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Abstract 

 The paper deals with duplex steels investigated by magneto-optical sensors. The 

objective was to acquire new information about these materials by mapping their 

magnetic properties. Particular attention was paid to the sigma phase (FeCr) which forms 

here at higher temperatures and can significantly contribute to inter-crystalline corrosion 

and embrittlement. Samples were prepared from commercial pipes made of steel UNS 

S32750. Obtained results have shown the existence of large magnetically non-

homogeneous regions near inner surface of the pipes and, significant increase in 

coercivity in dependence on FeCr concentration.  
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Abstrakt 

 Práce se zabývá výzkumem duplexních ocelí pomocí magneto-optických senzorů. 

Cílem bylo získat nové informace o těchto materiálech a to mapováním jejich 

magnetických vlastností. Zvláštní pozornost byla věnována problematice sigma fáze 

(FeCr), která se v těchto materiálech tvoří při vyšších teplotách a může se významně 

podílet na vzniku mezikrystalické koroze a způsobovat křehnutí. Vzorky byly připraveny 

z komerčních trubek z oceli UNS S32750. Získané výsledky ukázaly existenci relativně 

velkých magneticky nehomogenních oblastí poblíž vnitřního povrchu trubek a dále 

výrazný nárůst koercivity v závislosti na koncentraci FeCr.  
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1 - Introduction 

 Magneto-optical (MO) films have been recently employed as sensors of magnetic 

field in nondestructive testing (NDT) [1], for the imaging of magnetic phases in non-

magnetic materials [2] and, generally, for the mapping of short-range magnetic fields. 

Materials derived from garnet Y3Fe5O12 , grown on gallium gadolinium substrates are 

usually used. The “open-flux” type which follows a response of the domain structure of 

the MO film to the presence and variations of the magnetic field is typically applied.  

 Duplex steel UNS S32750 is structural material formed by a mixture of austenitic 

phase with good corrosion resistance, and of ferritic phase having a higher strength [3]. 

Applications of this steel are, however, accompanied by several undesirable effects 

related to structural changes taking place at elevated temperatures. These are mainly 

either a susceptibility to inter-crystalline corrosion or embrittlement in the temperature 

range from 450 to 850
o
 C. Industrial components manufactured from these materials are 

regularly inspected from the point of view of microstructure and phase composition. 

Particular attention is paid to determination of the concentration of the sigma phase (SP) 

which can significantly contribute to these negative effects. 

 This paper summarizes the results which we obtained by applying the MO method 

to samples of pipes made of the duplex steel UNS S32750. The objective of this research 

was to acquire new information about this material by mapping its magnetic behaviour, 

and possibly to find an alternative technique for determination of the SP concentration. 

 

 

2 - Experimental equipment 

 

 Experimental set-up is shown schematically in Fig. 1. Central to the test 

arrangement is a contrast magneto-optical garnet film playing the role of a sensor.  The 

film is characterized by a low saturation field Hs (  1.5 kA/m) and, preferably, by a 

low value of the period p of the domain structure (  20 m). The sensor provides 

information about stray magnetic field generated by the material of a sample in its close 

proximity. This information is based on evaluation of qualitative and quantitative 

changes of the state of its domain structure. 

 A polarizing microscope, CCD camera and PC equipped with software for 

evaluation and analysis of the images are additional elements of the experimental 

arrangement. The essential component of the measuring circuit is a powerful (  100 V, 

5 A) and stable power supply for the magnetizing coil.  

 

 

 



 

 

 
 

Fig. 1. Schematic diagram of the experimental set-up. 

 

3 – Samples 

 

 Fabrication of seamless pipes from the duplex UNS S32750 material includes 

cold-rolling and annealing at 1070
o
 C. The SP, which is the main object of our research, 

is an intermetallic compound of Fe and Cr. Concentration of the SP is usually less than 

0.1% and at this level it is essentially undetectable by classical metallography. Using a 

suitable thermal treatment, such as annealing at temperatures ranging from 650 to 750
o
 C, 

the concentration of the sigma phase can be increased considerably. 

 Experiments were conducted on three samples of pipes from serial production. 

Two of these pipes were additionally thermally treated in such a way so that the widest 

possible range of the sigma phase concentration was obtained. In the classical 

metallographical procedure a section of the duplex pipe has a shape of a segment which 

is pressed into a “plastic” material. Dimensions of the segment are as follows: height is 

approximately 15 mm, width is determined by the wall thickness of the pipe and is 

approximately 2 and 4 mm, and outer radius of the segment is given by the diameter of 

the pipe and is equal to 25 and 30 mm. The sample is then gradually grinded and polished 

by a diamond suspension with particle size of 1 m, and then etched using Emmanuel 

etching agent, which is essentially a modified Murakami (a mixture of K3Fe(CN)6, KOH 

and water). 

 Concentration of the SP was determined according to the ASTM E562-02 

Standard, 30 fields, 25 points each. Results of the measurements of the sigma phase 

concentration for individual samples are as follows: the first sample:  0% SP, the 

second sample  12% SP and the third sample  34% SP. A visible structure of 

individual phases of the third sample of the duplex steel, which is the starting condition 

for their quantitative evaluation, is shown in Fig. 2 (top part).  



 

a   

b   

Fig. 2.a: Metallographic visualization of the duplex steel microstructure (12% SP). Here 

white grains – austenite, grey grains – ferrite, black grains – sigma phase. 

b:  MO image showing non-homogenous area near inner pipe’s surface (34% SP). 

 

4 - Measurements and results 

 The MO experiments were carried out in such a way that a sample of irregular 

shape was placed inside a coil so that its metallographically treated surface was placed in 

the end region of the coil. A sensor was placed on the sample. In this arrangement the 

sample and the MO sensor were magnetized for a short period of time by the maximum 

magnetic field available from the coil amounting to 64 kA/m. Subsequently the field was 

reduced to zero. The remanent field of these steels usually exceeds the saturation field Hs 

of garnet and, therefore, magnetic domains cannot extend into the areas above the 

sample. The stray field above the sample can be reduced by applying a small field (H - 

100 A/m) of opposite direction and conditions for generation of a typical arrangement of 



 

domains are thus created. Figure 2 (bottom) illustrates such area in the vicinity of the 

inner edge of the sample (34% SP). The left-hand side section of the image is outside the 

metallic sample where the “balanced labyrinth” domain structure is formed.  Generation 

of this labyrinth is also supported by the alternating field of the mains frequency, with 

amplitude H0 140 A/m.  

 Fig. 3 (top part) depicts the results of the same experiment in the proximity of the 

outer edge of the same sample, in which the right-hand side of the image represents the 

“non-magnetic” plastic material. 
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Magneto-optical hysteresis loop

0

20

40

60

80

100

-1000 -500 0 500 1000

H  [A/m]

A
re

a
 F

ra
c
ti

o
n

 [
%

]

 

Fig.3.a:  The MO image of the outer edge of the duplex sample with 34% SP and a 

section of the MO hysteresis loop (HL) (b). The value of Hc is determined as half-width 

of HL for the area fraction equal to 50% 



 

 For all three samples approximately same positions were chosen for the coercivity 

measurements. These positions were at the centre of the segments and also at the central 

sections near of the inner and outer edges. The experiments consisted of measuring a 

parameter called Area Fraction (AF), as a function of the external field of the whole 

microscopic image (0.78 mm x 0.58 mm). Measured area was larger than domain period 

p and smaller than thickness of the pipe wall. The Area Fraction represents a ratio of the 

domain area of the MO sensor in one direction to the total measured area. Its value ranges 

from 0 to 1, or from 0 to 100%. The same place of the MO sensor was used in all 

measurements.  

 The experiments were conducted as follows. First, the sample was magnetized for 

a short period of time by the maximum available magnetic field.  Subsequently the field 

was reduced to the point when the first domain appeared in the microscope. This 

happened for a small, usually negative value of the field. This field represents the starting 

point of the measurement in the decreasing magnetic field. The field was then decreased 

at the smallest available step (  73 A/m) until complete disappearance of the domain 

structure. 

 Similar procedure was employed for ascending branch of the (minor) hysteresis 

curve of the duplex steel, which terminates the measuring cycle. The starting field that 

was applied was equal to – 64 kA/m. Coercivity Hc was then determined as the half-width 

of this loop for AF = 0.5 (50%). A section of a typical HL can be seen in Fig. 3 (bottom 

part). These curves were used for determination of the Hc values for selected positions of 

all three samples. The results thus obtained are summarized in Table 1. 

 

 

5 - Discussion of the results 

 

 Comparison of MO images on Fig. 2 and 3 shows, qualitatively, that, in the 

vicinity of the inner surface of the pipe, the duplex material is considerably non-

homogeneous. On the other hand, a larger value of coercivity Hc can be expected in the 

proximity of the outer surface. A maximum value of the width of non-homogeneous 

regions as observed by MO sensor is approximately 80 m. This dimension can be 

correlated with dimensions of clusters in the duplex material. 

 Quantitative results summarized in Table 1 confirm that the values of Hc are 

highest close to the outer surface and show that coercivity increases with increasing 

concentration of SP.  

 

 

 

 



 

 

 

POSITION 0 % SP 12 % SP 34 % SP 

Inner 577 606 715 

Central 329 562 791 

Outer 631 920 1015 

 

Table 1. The values of coercivity Hc [A/m] for inner, central and outer parts of samples 

having 0%, 12% and 34% of SP concentration. 

 

6 – Conclusions 

 

 In this paper the magnetic measurements of duplex steel (UNS S32750) pipes, as 

a function of the SP concentration, are described. The results obtained by the MO sensors 

have shown the existence of non-homogeneous regions in the material for a higher 

content of the SP, and, significantly, the increase in magnetic coercivity. Last result 

indicates possibility to determine the SP concentration by measuring Hc.  The conclusions 

are considered as preliminary and should be confirmed by further experiments.  
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