direction (arrowed) and (b)

the as-received HIPped sample showing a random microstructure

6860 J Mater Sci (2007) 42:6854–6861
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2.3% in ferrite percentage, which is within the expected

range from material inhomogeneity due to powder pro-

cessing. Considering that this variation is likely to be larger

for lower ferrite percentages (sensor output is less linear

with and more sensitive to frequency), it is estimated that

the accuracy over the full range is likely to be within 5%.

Therefore the extent of banding will not be accurately

determined by zero crossing frequency measurements.

However the real inductance at low frequencies

(< 100 Hz) is significantly affected by the anisotropy in

microstructure, where along the rolling direction the mag-

netic reluctance is smaller as the ferromagnetic phase (fer-

rite) is elongated in this orientation and flux is easier to pass

and therefore the output of the sensor is larger. Therefore the

low frequency inductance can be used to determine the de-

gree of anisotropy (i.e. how banded) of the microstructure

whereas the zero-crossing frequency can be used to deter-

mine the ferrite fraction (for the samples examined).

The next stage of the work is to develop FEM simulations

to account for non-random aligned microstructures. Pre-

liminary results indicate that the EM sensor(s) with direc-

tionally preferable magnetic path can give a measure of

anisotropy (banding, which is the common microstructural

morphology seen in rolled strip and plate steels) through the

low frequency real inductance but that the ferrite percentage

can still be estimated from the zero-crossing frequency, which

seems to be less affected by microstructural anisotropy, as the

two curves tend to converge at high frequencies.

Conclusions

This paper has explored the link between the electromag-

netic properties of steel and its microstructure. For random

ferrite/austenite distributions, it is believed that Birchak

formula gives the best prediction of effective permeability

compared to both 3D FEM analysis and other analytical

equations. The zero-crossing frequency has been related to

the effective permeability of the randomly orientated

mixed ferrite and austenite samples. It has been shown that

the zero-crossing point frequency can be used to measure

the ferrite percentage for samples containing greater than

about 40% ferrite, whereas the inductance can be used for

samples with less than 40% ferrite. It is possible to dis-

tinguish the rolling direction of banded microstructures and

give predicted permeability bounds for such microstruc-

tures. Further research, possibly using multi-frequency

sensors with different sensing directions to simultaneously

determine the morphology and ferrite fraction is needed.

Acknowledgements The authors wish to express their gratitude to

EPSRC for their financial support and Corus (UK) Ltd. for financial

support and extremely valuable technical input, the Engineering

Department at Manchester University for the electronic test instru-

mentation and the Department of Metallurgy and Materials at the

University of Birmingham for the provision of facilities.

References

1. http://www.matweb.com as on 15.11.06

2. Davis CL, Papaelias MP, Strangwood M, Peyton AJ (2002)

Ironmak Steelmak 29(6):469

3. Papaelias MP, Strangwood M, Peyton AJ, Davis CL (2004)

Metallur Mater Trans A 35A:965

4. Haldane RJ, Yin W, Strangwood M, Peyton AJ, Davis CL (2006)

Scripta Mat 54(10):1761

5. Maxwell JC (1873) In: Treatise on electricity and magnetism.

Oxford Univ. Press, UK

6. Matijevic E (1971) Surface and colloid science, in dielectric

properties of disperse systems, vol 3. Wiley-Interscience, New

York, pp 83

7. Sherman P (1968) Emulsion science, in electrical properties of

emulsions. London, U.K., Academic, pp 353

8. Pavlin M, Slivnik T, Miklavcic D (2002) IEEE Trans Bio Med

Eng 49:77

9. Pellegrini YP (2000) Phys Rev B 61:9365

10. Birchak JR, Gardner LG, Hipp JW, Victor JM (1974) In: Pro-

ceedings of the IEEE 62:93

11. Looyenga H (1965) Physica 21:410

12. Dodd CV, Deeds WE (1968) J Appl Phys 39:2829

13. Yin W, Binns R, Davis CL, Peyton AJ, Dickinson SJ (2002) In:

Proceedings of the IEEE instrumentation and measurement

technology Conference, Ottawa, Canada, May 2005, ISBN 0-

7803-8880-1

14. Lorrain P, Corson D (1988) Electromagnetic fields and waves.

Freeman, New York, pp 347

15. Maxwell user manual, Ansoft Corporation, 2001

16. Stainless Steels (1994) In: Davis JR (ed) ASM speciality hand-

book, pub. ASM International, ISBN 0-87170-503-6

17. Marcu Puscas T, Molinari A, Kazior J, Pieczonka T, Nykiel M

(2001) Powder Metallur 44(1):48

Fig. 10 Measurement results along the rolling direction and perpen-

dicular to the rolling direction for an extruded billet sample

J Mater Sci (2007) 42:6854–6861 6861

123


	Exploring the relationship between ferrite fraction �and morphology and the electromagnetic properties of steel
	Abstract
	Introduction
	Theory
	The link between microstructure and steel permeability
	The link between permeability and sensor output

	Modelling
	FEM modelling and the electrostatic and magnetostatic analogy
	Comparison between the permeability predictions from the FEM model and analytical formulas

	Experimental validation of the models
	Experimental details of HIPped samples
	Sensor set-up description
	Sensor output for random microstructures
	Sensor output for banded, i.e. non-random microstructures

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


