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Abstract

In this work five different methods – AC magnetometer, DC magnetometer, Feritscope, EBSD and X-ray diffraction - were compared 

with each other. These methods were used to determine the δ-ferrite content of samples. The limits, disadvantages and advantages 

of the applied methods were analyzed. The tested material was 2507 type super-duplex stainless steel. The samples were cold rolled 

and heat treated to modify their ferrite content.
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1 Introduction
The large development of industry helped the spread of 
nondestructive testing (NDT) and evaluation because of 
its benefic properties. The aim of the fast and widely use-
able NDT can be defect (cracks, voids etc.) detection or 
study of the material properties without damaging the sam-
ple. Several NDT methods are used in industrial practice 
from  which those  methods are investigated in  this paper 
which are suitable to determine ferrite content. Alternating 
Current (AC) magnetometer, Direct Current (DC) mag-
netometer, Feritscope, EBSD and X-ray diffraction were 
applied to measure the δ-ferrite content of cold rolled and heat 
treated Super-Duplex Stainless Steel (SDSS) samples [1–4].

SDSS is a particular category of stainless steels 
characterized by a double-phase microstructure with 
about equal proportions of austenite and ferrite phases. 
The  combination of properties, including high strength 
and excellent resistance to corrosion and stress corrosion 
cracking in  chloride ion containing environments make 
SDSS very attractive for many applications. The mixed 
ferrite/austenite micro-structure leads to different advan-
tages if compared with austenitic and ferritic stainless 
steels. In fact, SDSS shows higher toughness than most 
ferritic grades, improved stress corrosion cracking resis-
tance than most austenitic grades, and higher strength 
than most grades of either type.

Unfortunately, there are several disadvantages due 
to the metastable structure of duplex stainless steels. 

Undesirable secondary phases can form during improper 
heat treatments in the critical temperature range of 300–
1000 °C. The precipitation is mainly associated with the 
ferrite phase, due to its higher Cr and Mo content, lower 
solubility of N and C and higher diffusion rates within 
the body-centered cubic lattice than in austenitic phase. 
The  decomposition of ferrite leads to the formation of 
many different secondary phases, like σ-phase, χ-phase, 
carbides of M7C3 and M23C6 , nitrides Cr2N and CrN, sec-
ondary austenite, R-phase, π-phase. The appearance of 
these chemical compound phases can cause the dramati-
cal decrease of ductility. The most important phase trans-
formation process in duplex stainless steel is the eutectic 
decomposition of δ-ferrite which means the transforma-
tion of the δ-ferrite into sigma phase and secondary aus-
tenite due to heat treatment ( δ → σ + γ2 ) [5–11].

Determination of ferrite content is essential in heat 
treated or welded duplex stainless steel structures. 
SDSS contains about 50–50 % ferrite and austenite which 
rate ensures the favorable properties of the material. If the 
well-adjusted ferrite content changes these benefic proper-
ties can disappear. For example, some percentage decrease 
of the ferrite content can significantly decrease the corro-
sion resistance and impact energy of SDSS.

The aim of this study was to compare the capabilities 
of five different methods which are suitable for ferrite 
content determination.
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2 Tested samples
For studying the capabilities of the before mentioned meth-
ods the 2507 grade SDSS was chosen as a model mate-
rial. This SDSS contains about 25 % chromium and 7 % 
nickel as main alloying elements. Table 1 shows the com-
plete nominal chemical composition. The most important 
mechanical properties are summarized in Table 2.

From the original sheet material 35 uniform samples 
were cut with the size of 15 × 10 × 100 mm. Samples were 
cold rolled at room temperature with six different reduc-
tion rates. The rolling reduction was calculated by the 
commonly used way Eq. (1):

ε = −( ) ∗h h h
0 0

100, 	 (1)

where h is the height of the rolled sample, h0 is the height 
of the original sample (10 mm). The extents of the cold 
rolling reduction were 0, 10.3, 22.3, 31.3, 41.6, 50.6, 
61.9 %, five samples were made in each deformation rates. 
The  rolled samples were heat treated at 700 °C, 750 °C, 
800 °C, 850 °C temperatures for 30 minutes and cooled 
in normal air. An additional sample series stayed without 
heat treatment (formally heat treated at 20 °C room tem-
perature). At the end of the preparation process all samples 
were milled for the same geometry (3.4 × 10 × 100 mm) 
which was suitable for the applied AC magnetometer and 
Feritscope devices. The DC magnetometer requires bulk 
specimens, so the milled samples were cut into more pieces 
and fixed into a rectangular cuboid (10 × 10 × 10.2 mm). 
The EBSD and X-ray diffraction measurements were used 
on the either piece of the cut samples.

3 Applied methods
Fig. 1 shows the block scheme of the AC magnetome-
ter  [12]. This method is suitable to measure the hyster-
esis and normal magnetization curves of the specimen 
from which among others the maximal polarization, rem-
nant induction, coercive field and initial permeability 

can be determined. The yoke contains two symmetrical 
U-shaped laminated FeSi cores which closes the magnetic 
circuit. A digital function generator and a power ampli-
fier produce sinusoidal excitation current at a frequency 
of 5 Hz. The driving coil and the pick-up coil are around 
the middle part of the sample. A 16 bit input-output data 
acquisition card accomplish the measurements. The max-
imum excitation field strength was 12800 A/m. 200 minor 
hysteresis loops were measured in case of each specimens. 
The normal magnetization curves which are determined 
from the peak points of the minor hysteresis loops gave 
the maximal polarization. As it is well known the value of 
maximal polarization is directly proportional to the ferrite 
content of the specimen [13]. The maximal excitation field 
of the AC magnetometer was about 128 A/cm which there-
fore it was not able to excite the samples into saturation.

Fig. 2 represents the construction of the so called Stablein-
Steinitz DC magnetometer [14, 15]. The symmetrical yoke 
consists of two U-shaped parts and a  small cross-section 
middle bridge. The set-up contains four excitation coils, 
two Hall-sensors and two uniform sized air gaps, namely 
the measuring and the reference air gaps. If the measuring 

Table 1 Chemical composition of the 2507 type SDSS (%)

C Mn P S Si Cu

0.02 0.8 0.02 0.0004 0.31 0.17

Ni Cr Mo Nb Ti N

6.5 24.7 3.7 0.008 0.005 0.26

Table 2 The most important mechanical properties of 
the 2507 type SDSS

Rp0,2 (MPa) Rm (MPa) A (%)

634 829 30

Fig. 1 Block scheme of the AC magnetometer [12]

Fig. 2 The construction of the Stablein-Steinitz DC 
magnetometer [14, 15]
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air gap does not contain sample the arrangement is magnet-
ically symmetrical consequently there is no flux through the 
middle bridge. If the sample is fixed into the measuring air 
gap the symmetry is broken therefore some part of the mag-
netic flux closes through the middle bridge. The mag-
netic field which is measured by a Hall-sensor in the mid-
dle bridge is directly proportional to  the magnetization of 
the sample. The Stablein-Steinitz DC magnetometer is capa-
ble to excite the bulk steel samples into magnetic saturation 
which makes it one of the most precise way of the ferrite con-
tent measurement. The maximum excitation field strength 
was about 2700 A/cm. This set-up is not portable it is only 
for laboratory use because of its extensive size.

Samples were also measured by a Fischer FERITSCOPE 
FMP30 type Feritscope equipment. It contains a mea-
suring device, a probe and an etalon series for calibra-
tion. According to its user manual it is suitable to measure 
the ferrite content in austenitic and duplex steels and it can 
determine the ferrite content in a range of 0.1 to 110 Ferrite 
Number (FN) or 0.1 to 80 %. Fig. 3 shows the  schematic 
set-up of the Feritscope [16]. This user friendly portable 
measuring device especially useful for quick determination 
of ferrite content. Because of its physical limitations its exci-
tation level is low. The Feritscope device derives the ferrite 
content from the initial permeability of the sample.

Ferrite content of some samples were determined 
by  EBSD measurement in a Philips XL30 ESEM FEG-
type scanning electron microscope. The EBSD is a tech-
nique which can give information about grain size and 
distribution, texture, boundary characteristics and phase 
identification. Fig.  4 shows the set-up of an EBSD mea-
surement system. The EBSD is based on the back scattered 
electron diffraction. The primer electrons scatter inelastic 
in the sample which is fixed in front of the primer electron 

beam. These  electrons scatter again elastic on  some crys-
tallographic plane according to Bragg's law. During this 
elastic diffraction the electrons scatter along a cone super-
ficies. In  the intersection plane of this cone superficies 
and a  phosphor screen the so called Kikuchi-pattern can 
appear. The crystallographic structure and the orientation of 
the investigated point can determine analyzing the lines of 
the Kikuchi-pattern. The lateral resolution of the EBSD tech-
nology is about 0.5 µm and it requires careful sample prepa-
ration during the polishing and cleaning procedure [17–18].

X-ray diffraction was used to measure the ferrite con-
tent of some sample. Fig. 5 represents the block diagram 
of the  X-ray diffraction. This method can determine 
the atomic and molecular structure of a crystal. The crys-
talline material causes the scatter of the  incident beam 
into  many directions. Using the angles and intensities 
of the diffracted beams the positions of the atoms in the 
crystal, the chemical composition of the material, phase 
ratio, crystallographic disorder and various other infor-
mation can be calculated [19].

Fig. 3 The set-up of the Fischer FERITSCOPE FMP30 [16]

Fig. 4 Set up of an EBSD measurement system

Fig. 5 Block diagram of the X-ray diffraction
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4 Experimental work
4.1 AC magnetometer measurement
AC magnetometer measurement was suitable to deter-
mine the normal magnetization curves of the specimens 
up to about 12800 A/m excitation field. Fig. 6 shows 
the normal magnetization curves of the 0 %, 31.3 % and 
61.9 % deformed samples.

It can be seen the normal magnetization curves cannot 
reach the saturation level because of the limited exciting 
magnetic field strength. As it was mentioned before  the 
ferrite content can be accurately determined from the 

saturation polarization. As it can be seen the maximum 
polarization values in our AC measurement are lower than 
the real saturation level.

4.2 DC magnetometer measurement
Magnetic hysteresis loops of the samples were recorded 
by DC magnetometer measurement. Fig. 7 shows the mag-
netic hysteresis loop of the initial sample (undeformed, 
without heat treatment) as an illustration.

In this measurement the highest excitation field was 
about 270 000 A/m which is enough to saturate com-
pletely the tested sample. The ferrite content was calcu-
lated from the maximal value of polarization which was 
considered as the saturation value.

4.3 Feritscope
The measurement with Feritscope is a user-friendly method 
which does not require calculation. The Feritscope device 
indicates immediately the ferrite content if the  probe is 
put on the surface of the sample. Calibration is necessary 
with an etalon series before the measurement.

4.4 EBSD
The used SEM has a point-source cathode of tungsten, 
which has a surface layer of zirconia ( ZrO2 ). The accelera-
tion voltage is continuously variable from 0.2 till 30 kV and 
the size of the specimen stage is 50 mm × 50 mm × 50 mm. 
Table 3 shows the samples which were measured by EBSD.

The samples were inset into resin and were grinding 
in 8 steps from P60 to P4000 SiC grinding paper. Colloidal 
silica was used during the polishing and the polishing time 
was about 30 minutes by each sample. After the polishing 
the samples were cut down from the resin and were fixed 
in the specimen stage. Fig. 8 shows the EBSD phase maps 

Fig. 6 Normal magnetization curves: 
(a) ε = 0 % (b) ε = 31.3 % (c) ε = 61.9 % Fig. 7 Magnetic hysteresis loop of the sample in its initial state
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of the ε = 0 % raw material without heat treatment (a) and 
the ε = 61.9 % deformed and heat treated at 850 °C sam-
ple. The color markings are the following: red — δ-ferrite, 
green — austenite, yellow — σ-phase.

4.5 X-ray diffraction
The X-ray diffraction measurements were carried out 
in the Institute of Physical Metallurgy, Metalforming and 
Nanotechnology at the University of Miskolc. The ferrite 
contents were measured by two different X-ray diffraction 
instruments. A D8 Advanced diffractometer with  cobalt 
X-ray was used to the first X-ray diffraction measurement. 
The qualitative phase analysis was used by Bruker EVA 
software and PDF 2 database, the quantitative phase analy-
sis was evaluated by APX63 software. Another Bruker D8 
Advanced diffractometer with  copper X-ray was applied 

to the second X-ray diffraction measurement. In this case 
the ferrite contents were determined by Rietveld fitting 
with Bruker Topas software. Table 4 shows the measured 
samples and the applied X-ray diffraction instruments.

Fig. 9 demonstrates the diffractogram of the raw mate-
rial and the ε  =  61.9  % deformed on T  =  850  °C heat 
treated sample.

4.6 Comparison of the measuring results
The results of the AC and DC magnetometer measure-
ments were compared on the Fig. 10. It can be seen the fer-
rite contents of the AC magnetometer measurement were 
lower than the results of the DC magnetometer measure-
ment by all three rolling reductions. The maximal exci-
tation field of the AC magnetometer was not able to excite 
the samples into saturation.

Therefore, a model-based extrapolation method was 
used to calculate the values of saturation polarization. 
The base of the applied extrapolation method was the so 
called multiphase hyperbolic model which suggests 
the following Eq. (2) formula to the extrapolation:

Table 3 Measured samples by EBSD

Rolling reduction (%) Heat treatment temperature (°C)

undeformed without heat treatment

850 °C

22.3

31.3

41.6

61.9

Fig. 8 EBSD phase maps: (a) ε =0 % raw material without heat 
treatment (b) ε = 61.9 % deformed and heat treated at 850 °C samples

Table 4 Measured samples by X-ray diffraction

Rolling 
reduction 
(%)

Heat 
treatment 

temperature 
(°C)

X-ray diffraction instrument

Bruker D8 
Advanced 

diffractometer 
with cobalt X-ray

Bruker D8 
Advanced 

diffractometer 
with copper X-ray

undeformed

without heat 
treatment × ×

750 °C × -

850 °C × -

31.3 850 °C × -

61.9
750 °C × -

850 °C × ×

Fig. 9 Diffractogram (raw material and the ε = 61.9 % deformed 
on T = 850 °C heat treated sample)
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where Ni1 , Ni2 , Nr , π, Φ, α1 , α2 are the fitting parameters of 
the model. The nonlinear regression was done by using the 
OriginPro 8 program. The details of the multiphase hyper-
bolic model are described in our previous paper [20, 21].

Fig. 11 compares the values of the measured ferrite con-
tents by the AC magnetometer, AC magnetometer after the 
extrapolation and the DC magnetometer. The  plotted 
results belong to three samples of 0 %, 31.3 % and 61.9 % 
rolling reduction.

It can be seen the extrapolated results obtained by AC 
magnetometer are in good accordance with the results of 
the DC magnetometer measurement in case of each defor-
mation rates.

Fig. 10 Ferrite content comparison of the AC and the DC 
magnetometer measurement: (a) ε = 0 % (b) ε = 31.3 % (c) ε = 61.9 %

Fig. 11 Ferrite content comparison of the AC magnetometer, the AC 
magnetometer after the extrapolation and the DC magnetometer: 

(a) ε = 0 % (b) ε = 31.3 % (c) ε = 61.9 %
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It is considered the DC magnetometer is the precise 
and physically correct method to the ferrite content deter-
mination due to it can excite the samples into saturation. 
The DC magnetometer requires bulk samples therefore 
the cutting is generally essential.

The determination of the ferrite content is much practi-
cal using AC magnetometer because of its smaller and eas-
ier transportable size and it does not require bulk samples. 
However the AC magnetometer has lower accuracy than 
the DC magnetometer. The extrapolation using the Eq. (2) 
formula can adapt the AC magnetometer such ferrite con-
tent measuring method which can well approach the accu-
racy of the DC magnetometer.

Fig. 12 shows the ferrite content of the non- heat treated 
sample series in function of the rolling reduction in case of 
the DC magnetometer and the Feritscope. The ferrite con-
tent is nearly constant at DC magnetometer measurement. 
Surprisingly, the ferrite values of the Feritscope decreases 
strongly in function of the rolling reduction. If the extent 
of the cold rolling is strong the ferrite content decreasing 
can be about 6–8 %. It is known that the austenite is a sta-
ble phase in the 2507 type SDSS so the cold rolling cannot 
decrease its ferrite content.

Fig. 13 shows the explanation of this virtual ferrite con-
tent reduction. The cold rolling increases the coercive field 
because the dislocations induced by plastic deformation 
make the domain walls movement difficult. If the domain 
walls are prohibited in their motion the value of the coer-
cive field increases.

Therefore, the normal magnetization curve of the 
deformed sample runs under the curve which belongs to the 
undeformed specimen. It is supposed the Feritscope derives 
the ferrite content from the initial permeability of the sample. 

Nevertheless, as it can be seen in Fig. 13 the value of the 
initial permeability strongly influenced by plastic deforma-
tion extent. Namely, it will be lower at the deformed sample 
compared to the undeformed specimen. Consequently, if the 
ferrite content of a deformed sample is derived from initial 
permeability it will be lower than its real value.

Fig. 14 compares the ferrite content results of the DC 
magnetometer, the EBSD, the first and second X-ray dif-
fraction measurement. The measured points are plotted 
in function of the results of the DC magnetometer. It can be 
seen the ferrite contents of the EBSD and the second X-ray 
diffraction measurement are quite close to the results of 
the DC magnetometer but are slightly lower. The  fer-
rite content differences are between 0.5–5.9 percentage 
point. The results of the first X-ray diffraction measure-
ment show the highest ferrite content differences from the 
DC magnetometer which can be more than 11 percentage 
point. In addition, the first X-ray diffraction measure-
ment determined unrealistic high σphase content by the 
ε = 31.3 % and ε = 61.9 % rolled and heat treated at 850 °C 
samples which clarification requires further investigation.

Fig. 12 Ferrite content of the non-heat treated sample series in function 
of the rolling reduction

Fig. 13 The effect of the previous cold rolling for the ferrite 
measurement in case of the Feritscope

Fig. 14 Ferrite content comparison of the DC magnetometer, the EBSD 
and the X-ray diffraction measurement
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results of the DC magnetometer but are slightly lower. 
The first X-ray diffraction measurement showed the high-
est ferrite content difference compared with the DC mag-
netometer and it furthermore determined extremely high 
σ-phase content too.
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